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Abstract

Remote sounding methods are used to derive ozone profile and column information
from various ground-based and satellite measurements. Vertical ozone profiles mea-
sured in Dobson units (DU) are currently retrieved based on laboratory measurements
of the ozone absorption cross-section spectrum between 270 and 400 nm published in5

1985 by Bass and Paur (BP). Recently, the US National Aeronautics and Space Ad-
ministration (NASA) and the European Space Agency (ESA) proposed using the set of
ozone cross-section measurements made at the Daumont laboratory in 1992 (BDM)
for revising the Aura Ozone Monitoring Instrument (OMI) and Global Ozone Monitoring
Experiment (GOME) satellite ozone profiles and total ozone column retrievals. Dob-10

son Umkehr zenith sky data have been collected by NOAA ground-based stations at
Boulder, CO (BDR) and Mauna Loa Observatory, HI (MLO) since the 1980s. The
UMK04 algorithm is based on the BP ozone cross-section data. It is currently used
for all Dobson Umkehr data processing submitted to the World Ozone and Ultraviolet
radiation Data Centre (WOUDC) under the Global Atmosphere Watch (GAW) program15

of the World Meteorological Organization (WMO). Ozone profiles are also retrieved
from measurements by the Mark IV Brewers operated by the NOAA-EPA Brewer Spec-
trophotometer UV and Ozone Network (NEUBrew) using a modified UMK04 algorithm
(O3BUmkehr v.2.6, Martin Stanek). Records from Dobson and Brewer instruments
located at MLO and BDR were used to produce Umkehr ozone retrievals using BDM20

ozone cross-sections and compared to profiles produced using the BP ozone cross
sections. Additional effects of the out-of-band stray light and stratospheric temperature
variability on Umkehr profile retrievals are also discussed in this paper. This paper
describes the sensitivity of the Umkehr retrievals with respect to the proposed ozone
cross-section changes.25
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1 Introduction

Long-term, ozone data records have been produced by different in-situ and remote
sensing instruments around the world (WMO, 2007). The Dobson ozone network has
been collecting direct-sun irradiance and zenith sky radiance data since the 1930s
(Dobson, 1926). It has proven to be a very stable and well-maintained network capa-5

ble of long-term ozone measurements that relies on regular calibration and intercom-
parison activities within the WMO GAW global ozone observing network. The Brewer
spectrophotometer (Brewer, 1973; Kerr et al., 1985) went into service in 1982. The
design goals included the elimination of the Dobson “optical wedge”, improving stray
light performance, the measurement of absolute intensities at individual wavelengths, a10

reduction in the measurement noise and the improvement of measurement accuracy at
low-sun conditions and thereby the improvement of the derived ozone accuracy, while
providing automated operation for the Brewer network. The MKIV Brewer design also
added new measurement capabilities, such as the capacity to make spectrally resolved
Ultra-Violet radiation (Brewer MKIV Spectrophotometer Operators Manual, 1999; Cap-15

pellani et al., 1999). Unfortunately, some of the design features lead to instability of the
optical system due to the degradation of one of the optical filters used in MKII, MKIV
and MKV versions of the instrument (Bennet and McBride, 1964; Kimlin et al., 2003).
Therefore, regular calibration of the instruments and post-correction of measurements
is done in the NEUBrew operational network (Early et al., 1998; Lantz et al., 2002; Kim-20

lin et al., 2005; GAW, 2007; http://www.esrl.noaa.gov/gmd/grad/neubrew/) as is done
with data from the Dobson network.

Among important shortcomings of both the Dobson and Brewer systems is the con-
tribution of the out-of-band (OOB) light into Direct-sun, UV and zenith-sky measure-
ments (Dobson, 1968; Lantz et al., 2002; Evans et al., 2006; Petropavlovskikh et al.,25

2006). With the exception of the Brewer MK III instrument, the rejection of the stray
light in Dobson and Brewer MKII and MKIV instruments is approximately five orders
of magnitude. It manifests itself as the low intensity spectrum of the solar light that is
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not completely removed by the optical bandpass of the instrument. Thus, OOB light
continues to contribute to the photon count with the maximum contribution from the
wavelengths immediately outside of the nominal bandpass. Although the level of the
spectrally resolved light that propagates outside of the bandpass seems to have low
intensity, the spectrally-integrated OOB contribution might be important for accurate5

interpretation of Brewer measurements, especially at shorter wavelength channels,
where the realtive contribution of the OOB light is intensified by a strong gradient of the
received light due to the ozone absorption spectra and long optical path at large SZAs.
When contribution of the OOB stray light becomes significant, it affects the retrieved
ozone column and its vertical distribution. The stray light effect is also important in the10

calculation of the daily Solar UV doses, where a correction for the effect is applied;
however, it is not the subject of this paper (see more in Lantz et al., 2002).

The satellite era of ozone profile measurements began in the 1970s when the first
Back-scatter UV (BUV) instrument was launched aboard Nimbus-4 in 1970 (Mateer,
1977; Fleig et al., 1981; Bhartia et al., 1981), followed by the Nimbus-7 satellite in15

1978 (McPeters et al., 1984) and continued by the SBUV(2) series launched on various
NOAA satellites (Bhartia et al., 1996; Flynn et al., 2009) and the future Ozone Mapping
Profiler Suite (OMPS) of the NPOESS program (Flynn et al., 2004). To date, data from
these satellite-based instruments have been analyzed using Bass and Paur ozone ab-
sorption cross-sections (Bass and Paur, 1985). Recently, the US National Aeronautics20

and Space Administration (NASA) and the European Space Agency (ESA) proposed
using the set of ozone absorption cross-section measurements made at the Daumont
laboratory in 1992 (BDM) for revising satellite ozone profiles and total ozone column
retrievals from the Aura OMI (Levelt et al., 2006), the ENVISAT Scanning Imaging Ab-
sorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY) (Bovensmann et25

al., 1999), and METOP GOME-2 (Burrows et al., 1999a; Munro et al., 2006) mea-
surements. The Integrated Global Atmospheric Chemistry Observation program, as
a strategic element of the Global Atmosphere Watch (GAW) program of the World
Meteorological Organization (WMO), was put in charge of creating the committee for
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“Absorption Cross Sections of Ozone” (ACSO). The ACSO’s primary responsibility was
to investigate the effects of various ozone absorption cross-sections on the currently
available remote sensing retrieved ozone products (Dobson, Brewer, LIDAR, DOAS,
SAOZ, and various satellites taking measurements in the UV, Visible and Infra-red
spectral ranges). Several datasets under consideration are listed on the webpage cre-5

ated by the ACSO (http://igaco-o3.fmi.fi/ACSO/cross sections.html). These datasets
were measured in the laboratory under different equipment settings, different measur-
ing methods, different spectral resolution, and at various atmospheric temperatures
(Orphal, 2005).

This paper investigates how the choice of ozone absorption cross-sections from two10

datasets (PB and BDM) affects the retrieved ozone profiles from ground-based Brewer
or Dobson spectrophotometer measurements using the Umkehr technique. The calcu-
lation of the zenith sky radiance utilizes temperature dependent ozone absorption cross
section in the radiative transfer calculation and weights the radiance by the instrument’s
slit function. This paper also investigates the error due to the stray-light (OOB) on the15

calculated zenith sky radiance and compares this to the differences caused by the
choice of ozone absorption cross-sections.

2 Background

Ozone profiles can be retrieved from zenith-sky measurements made by Dobson or
Brewer spectrophotometers. The Umkehr N-value measured when the sun is at a20

particular elevation or solar zenith angle (SZA) is described by the first term in the right
side of Eq. (1).

NSZA ≡ log(F L2

SZA
/F L1

SZA
)− log(F L2

0 /F L1

0 ) (1)

where: FSZA = ISZA ×K ×ETC, where ISZA is the zenith sky radiance, K is the instru-
mental constant and ETC is the extra-terrestrial constant.25
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F SZA
L2 or L1 is the Umkehr measurement at the nominal SZA at the longer (L2) or

shorter (L1) wavelength channel.

F L2 or L1

0 is the Umkehr measurement at L2 or L1 spectral channel taken at the high-
est SZAs.

Prior to the ozone profile retrieval Umkehr N-values are typically scaled (normal-5

ized) to the measurement taken at the highest of the nominal SZAs (typically at 60
or 70 degrees). The normalization procedure (second term in the right side of Eq. 1)
serves to minimize the deleterious effects of parameters such as daily changes in solar
flux, and maintains nearly constant optical throughput during the entire set of Umkehr
measurements (a sequence of morning or afternoon zenith sky measurements taken10

when the sun elevation changes between 60 and 90 degrees SZA) under the assump-
tion of static atmospheric conditions. When a single set of Umkehr measurements is
plotted as function of SZA, it is called an Umkehr curve (green symbols in Fig. 3).

The characteristics of the Dobson instrument, its calibration and data processing de-
tails are described elsewhere (Dobson, 1962; Komhyr and Evans, 2006). The Dobson15

Umkehr measurements considered here are composed of the ratio of the intensities of
light detected at the C-pair wavelengths that are centered at 311.5 nm (strong ozone
absorption) and 332.4 nm (weak ozone absorption). The Umkehr curve is recorded
when the solar zenith angle changes between sixty degrees and approximately ninety
degrees (Mateer and DeLuisi, 1992; Petropavlovskikh et al., 2005a).20

The Brewer instrument makes zenith sky measurement by recording the intensities
of polarized zenith-sky light at five wavelengths nearly simultaneously in two, partially
overlapping, wavelength bands. The optics and instrumental characteristics of the
Brewer spectrophotometer are described elsewhere (Kerr et al., 1985, Kerr and McEl-
roy, 1995, Kerr, 2002, and Cede et al., 2003, 2006). Two measurements that are25

centred at ∼310 nm (L1) and ∼326 nm (L2) can be combined in the ratio to create an
Umkehr curve. A somewhat shorter range of solar zenith angles (70–92.5 degrees) is
selected in the Brewer measurement schedule.
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The information content of the measured Umkehr curve is analyzed by the optimal
statistical approach (Rodgers, 2000) where a priori information about the vertical dis-
tribution of ozone and its natural variability are used for the iterative solution expected
under pre-determined conditions. Long-term Umkehr data from Dobson instrument
#065 located in Boulder, CO were processed using UMK04 code (Petropavlovskikh et5

al., 2005a), and the retrieved ozone profile time series were used in the analysis for
this paper.

In order to demonstrate sensitivity of the Brewer ozone profile retrievals to the choice
of ozone absorption cross section spectroscopic dataset and individual stray light con-
tribution, Umkehr measurements from several Brewer instruments located near Boul-10

der, CO are used in this paper. More information on the Brewer Mark IV operations over
the continental US sites, Umkehr measurements (contained in the so-called B-files)
and retrieved ozone profiles can be found at the NOAA-EPA Brewer Spectrophotome-
ter UV and Ozone Network (NEUBrew) data centre (www.esrl.noaa.gov/gmd/grad/
neubrew). Ozone profiles are retrieved from the classic Brewer Umkehr measure-15

ments (manufacturer’s supplied set of operational commands and programs) using a
modified UMK04 algorithm (PC code, O3BUmkehr v.2.5, developed by Martin Stanek).
In addition, long-term Umkehr measurements were taken by the Brewer MKII instru-
ment #9 operated by Environment Canada (EC) at Mauna Loa observatory, Hawaii
between 1998 and 2005 (with V. Fioletov of EC, private communication, 2006). The20

data were processed by the O3BUmkehr algorithm, and results of sensitivity analyses
are compared with results obtained from the NEUBrew MKIV Umkehr measurements.

3 Bandpasses and spectroscopic dataset

Slit functions for individual bandpasses of the world standard Dobson spectrophotome-
ter (#083) were experimentally determined by Komhyr in 1982 using a model 78325

McPherson spectrophotometer (Komhyr, 1982; Komhyr et al., 1993) and accepted as
standard for all Dobson instruments deployed worldwide (Komhyr et al., 1989). The
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slit function (SF) for the core bandpass is centered at the nominal wavelength (λshort
0

or λlong
0 ) and is approximated as a triangular shape for the shorter wavelength of the

standard Umkehr pair, while the shape of the slit function at the longer wavelength
is a trapezoid. In 1991, the International Ozone Commission under the International
Association of Meteorology and Atmospheric Sciences (IAMAS) accepted the effective5

ozone cross-sections for processing of the Dobson total ozone data. These ozone
cross sections were based on the convolution of the Bass-Paur (BP) ozone absorption
coefficient data (Bass and Paur, 1985) and the SFs determined for Dobson instrument
#083.

The matching of the retrieved ozone profile to the measured Umkehr curve is based10

on the radiative-transfer model (or forward model) that is designed to simulate the
zenith sky radiance at the surface under conditions matching those during observa-
tions. The spectrally resolved radiance is calculated as downward UV radiation emit-
ted by the sun from the nominal SZA. From this, the amount of radiation attenuated
by molecular scattering and ozone absorption under similar climatological conditions is15

used as the first guess. The ozone absorption coefficients and their sensitivity to tem-
perature (second degree polynomial fit) are determined from laboratory measurements
by Bass and Paur (Bass and Paur, 1985; Paur and Bass, 1985) or Brion, Daumont and
Molicet (Daumont et al., 1992; Brion et al., 1993; Malicet et al., 1995; or BDM for fur-
ther reference). The convolution of the spectrally resolved solar zenith sky radiation20

(FSZA(λ)) with bandpass SF of the spectral shape and width (SFW) determined for slit
L (SFL(λ−λL0 )) describes the Brewer or Dobson zenith sky measurement at a selected
SZA:

F L
SZA

=

λ0+SFW∫
λ0−SFW

FSZA(λ)×SFL(λ−λL0 )×dλ/
λ0+SFW∫
λ0−SFW

SFL(λ−λL0 )×dλ (2)

Therefore, an accurate knowledge of the bandpass spectral shape and position are25

important for the successful simulation of Umkehr measurements and ozone profile
2014
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retrieval. This paper addresses the effect of uncertainties in the ozone absorption
spectrum and its temperature dependence on results of the forward model simulations
for Dobson and Brewer Umkehr measurements, and thus their retrieved ozone profiles.

Simulations of spectrally resolved zenith sky intensity (FSZA(λ)) attenuated by molec-
ular scattering and ozone absorption were performed according to Eq. (2) while using5

both (BP and BDM) sets of ozone absorption cross-section data (Fig. 1). The spectrally
resolved zenith sky radiances were calculated according to the Eq. (2). The differences
in zenith sky radiances within the bandpass fluctuate between −1 and +3%, but are
mostly canceled out during integration over the bandpass spectral range. The results
are also highly sensitive to the amount of ozone in the overhead column, temperature10

and SZA.
The temperature dependence of the ozone cross-section varies spectrally, which is

a concern when the BP ozone cross-section data-set is used in the ozone retrievals
(Kerr, 2002; Orphal, 2003). Although, the Dobson and Brewer bandpasses have been
selected at wavelengths where the ozone absorption cross-sections have reduced tem-15

perature sensitivity, the combination of spectral channels in order to minimize inter-
ference from other optical and instrumental parameters does not completely remove
the temperature effect from the derived ozone profile or column. The Brewer design
came much later (in 1980s) than the Dobson (in the 20 s), after more precise labora-
tory methodology for determining ozone absorption cross-sections were available, and20

thus a better knowledge of the spectral dependence of ozone absorption was known
during its design. On the other hand, Dobson’s wide bandpasses help to more ef-
fectively average out spectral uncertainty of the analyzed data. Figure 2 shows the
spectral dependence of the linear (a) and quadratic (b) terms of the temperature fit
for the bandpass-weighted BP and BDM ozone cross-section dataset. The figure indi-25

cates spectral differences between the two data-sets. However, due to the wide range
of wavelengths transmitted through the Dobson bandpass the differences in simulated
N-values are not large, and only slightly affect the retrieval solution.
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4 Stray-light contribution in Dobson and Brewer Umkehr measurements

The change between the two ozone absorption cross-section datasets has a smaller
effect on simulated Umkehr N-values than the effect of the out-of-band (OOB) stray light
(Petropavlovskikh et al., 2009). The OOB effect on Umkehr measurements at Dobson
and Brewer wavelengths other than C-pair (see description of Dobson and Brewer pair5

of wavelengths in Sect. 2) is not discussed in this paper. Figure 3 shows a measured
Umkehr curve taken by Dobson #065 in Boulder on 4 April 2008 (green triangles, axes
are on the right side). On this day, the total ozone column derived from the direct-
sun Dobson measurements (Dobson, 1962; Komhyr and Evans, 2006) was 360 DU
(Dobson Units). Also shown is the contribution of the OOB (blue squares) to Umkehr10

measurements. The OOB N-values were recorded by using the WG320 spectral fil-
ter that is mostly opaque in the spectral range of the Dobson C-pair short wavelength
bandpass (Fig. 6 in Evans et al., 2009). In addition, the Dobson optical design restricts
the incoming light to wavelengths shorter than ∼400 nm by using the internal cobalt
filter, and by the response of the photomultiplier tube (Fig. 5 in Evans et al., 2009). The15

WG320 filter was placed in front of the zenith sky entrance of the instrument such that
the measured spectrum of the solar radiation is completely restricted to the radiation
at wavelengths shorter than ∼340 nm and partially restricted to the wavelengths just
outside of the nominal bandpass spectral region. The concept was that the filter would
remove the short wavelength light from the short wavelength bandpass of the C pair,20

and that any current remaining is from the OOB light. Although the filter did not fulfill the
experiment of complete reduction of the light inside of the short bandpass, it was use-
ful to estimate the range of the OOB effect on Umkehr measurements. The spectral
shape of the OOB contribution to Umkehr measurements is controlled by the gradi-
ent in ozone absorption spectra, SZA and total ozone amount. Therefore, changes25

in N-values are SZA dependent (smoothed data are shown in blue). The minimum in
the stray light curve of Delta-N in Fig. 3 at 60–65 SZA is not yet explained. In addi-
tion, the difference between N-values simulated with BP and BDM ozone absorption

2016

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 2007–2035, 2011

Sensitivity of Dobson
and Brewer Umkehr

ozone profile

I. Petropavlovskikh et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

cross-sections is shown in Fig. 3 (red diamonds) for comparisons. The effect of cross-
section changes on N-values appears to be relatively small, but the effect propagates
through the retrieval process and changes the retrieved ozone profile.

Stray light effect in Brewer MK II and MKIV instruments appears to be of a similar
magnitude to that found in Dobson measurements, whereas MKIII instruments use a5

double monochromator with higher line density gratings that results in efficient rejec-
tion of the OOB light. The light measured in the wings of the slit function in a MKIII
is below 10−6 of the bandpass center wavelength transmission as compared to 10−5

and 10−4 opacity in Dobson and Brewer MKIV, respectively. Several Brewer MKIV
bandpasses and stray light rejection were measured during The Fourth North Ameri-10

can Interagency Intercomparisons of Ultraviolet Monitoring near Boulder, Colorado, in
1997 and published by Lantz et al. (2002). The slit functions were measured with the
HeCd laser (Omnichrome Model 3056, single line at 325.029 nm and a nominal power
of 18 mW). Figure 4 shows examples of bandpasses as a function of wavelength for
two Brewer instruments: NEUBrew MKIV #101 and Environment Canada’s MKII, #009.15

The slit function contains the core (bandpass) spectral area and the extended wings.
Note that the right side of the slit function (not shown) has a symmetric shape. The
shape of the bandpass for Brewer #101 shown in Fig. 4 is representative for a slit
in the single (1200 lines mm−1 holographic) grating MKIV instruments (Brewer MKIV
Spectrophotometer operators manual, 1999) that are deployed in the NEUBrew net-20

work. The ∼3×10−5 and 6×10−5 level of the light respectively measured at the slit
function wings for Brewers #101 and #114 (not shown) indicates that two identically
configured instruments can have different OOB light rejection. The OOB contribution
to the MKIV and MKII Brewer Umkehr measurements is comparable to the ∼2×10−5

rejection level of Dobson C-pair N-values. The OOB light from longer wavelengths is25

reduced in the Brewer MKIV by the use of a solar blind filter (SBF), which is made of
nickel sulphate hexahydrate (NiSO46H2O) crystal placed between two UV-transmitting,
colored glass filters (similar to Schott UG5 or UG11, with P. Disterhoft, private com-
munications, 2008). The SBF is designed to block wavelengths longer than 363 nm
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from entering the PMT’s (photomultiplier tube) cathode, which by itself is insensitive to
the near-infrared solar spectrum. Major optical characteristics of Dobson and Brewer
instruments are summarized in Table 1. What is most relevant to this discussion is
the spectral range of the zenith sky radiances transmitted through the bandpasses of
two selected Brewer channels (centered at ∼310 and ∼326 nm, see details described5

above), their width, shape, stray light contribution, and corresponding ozone absorption
cross-section structure over the individual bandpass spectral ranges.

In order to adjust simulated N-values for the contribution due to stray light that has a
SZA dependence similar to the effect measured in Dobson instrument (green symbols
on Fig. 3), the following procedure is used. Both Brewer and Dobson OOB correction10

are simulated by using full and nominal bandpass (with and without extended spectral
wings) for convolution with the spectrally resolved zenith sky radiances (Eq. 2). The
radiances are simulated by the TOMRAD radiative transfer code, and look-up tables
are created based on the set of standard ozone profiles (see Petropavlovskikh et al.,
2005 for further details). The slit function shape for the MKIV Brewer slit functions15

were chosen to have slightly higher levels at the wings (10−4 level) than was reported
in Lantz et al. (2002) to more consistently represent levels of stray light produced by
other instruments used in the NEUBrew network. More detailed information about the
optical characteristics of MKIV Brewer spectrophotometers is available from the vari-
ous documents posted under the “Algorithm and Procedure” section at the NEUBrew20

webpage (http://esrl.noaa.gov/gmd/grad/neubrew/index.jsp). In the absence of exact
measurements of individual instrument slit functions and for simplicity of analyses the
OOB corrections for Brewer MKII data processing is chosen to be similar to the above
described OOB levels for the MKIV instrument.

Figure 5 shows the differences found between the measurements and simulations25

without (solid lines) and with (dashed lines) stray light corrections (OOB). This is an
example of a single day of measurements taken in Boulder and at TMTF during inter-
comparisons on 20 September 2007. The top panel shows results for Umkehr mea-
surements performed by Dobson instruments, and the bottom panel shows results
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for Brewer spectrophotometers. That participating Dobson instruments were Boulder
station instrument #061, Secondary world standard #065, World standard instrument
#083, and JMA (Japan Meteorological Agency) travelling standard instrument #116.
The N-values from look-up tables were interpolated to match the 271 DU total ozone
value, which is the average of the total ozone (TO) values from four Dobson and five5

Brewer instruments. An additional correction was applied to account for ozone profile
differences between climatology and the actual ozone profile observed on the day of
measurements. The reference (observed) ozone profile is a combination of the ozone
profile above ∼10 hPa pressure level that was selected from the Aura Microwave Limb
Sounder (Froidevaux, 2007) satellite global dataset for the Boulder station overpass10

criteria, and the NOAA/ESRL ozone sounding profile below ∼10 hPa pressure level
measured over Boulder, CO on the day of intercomparisons. The total-ozone-based
Jacobians (function of changes in the N-value due to the change in ozone profile) were
used to correct simulated climatological Dobson and Brewer Umkehr N-values to ac-
count for the observed vertical distribution of ozone. Still, Fig. 5 shows that correction15

for ozone profile did not completely remove the SZA-dependent residual differences
between the simulated and observed N-values. Figure 5 also shows that stray light cor-
rections to Umkehr simulations are required to successfully fit the observed N-values
and thereby retrieve the reference ozone profile.

5 Effects on Dobson and Brewer Umkehr ozone profile retrieval20

The impact of changing ozone cross-sections on retrieved ozone profiles was exam-
ined using Dobson and Brewer Umkehr data. Moreover, ozone absorption cross-
sections that are used in the forward model are temperature dependent. The temper-
ature dependency is spectrally different in BP and BDM datasets. The Umkehr ozone
profile is retrieved with a single standard temperature profile and then a posteriori cor-25

rected to account for the departure of the true temperature profile from the assumed,
standard profile. The correction depends on the polynomial fit of the ozone cross-
section temperature sensitivity. The NRL climatology (Summer et al., 1993) provides a
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set of monthly and zonal-averaged (10-degree band) temperature profiles that are used
to choose the profile for the station based on its latitude and the month of Umkehr ob-
servations. As the stray light contribution to the Umkehr measurements is even larger
than the effect of the cross-section selection (Fig. 3), the change in ozone profile with
and without the straylight correction is also included for comparison.5

Figure 6 shows changes in the Umkehr ozone profiles retrieved from Dobson mea-
surements collected in Boulder, CO between 1979 and 2008. The change in the mean
ozone is due to various effects accounted for in the forward model. The red line in
Fig. 6 shows changes in the middle latitude ozone profile associated with the change
of the ozone cross-section dataset from BP (standard) to BDM. The mean changes in10

the retrieved profile are within ±2%. These changes are comparable to the accuracy
of Dobson Umkehr ozone profiles retrieved in the stratosphere and considerably lower
than 10% accuracy of tropospheric ozone profile retrievals (Petropavlovskikh et al.,
2005). The sensitivity of the Umkehr profile retrieval to atmospheric temperature varia-
tions in the Boulder Dobson dataset (climatological temperature profile for 40–50 N) is15

of a similar magnitude to the effect of the ozone absorption cross-section dataset, but
of an opposite sign in the stratosphere. The temperature effect is practically identical
in both BP and BDM retrieved datasets. Alternatively, the disregarded straylight con-
tribution in the Umkehr data processing (simulation of zenith sky radiance) appears to
have a much larger effect on the retrieved profile. Figure 6 shows that if a correction of20

the Umkehr N-values for OOB contribution is applied prior to the retrieval, it increases
stratospheric ozone by as much as 8% in the stratosphere and decreases tropospheric
ozone by ∼5%. The OOB effect is thus a more significant change for the Umkehr ozone
amount derived in the stratosphere.

Similarly, the Brewer Umkehr retrieval algorithm was assessed for its sensitivity to25

changes in the ozone cross-section, the stray light correction and atmospheric temper-
ature variations. Figure 7 shows averaged results of comparisons of Brewer Umkehr
ozone profiles. The data shown in Fig. 7a are derived from the single Brewer (MK
II) measurements taken by EC at MLO station in Hawaii from 1998 and until 2005.
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Figure 7b presents results for the NEUBrew Umkehr ozone profile time series collected
by Brewer #141 (MK IV) at Table Mountain Test Facility (TMTF), near Boulder, Col-
orado, between 14 August 2006 and 20 October 2010. Other Brewer instruments at
TMTF show very similar patterns to Fig. 7b results (not shown).

The percent ozone differences in Fig. 7 are calculated relative to the operational5

ozone profile data product (i.e. the BP ozone cross-section dataset, no stray light cor-
rection, and climatological stratospheric temperature correction). The magnitude and
vertical distribution of the differences derived in Brewer retrieved ozone are fairly sim-
ilar to analyses of the Dobson Umkehr retrievals (compare to Fig. 6). The changes in
the Brewer Umkehr ozone profile that are caused by the choice of ozone cross-section10

dataset are limited to ±2% (shown in red). These changes are comparable to the accu-
racy of Brewer and Dobson Umkehr ozone profiles retrieved in the stratosphere, while
in the troposphere they become less significant as compared to the tropospheric ozone
retrieval accuracy of ∼10 %. The sensitivity of Brewer ozone profiles to climatological
temperature correction is comparable to the average effect found in Dobson Umkehr re-15

trieved ozone. The effect of the seasonal variation of temperature profiles on retrieved
ozone is presented by the horizontal bars (blue). It shows that the tropospheric ozone
(layer 0+1 or partial ozone column derived between surface and 250 hPa pressure) can
have zero to 5% effect depending on the season. The modeled OOB correction pro-
duces significant effect on the Brewer Umkehr retrievals. It appears to increase ozone20

in layers 6, 7 and 8 (between ∼30 and ∼45 km) by less than 5% in case of NEUBrew
data and by more than 5% in the case of the MLO dataset, while tropospheric and low
stratospheric ozone is reduced by a similar percentage. The significance of the OOB
contribution to the Umkehr measurement and, thus, magnitude of errors in the retrieved
ozone profile are strongly affected by the total ozone amount and SZA of observation.25

Therefore, some differences in the vertical distribution of OOB effects found in two
Brewer datasets can be related to the difference in geo-location of Boulder and MLO
stations that are affected by different dynamical and long-range transport processed,
and latitude-dependent difference in the vertical ozone distribution.
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6 Discussion and conclusion

Original research by Liu et al. (2007) found that the choice of the BDM ozone cross-
section would change GOME retrieved total ozone up to 12%. The application of the
BDM data for ozone retrieval also improved the spectral residuals of the fit to the satel-
lite measurements. The most recent analyses of the cross-section effect on the SCHIA-5

MACHY and GOME-2 retrieved total ozone column revealed a residual bias of −2%
between the two satellite products (Lerot et al., 2010). However, it was found to be
unrelated to the choice of ozone cross section data set (caused by differences in the
spectral dependence of cross-section’s temperature dependence), but rather by differ-
ences in the cloud correction algorithm. It was also mentioned that relative spectral10

shifts and scale factors are applied to the BP spectrum prior to its use in the satellite
retrievals. Therefore, the sensitivity of the retrieved ozone to the choice of the cross-
section dataset is tested with respect to the specific temperature sensitivity of each
ozone cross-section dataset.

As discussed in this paper, the ozone cross-section choice only minimally (within the15

retrieval accuracy) affects the Dobson and the Brewer Umkehr retrievals. As of 2005,
the temperature correction in the Umkehr ozone retrieved profiles has been incorpo-
rated in the UMK04 algorithm, and it is based on the latitude dependent and monthly
averaged temperature climatology (Petropavlovskikh et al., 2005). However, signifi-
cantly larger errors are found when the OOB stray light contribution to the Umkehr20

measurement is not taken into account in the retrieval algorithm. The issues and meth-
ods of the OOB error correction have been originally described in the Basher (1982)
paper and recently addressed in several papers (Miyagawa et al., 2008; Evans et al.,
2009; Petropavlovskikh et al., 2009). The optical characterization of the instrument
is required to identify and minimize the instrument dependent OOB contribution. The25

method is under development at NOAA, Boulder (R. Evans, private communications,
2009) in collaboration with the group at NASA/Goddard (G. Labow) that would allow
for the OOB characterization of the Dobson and Brewer instruments. In conclusion,
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it is important to state that either ozone cross-section choice or OOB effects have no
statistically significant effect on long-term trends derived from the Umkehr data.
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Livschitz, Y., and Pérez Albiñana, A.: GOME-2 on Metop: From in-orbit verification to routine
operations, in: Proceedings of EUMETSAT Meteorological Satellite Conference, Helsinki,

2026

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/amt-2-87-2009
http://dx.doi.org/10.5194/acp-7-3571-2007
http://dx.doi.org/10.1029/2008JD010658


AMTD
4, 2007–2035, 2011

Sensitivity of Dobson
and Brewer Umkehr

ozone profile

I. Petropavlovskikh et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Finland, 12–16 June 2006.
Orphal, J.: A critical review of the absorption cross-sections of O3 and NO2 in the ultra-

violet and visible, J. Photochem. Photobiol., A, 157 (2003) 185–209, doi:10.1016/S1010-
6030(03)00061-3, 2003.

Petropavlovskikh, I., Bhartia, P. K., and DeLuisi, J.: New Umkehr ozone profile re-5

trieval algorithm optimized for climatological studies”, Geophys. Res. Lett., 32, L16808,
doi:10.1029/2005GL023323, 2005.

Petropavlovskikh, I., Kireev, S., Maillard, E., Stube, R., and Bhartia, P. K.: New Brewer algorithm
for a single pair, 9th Biennial WMO/GAW Brewer Users Group Meeting, Delft, Netherlands,
June 2005, Platt, U. (1994), Differential Optical Absorption Spectroscopy (DOAS), in Air10

Monitoring by Spectroscopic Techniques, Chem. Anal. Ser., 127, edited by: Sigrist, M. W.,
27, 2005.

Petropavlovskikh, I., Evans, R. D., Carbaugh, G. L., Maillard, E., and Stubi, R.: Towards a better
knowledge of Umkehr measurements: A detailed study of data from thirteen Dobson inter-
comparisons, World Meteorological Organization Global Atmosphere Watch, GAW No. 180,15

2008.
Petropavlovskikh, I., Evans, R. B., McConville, G., Miyagawa, K., and Oltmans, S.: Effect of the

out-of-band stray light on the retrieval of the Umkehr Dobson ozone profiles, Int. J. Remote
Sens., 30, 6461–6482, doi:10.1080/0143116090286580, 2009.

Paur, R. J. and Bass, A. M.: The ultraviolet cross-sections of ozone, II, Results and temperature20

dependence, in: Atmospheric Ozone, edited by: Zerefos, C. S., Ghazi, A., and Reidel, D.,
Norwell, Mass., 611–616, 1985.

Rodgers, C. D.: Inverse Methods for Atmospheric Sounding: Theory and Practice, World Sci-
entific, 238 pp., 2000.

Summers, M. E. and Sawchuck, W.: Zonally Averaged Trace Constituent Climatology. A Com-25

bination of Observational Data Sets and 1-D and 2-D Chemical-Dynamical Model Result,
Naval Research Laboratory, Technical Report, NRL/MR/7641-93-7416 (Washington, DC),
1993.

WMO (World Meteorological Organization): Scientific Assessment of Ozone Depletion: 2006,
Global Ozone Research and Monitoring ProjectReport No. 50, 572 pp., Geneva, Switzerland,30

2007.

2027

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/S1010-6030(03)00061-3
http://dx.doi.org/10.1016/S1010-6030(03)00061-3
http://dx.doi.org/10.1016/S1010-6030(03)00061-3
http://dx.doi.org/10.1029/2005GL023323
http://dx.doi.org/10.1080/0143116090286580


AMTD
4, 2007–2035, 2011

Sensitivity of Dobson
and Brewer Umkehr

ozone profile

I. Petropavlovskikh et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Optical characteristics of the Dobson and Brewer Umkehr system.

Dobson Brewer

Spectral channels (nm) 311.4/332.5 310.1/326.5

Spectral bandpass Wide. Short channel: triangular 1.5 FWHM Narrow. Both channels have
Long channel: trapezoid, about 3.8 nm similar triangle shape,
at the base and and 2 nm at the top ∼0.6 nm FWHM

Other filters Cobalt filter Double: Grating, PMT set zero
(cuts off light above ∼360 nm) below 250 nm and above 800 nm

Single: UG-11 and NiSO4 filters
– zero below 280 and above 330 nm

Stray light (far field) ∼2×10−5,0.005% Single, class II:
∼10−4 for Mark IV at NEUBrew
Double, Mark III: ∼10−7 for Double B171
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Fig. 1. Shows simulated zenith-sky intensity after applying the Dobson bandpass function. Re-
sults are shown for simulations of the solar radiation scattered at 85 degrees SZA and absorbed
by 325 DU ozone column with a vertical distribution taken from the middle latitude climatologi-
cal profile. Two sets of calculations are done based on the BP (blue) and BDM (purple) ozone
cross-section datasets. The spectrally-resolved percent difference between the two simulations
is shown as the green line (right side scale) over the spectral range of the short Dobson slit.
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Fig. 2. Temperature dependence of BP (blue) and BDM (purple) cross-sections at Dobson
wavelengths is shown for (a) linear and (b) quadratic terms of temperature polynomial fit.
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Fig. 3. Solar zenith angle shape of the out-of-band light contribution to Umkehr measurements
by Dobson #065 obtained in Boulder on 4 April 2008. Total ozone is 360 DU. The blue squares
are smoothed change in Dobson C-pair measurements (delta N-values, left-side axes) associ-
ated with the out-of-band stray light compared to measurements without straylight contribution,
whereas green triangles show measured Umkehr curve (N-value, axes on the right side). The
difference between N-values simulated with BP and BDM ozone absorption cross-sections is
shown as red diamonds (delta N-value, left-side axes).
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Fig. 4. Slit scattering functions for two Brewers, EC MkII Brewer # 009 (black) and NEUBrew
MkIV Brewer #101 (green), measured during 1997 Intercomparison of Ultraviolet Monitoring
Spectroradiometers (Lantz et al., 2002) (data from: ftp://ftp.srrb.noaa.gov/pub/data/CUCF/ ).

2032

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2007/2011/amtd-4-2007-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 2007–2035, 2011

Sensitivity of Dobson
and Brewer Umkehr

ozone profile

I. Petropavlovskikh et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

SZA

de
lta

 N
−

va
lu

e

70 75 80 85 90
−

4
−

2
0

1
2

Db116
Db83
Db65
Db61

before OOB
after OOB

Error in predicted Total Dobson C−pair  N−values,norm. to 70 SZA 
 BOULDER , 20070920 , 271 DU (MLS  + sonde) 

SZA

de
lta

 N
−

va
lu

e

70 75 80 85 90

−
4

−
2

0
1

2

Br105
Br108
Br134
Br141

before OOB
after OOB

Error in predicted Total Brewer C−pair  N−values,norm. to 70 SZA 
 BOULDER , 20070920 , 271 DU ,0.97&0.93polar eff, OOB 5e−5 MkIV, (MLS  + sonde) 

Fig. 5. Difference between observed and simulated Umkehr N-values as a function of SZA.
Solid and dashed lines represent Umkehr simulations prior and after stray light corrections
(OOB) respectively. The Umkehr observations were recorded on 20 September 2007 in Boul-
der, CO and at the Table Mountain Test Facility located near Boulder, CO. (a) Results are
demonstrated for Dobson Umkehr measurements taken by NOAA instruments #083, #061 and
#065, and by JMA Dobson #116; (b) The same as (a), but for Brewer Mark IV instruments that
perform routine measurements as part of the NEUBrew network (instrument numbers are given
in the legend).
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Fig. 6. Ozone profile changes (% relative to the standard retrieval) retrieved from the Dobson
#065 measurements in Boulder, CO between 1979 and 2008. The range of data is shown with
horizontal lines. Changes in the Umkehr ozone profile are due to the use of the BDM cross-
section in place of BP (red), neglect of the stray light contribution (green), and temperature
variability in climatological temperature dataset (dark blue).
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Fig. 7. (a) The same as in Fig. 4, but results are averaged for the EC Brewer Umkehr time
series collected at MLO, Hawaii, between 1998 and 2005. (b) The same as in Fig. 6, but
results are averaged for the NEUBrew Umkehr ozone profile time series collected by Brewer
#141 at Table Mountain Test Facility, near Boulder, Colorado, between 14 August 2006 and 20
October 2010.
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