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Abstract. Remote sounding methods are used to deriveozone cross-section choice only minimally (within the re-
ozone profile and column information from various ground- trieval accuracy) affects the Dobson and the Brewer Umkehr
based and satellite measurements. Vertical ozone profilegetrievals. On the other hand, significantly larger errors were
measured in Dobson units (DU) are currently retrieved basedound in the MLO and Boulder Umkehr ozone date8(and

on laboratory measurements of the ozone absorption cross=5 % bias in stratosphere and troposphere respectively) when
section spectrum between 270 and 400 nm published in 1988he out-of-band (OOB) stray light contribution to the Umkehr
by Bass and Paur (BP). Recently, the US National Aero-measurement is not taken into account (correction is cur-
nautics and Space Administration (NASA) and the Europearrently not included in the UMKO04). The vertical distribution
Space Agency (ESA) proposed using the set of ozone cros®af OOB effect in the retrieved profile can be related to the
section measurements made at the Daumont laboratory ifocal ozone climatology, instrument degradation, and opti-
1992 (BDM) for revising the Aura Ozone Monitoring In- cal characteristics of the instrument. Nonetheless, recurring
strument (OMI) and Global Ozone Monitoring Experiment OOB errors do not contribute to the long-term ozone trends.
(GOME) satellite ozone profiles and total ozone column re-
trievals. Dobson 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

gx;oﬁ ;’islgc?ﬂtrzmlISuZ?ane?ofglltrgot?gor?zjgiecr:?zz; eCtrlg_nThe record of stations using Dobson instruments in the
: y PTO"\noUDC starts in 1924 with one station reporting total ozone

cessing submitted to the World Ozone and Ultraviolet ra- . ; .
values based on measurements of direct-sun irradiance and

d|e;:|orn \[/)Vzttahczlg\il (VXOL:Drg) ;th\gerv\t/h?ldGl\I/?tlal ;Atlmol: zenith sky radiance (Dobson and Harrison, 1926). The Dob-
spnere ch ( ) program of the Wo CLeorologh- o, network is defined as arrangement between stations re-

cal Organization (WMO). Ozone profiles are also retrieved L . . . :
porting information to the common archive while using a

from measurements by the Mark IV Brewers operated by o
the NOAA-EPA Brewer Spectrophotometer UV and Ozone common set of guidelines (Dobson, 19.57)' It has deyeloped
from a small set of mostly European sites to approximately

Network (NEUBrew) using a modified UMKO4 algorithm 60 stations worldwide by 1962. That year, a world refer-

(O3BUmkehr v.2.6, Martin Stanek). This paper describesence Dobson instrument was defined (W. D. Komhyr, private
the sensitivity of the Umkehr retrievals with respect to the communication, 2011). It has proven to Be ;slvery stz;lble and
proposed ozone cross-section changes. It is found that the S '
well maintained network capable of long-term ozone mea-
surements that relies on regular calibration and intercompari-
son activities within the WMO GAW global ozone observing

Correspondence td: Petropaviovskikh  network (Petropavlovskikh et al., 2008). The Brewer spec-
BY (irina.petro@noaa.gov) trophotometer (Brewer, 1973; Kerr et al., 1985) went into

1 Introduction
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service in 1982. The design goals included the eliminationthe spectrally-integrated OOB contribution might be impor-
of the Dobson “optical wedge”, improving stray light perfor- tant for accurate interpretation of Brewer measurements, es-
mance, the measurement of absolute intensities at individpecially at shorter wavelength channels, where the contribu-
ual wavelengths, a reduction in the measurement noise antion of the OOB light is a greater proportion of the received
the improvement of measurement accuracy at low-sun conlight due to ozone absorption spectra and long optical path at
ditions and thereby the improvement of the derived ozone actarge SZAs. When contribution of the OOB stray light be-
curacy, while providing automated operation for the Brewercomes significant it affects the retrieved ozone column and
network. The MKIV Brewer design also added new mea-its vertical distribution. The stray light effect is also impor-
surement capabilities, such as the capacity to make spectralliant in the calculation of the daily Solar UV doses, where
resolved Ultra-Violet radiation (Brewer MKIV Spectropho- a correction for the effect is applied; however, it is not the
tometer Operators Manual, 1999; Cappellani and Kochlersubject of this paper (see more in Lantz et al., 2002).
1999). Unfortunately, some of the design features lead to in- Prior to the satellite era regular Umkehr observations from
stability of its optical system due to the degradation of onea few sites were the only source of information for ozone in
of the optical filters used in MKIIl, MKIV and MKV ver- the upper stratosphere. The first satellite measurements be-
sions of the instrument (Bennet and McBride, 1964; Kimlin gan in the 1970s when the Back-scatter UV (BUV) instru-
et al., 2003). Therefore, regular calibration of the Brewerment was launched aboard the Nimbus-7 satellite in 1978
instruments in the network and post-correction of measure{Reinsel, 1982; McPeters et al., 1984) followed by the
ments is done every 2yr (Early et al.,, 1998; Lantz et al.,SBUV(2) series launched on various NOAA satellites (Flynn
2002; Kimlin et al., 2005; Petropavlovskikh et al., 2007). et al., 2009) and the future Ozone Mapping Profiler Suite
The NEUBrew operational networkhifp://www.esrl.noaa. (OMPS) of the NPOESS program (Flynn et al., 2004; Fleig
gov/gmd/grad/neubrévhas relied on the original calibration et al., 1990). To date, data from these satellite-based instru-
against the Brewer 017 traveling standard since 2006, wittments have been analyzed using Bass and Paur ozone ab-
continuous data corrections applied based to the internal refsorption cross-sections (Bass and Paur, 1985; Orphal, 2003).
erence lamp or Langley plots (description of procedures carRecently, the US National Aeronautics and Space Adminis-
be found at the website). The Dobson network carries out intration (NASA) and the European Space Agency (ESA) pro-
tercomparisons and calibration of network instruments everyposed using the set of ozone absorption cross-section mea-
4 yr, while regional standards are calibrated every 3yr. surements made at the Daumont laboratory in 1992 (BDM)
Comparisons with other measurements (i.e. ozone sondg$or revising satellite ozone profiles and total ozone column
LIDAR, microwave and satellite instruments) are done rou-retrievals from the Aura OMI (Levelt et al., 2006), the EN-
tinely during Dobson Umkehr intercomparisons, at the sta-VISAT Scanning Imaging Absorption spectroMeter for At-
tions with co-incident measurements by different systemsmospheric CartograpHY (SCIAMACHY) (Bovensmann et
and reports are typically published under the WMO program.al., 1999), and METOP GOME-2 (Burrows et al., 1999a;
Recently published paper by Nair et al. (2011) comparesMunro et al., 2006) measurements. Therefore, the joint
Dobson Umkehr, lidar, ozone balloon and several satellitead hoc commission “ACSO” (Absorption Cross Sections of
ozone profiles over the Haute-Provence Observatory groun®zone, Burrows et al.,, 1999b) was created by the World
station in France. Authors describe biases between coMeteorological Organization (WMO) (Scientific Advisory
incident Umkehr and lidar data that are similar in magnitudeGroup (SAG) of the Global Atmosphere Watch (GAW)
to the errors discussed in this paper and are most likely asand IGACO-O3/UV and the International Ozone Commis-
sociated with the stray light contribution to the Dobson mea-sion 103C) of the International Association of Meteorol-
surements. ogy and Atmospheric Sciences (IAMAS). The ACSO'’s pri-
Among important shortcomings of both the Dobson mary responsibility was to investigate the effects of various
and Brewer systems is the contribution of the out-of- 0zone absorption cross-sections on the currently available
band (OOB) light in Direct-sun, UV and zenith-sky mea- remote sensing retrieved ozone products (Dobson, Brewer,
surements (Dobson, 1968; Lantz et al., 2002; Evans et all.IDAR, DOAS, SAOZ, and various satellites taking mea-
2009; Petropavlovskikh et al., 2009). With the exception surements in the UV, Visible and Infra-red spectral ranges).
of the Brewer MK Il instrument, the rejection of the stray Several datasets under consideration are listed on the web-
light in Dobson and Brewer MKIl and MKIV instruments is page created by the ACSht{p://igaco-03.fmi.filACSO/
approximately five orders of magnitude. It manifests itself crosssections.htm)l These datasets were produced under
as the low intensity spectrum of the solar light that is not different equipment settings, measuring methods, different
completely removed by the optical bandpass of the instru-spectral resolution, and at various atmospheric temperatures
ment. Thus, OOB light continues to contribute to the pho- (Orphal, 2003).
ton count with the maximum contribution from the wave-  This paper investigates how the choice of ozone absorp-
lengths immediately outside of the nominal bandpass. Al-tion cross-sections from two datasets (PB and BDM) affects
though the level of the spectrally resolved light that propa-the retrieved ozone profiles from ground-based Brewer or
gates outside of the bandpass seems to have low intensitfpobson spectrophotometer measurements using the Umkehr
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technique. The calculation of the zenith sky radiance utilizes —m-smoothed stra ight  —-BOMBP & Novaluecurve

temperature dependent ozone absorption cross section in the **

radiative transfer calculation and weights the radiance by the . ain. |

instrument’s slit function. This paper also investigates the er- / 8 160

ror due to the stray-light (OOB) on the calculated zenith sky e

radiance and compares this to the differences caused by the os A \ —

choice of ozone absorption cross sections. § / \ g
5 . 3

2 Background h

Ozone profiles can be retrieved from zenith-sky measure- \.«"f \\ *

ments made by Dobson or Brewer spectrophotometers. The

Umkehr N-value measured when the sun is at a particular el- » 5 -
evation or solar zenith angle (SZA) is described by the first =~~~ ° " o % 7 7
term in the right side of Eq. (1).
Fig. 1. Solar zenith angle shape of the out-of-band light contribu-
Nsza=10g(F&2,/ F&3) —10g(Fy 2/ Fo™) (1)  tionto Umkehr measurements by Dobson No. 065 obtained in Boul-

) ) der on 4 April 2008. Total ozone is 360 DU. The blue squares are
where: Fsza = Iszax KxETC, is used to simulate the mea- smoothed change in Dobson C-pair measurements (delta N-values,
sured radiance, whergza is zenith sky radiance normalized |eft-side axes) associated with the out-of-band stray light compared
to the top of the atmosphere (attenuation of the scattered lighto measurements without stray-light contribution, whereas green tri-
through the atmospherek is instrumental constant or in- angles show measured Umkehr curve (N-value, axes on the right
strument transfer function, and ETC is the extra-terrestrialside). The difference between N-values simulated with BP and
constant (obtained through Langley type tests). BDM ozone absorption cross-sections is shown as red diamonds

F&2,.0"1 1 is the Umkehr measurement at the nominal SzA (delta N-value, left-side axes).
at the longer [») or shorter £1) wavelength channel.

F{? o L1 is the Umkehr measurementias or L1 spectral . - o
channel taken at the highest SZAs Umkehr measurements is plotted as a function of SZA, it is

FSLZonrLl represents the signal (intensity of the zenith sky- called an Umkehr curve (green symbols in Fig. 1).

light) detected by the instrument at an individual channel The characteristics of the Dobson instrument, its cali-
(Brewer) or relative difference in signals detected by Dobsonbration and data processing details are described elsewhere
in the pair of spectral channels (C-pair). The actual measuretDobson and Normand, 1962; Komhyr and Evans, 2006).
ment can be a photon count (Brewer) or position of the R-The Dobson Umkehr measurements considered here are
dial (Dobson) that are then converted to the atmospheric racomposed of the ratio of the intensities of light detected at
diances through calibration procedures. The extra terrestridhe C-pair wavelengths that are centred at 311.5nm (strong
solar flux measured by other instrument (for example, Atlas-0zone absorption) and 332.4nm (weak ozone absorption).
1, 2 or 3 mission used SUSIM instrument to observe sun int he Umkehr curve is recorded while the solar zenith angle
1992, 1993 and 1994 respectively during the space shutti€hanges between sixty degrees and approximately ninety de-
mission, Van Hoosier, 1996) can be used to make radiancgrees (Mateer and DeLuisi, 1992; Petropavlovskikh et al.,
simulations. Since neither instrumental constéimor ETC ~ 2005a).
are known for Umkehr measurements, the retrieval relies on The Brewer instrument makes zenith sky measurement by
subtraction of the nominal measureme;m,2 orLl fromthe  recording the intensities of polarized zenith-sky light at five
other Umkehr measurements (at different SZA), which effec-wavelengths nearly simultaneously in two, partially overlap-
tively removes thek and ETC unknowns. ping, wavelength bands. The optics and instrumental charac-
Prior to the ozone profile retrieval Umkehr N-values were teristics of the Brewer spectrophotometer are described else-
typically scaled (normalized) to the measurement taken awhere (Kerr et al., 1985; Kerr and McElroy, 1995; Kerr,
the highest of the nominal SZAs (typically at 60 or 70 de- 2002; Grobner and Kerr, 2001 and Cede et al., 2003, 2006).
grees). The normalization procedure (second term in righiThe ratio of measured intensitiescentred~&10nm (1)
side of the Eq. 1) serves to minimize the adverse effectfand ~326 nm () can be combined to create an Umkehr
of factors such as daily changes in solar flux, and main-curve. A somewhat shorter range of solar zenith angles (70—
tains nearly constant optical throughput during the entire seP2.5 degrees) is selected in the Brewer measurement sched-
of Umkehr measurements (a sequence of morning or afterule.
noon zenith sky measurements taken when the sun elevation The information content of the measured Umkehr curve is
changes between 60 and 90 degrees SZA) under the assumanalyzed by the optimal statistical approach (Rodgers, 2000)
tion of static atmospheric conditions. When a single set ofwhere a priori information about the vertical distribution of
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(PC code, O3BUmkehr v.2.5, developed by Martin Stanek)
(Petropavlovskikh et al., 2005b, 2007). In addition, long-
term Umkehr measurements were taken by the Brewer MKI|
instrument #9 operated by Environment Canada (EC) at
Mauna Loa observatory, Hawaii between 1998 and 2005 (V.
Fioletov of EC, private communication, 2006). The data
were processed by the O3BUmkehr algorithm, and results of
sensitivity analyses are compared with results obtained from
the NEUBrew MKIV Umkehr measurements.

30
|

Altitude, km

3 Bandpasses and spectroscopic dataset

20

Slit functions for individual bandpasses of the world standard

Dobson spectrophotometer (83) were experimentally deter-
mined by Komhyr in 1982 using a model 783 McPherson

spectrophotometer (Komhyr, 1982, Komhyr et al., 1993) and

accepted as standard for all Dobson instruments deployed
worldwide (Komhyr et al., 1989). Slit function (SF) for the

\ \ \ ‘ ‘ ‘ ‘ core bandpass is centred at the nominal wavelervg§‘l’?r(

or k'é’”g) and is approximated as a triangular shape for the

Fractional Change < shorter wavelength of the standard Umkehr pair, while the

shape of the slit function at the longer wavelength is a trape-

Fig. 2. Averaging kernels for Dobson (green) and Brewer (red) arezojd. In 1991, the International Ozone Commission under the
shown as ffactional change vs. altitude. Corresponding Umkehrlay]nternational Association of Meteorology and Atmospheric

ers are indicated at the maximum of the AK. Sciences (IAMAS) accepted the effective 0zone cross sec-

tions for processing of the Dobson total ozone data. These

ozone and its natural variability are used for the iterative so-0Z20N€ €ross sections were based on the convolution of the

lution expected under pre-determined conditions. Figure 23@SS-Paur (BP) ozone absorption coefficient data (Bass and
shows an example of the AK for the Dobson (black) and Paur, 1985) and the SFs determined for Dobson instrument
Brewer (red) middle latitude climatological ozone profile #83.
with 325 DU column value. The AK shows the sensitivity ~ The matching of the retrieved ozone profile to the mea-
of the retrieval to ozone vertical information. The AK plot Sured Umkehr curve is based on the radiative-transfer model
shows that information in the layer is sensech&®0—70 %, (or forward model) that is designed to simulate the zenith
while the rest of the information comes from the adjacentSky radiance at the surface under conditions matching those
layers. It also explains how the algorithm applies vertical during observations. The spectrally resolved radiance is cal-
smoothing to the retrieved ozone profile. Long-term Umkehrculated as downward UV radiation emitted by the Sun from
data from the Dobson instrument 061 located in Boulder, cothe nominal SZA. From this, the amount of radiation attenu-
were processed using UMKO04 code (Petropavlovskikh et al. ated by molecular scattering and ozone absorption under sim-
2005a), and the retrieved ozone profile time series were usetfr climatological conditions is used as the first guess. The
in the analysis for this paper. ozone absorption coefficients and their sensitivity to tem-
Umkehr measurements from several Brewer instrumentd€rature (second degree polynomial fit) are determined from
located near Boulder, CO are used to demonstrate the send@boratory measurements by Bass and Paur (Bass and Paur,
tivity of Brewer ozone profile retrievals to the choice of an 1985; Paur and Bass, 1985) or Brion, Daumont and Molicet
ozone absorption cross section dataset and individual strafPaumont et al., 1992; Brion et al., 1993; Malicet et al.,
light contribution. More information on the Brewer Mark Iv  1995; or BDM for further reference). The convolution of
operations over the continental US sites, Umkehr measurethe spectrally resolved Solar zenith sky radiatiéBza(2))
ments (contained in the so-called B-files) and retrieved ozondVith bandpass SF of the spectral shape and width (SFW) de-
profiles can be found at the NOAA-EPA Brewer Spectropho-termined for slitZ (SF-(x —4)) describes the Brewer or
tometer UV and Ozone Network (NEUBrew) data cen- Dobson zenith sky measurement at a selected SZA:
tre (HU www.esrl.noaa.gov/gmd/grad/neubréitd). Ozone

10
|

profiles are retrieved from the classic Brewer Umkehr mea- ho+SFW
surements (manufacturer's supplied set of operational com¥aza = / Fsza(M) x SFE (.= A§)
mands and programs) using a modified UMKO04 algorithm 20— SFW
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Ao+SFW
xdh\/ SF- (L —15) xda

Ao—SFW

()

Therefore, an accurate knowledge of the bandpass spec-

tral shape and position are important for the successful 2 .

simulation of Umkehr measurements and ozone profile re-&
trieval. This paper addresses the effect of uncertainties in%
the ozone absorption spectrum and its temperature depen-
dence on results of the forward model simulations for Dob-
son and Brewer Umkehr measurements, and thus their re-
trieved ozone profile.

Simulations of spectrally resolved zenith sky intensity
(Fsza(1)) attenuated by molecular scattering and ozone ab-
sorption were performed according to Eq. (2) while using
both (BP and BDM) sets of ozone absorption cross-section
data (and BDM). The spectrally resolved zenith sky radi-
ances were calculated according to the Eq. (2). The differ-
ences 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 ar
also highly sensitive to the amount of ozone in the overhead
column, temperature and SZA.

The temperature dependence of the ozone cross sectiol

weighted spectrum
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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
wavelengths where selected for regions where the ozone ab
sorption cross sections have reduced temperature sensitivity
the combination of spectral channels were primary chosen &
to minimize interference from other optical and instrumen-
tal parameters and do not completely remove the tempera-
ture effect from the derived ozone profile or column. The
Brewer design came much later (in 1980s) than the Dobson
(in 1920s), after more precise laboratory methodology for
determining ozone absorption cross-sections were available
and thus a better knowledge of the spectral dependence ot

ozone absorption was known during its design. On the othe;:ig_ 3. (a) Shows simulated zenith-sky intensity after applying the
hand, Dobson’s wide bandpasses help to more effectivelyyopson bandpass function. Results are shown for simulations of the
average out spectral uncertainty of the analyzed data. Figsolar radiation scattered at 85 degrees SZA and absorbed by 325 DU
ure 3 shows the spectral dependence of the linear (a, b) anszone column with a vertical distribution taken from the middle lati-
guadratic (c) terms of the temperature fit for the bandpasstude climatological profile. Two sets of calculations are done based
weighted BP and BDM ozone cross-section dataset. The figon the BP (blue) and BDM (purple) ozone cross-section datasets.
ures denote spectral differences between the BP and BDM he spectrally-resolved percent difference between the two simu-
data sets. However, due to the wide range of Wavelengthéations is shown as the green Iine_ (right side scale) over the spec-
transmitted through the Dobson bandpass the differences ifj2! fange of the short Dobson slith) Temperature dependence

simulated N-values are not large, and only slightly affect theOf BP (blue) and BDM (purple) cross-sections at shorter Dobson
retrieval solution ’ wavelengths is shown for linear term of temperature polynomial fit

weighted by Dobson band-pags) The same agb), but for longer
wavelength.

°
@

weighted sp

0.20

0.00

328.00 334.00 337.00

Wavelength, nm

4 Stray-light contribution in Dobson and Brewer

Umkehr measurements
(Petropavlovskikh et al., 2009). OOB effect on Umkehr mea-

The change between the two ozone absorption cross-sectisgurements at Dobson and Brewer wavelengths other than C-
datasets has a smaller effect on simulated Umkehr N-pair (see description of Dobson and Brewer pair of wave-
values than the effect of the out of-band (OOB) stray lightlengths in Sect. 2) is not discussed in this paper. Figure 1
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shows a measured Umkehr curve taken by Dobson 065 in
Boulder on 4 April 2008 (green triangles, axes are on the 10°
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 10
Umkehr measurements. The OOB N-values were recordec
by using a WG320 spectral filter that is mostly opaque in the
spectral range of the Dobson C-pair short wavelength band-

—— Brewer AES_009
Brewer EPA_101

pass (Fig. 6 in Evans et al., 2009). In addition, the Dob- % 102

son optical design restricts the incoming light to wavelengths g

shorter than-400 nm with an internal cobalt filter, and by the &

response of the photomultiplier tube (Fig. 5 in Evans et al., Téf

2009). The WG320 filter was placed in front of the zenithsky § 192

entrance of the instrument such that the measured spectrur £ \
of the solar radiation was completely restricted to the radi- é‘}

ation at wavelengths shorter thas840 nm and partially re-
stricted to the wavelengths just outside of the nominal band- 104
pass spectral region. The concept was that the filter would
remove the shortwave length light from the short wavelength
bandpass of the C pair, and that any current remaining is from
the OOB light. Although the filter did not completely re-
move all of the light within the short bandpass it was useful
to estimate the range of the OOB effect on Umkehr mea- 300 305 310 315 320 325
surements. The spectral shape of the OOB contribution to Wavelength (nm)
Umkehr measurements is controlled by the gradient in ozone
absorption spectra, SZA and total ozone amount. Thereforefig. 4. Slit scattering functions for two Brewers, EC MKIl Brewer
changes in N-values are SZA dependent (smoothed data afe® (black) and NEUBrew MkIV Brewer #101 (green), measured
shown in blue). The minimum in the stay light curve of _thrc_)ugh slit 1 duri_ng 1997 Intercomparison of Ultraviolet Mon-
Delta-N in Fig. 1 at 60-65 SZA is not yet explained. In ad- itoring Spectroradiometers (Lantz et al., 2002) (data frofitp:
dition, the difference between N-values simulated with Bp’/P-S"Tb-noaa.gov/pub/data/CUGF/
and BDM ozone absorption cross-sections is shown in Fig. 1
(red diamonds) for comparisons. The effect of cross-section
changes on N-values appears to be relatively small, but thef the slit function (not shown) has a symmetric shape. The
effect propagates through the retrieval process and changeshape of the bandpass for Brewer #101 shown in Fig. 4 is
the retrieved ozone profile. representative for a slit in the single (1200 lines mrholo-
Stray light effects in Brewer MK Il and MKIV instruments graphic) grating MKIV instruments (Brewer MKIV Spec-
appear to be of a similar magnitude to that found in Dob-trophotometer operators manual, 1999) that are deployed in
son measurements, whereas MKIII instruments use a doublthe NEUBrew network. The-3 x 10~ and 6x 10~° level
monochromator with higher line density gratings that resultsof the light respectively measured at the slit function wings
in efficient rejection of the OOB light. The light measured for Brewers #101 and #114 (not shown) indicates that two
in the wings of the slit function in a MKIIl is below 1¢® identically configured instruments can have different OOB
of the bandpass center wavelength transmission as comparéidht rejection. The OOB contribution to the MKIV and
to 10°° and 104 opacity in Dobson and Brewer MKIV re- MKIl Brewer Umkehr measurements is comparable to the
spectively. Several Brewer MKIV bandpasses and stray light~2 x 10~° rejection level of Dobson C-pair N-values. The
rejection were measured during The Fourth North Ameri- OOB light from longer wavelengths is reduced in the Brewer
can Interagency Intercomparisons of Ultraviolet Monitoring MKIV by the use of a solar blind filter (SBF), which is made
near Boulder, Colorado, in 1997 and published by Lantz etof nickel sulphate hexahydrate (Nig6H,O) crystal placed
al. (2002). The slit functions were measured with the HeCdbetween two UV-transmitting, colored glass filters (similar to
laser (Omnichrome Model 3056, single line at 325.029 nmSchott UG5 or UG11, private communications with P. Dis-
and a nominal power of 18 mW). Figure 4 shows examples ofterhoft). The SBF is designed to block wavelengths longer
bandpasses as function of wavelength for two Brewer instruthan 363 nm from entering the PMT’s (photomultiplier tube)
ments: NEUBrew MKIV #101 and Environment Canada’s cathode, which by itself is insensitive to the near-infrared so-
MKII, #009. The slit function contains the core (bandpass)lar spectrum. Major optical characteristics of Dobson and
spectral area and the extended wings. Note that the right sidBrewer instruments are summarized in Table 1. What is most

10°
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relevant to this discussion is the spectral range of the zenith  «
sky radiances transmitted through the bandpasses of two sew

1

lected Brewer channels (centerecc&810 and~326 nm, see 2 o

. . . . . >
details described above), their width, shape, stray light con- .,
tribution, and corresponding ozone absorption cross-sectiong o |

S = Db65
structure over the individual bandpass spectral ranges. Ing ] Db61 —— before OOB
order to simulate N-values for the contribution of SZA de- s after OOB
pendent stray light similar to that of the Dobson instrument
70 75 80 85 90

(green symbols on Fig. 1), the following procedure is devel-
oped. Both Brewer and Dobson OOB correction are simu- SZA
lated by using full and nominal bandpass (with and without ]
extended spectral wings) for convolution with the spectrally 3 | e R

resolved zenith sky radiances (Eq. 2). The radiances are sim-> N

al
0

ulated by the TOMRAD radiative transfer code, and look-up Z N ] Sﬁg: \_//
tables are created based on the set of standard ozone pro*zz ro Bri34 — beforeBOB -

files (see Petropavlovskikh et al., 2005a for further details). © ] Bridl . after OOB

The slit function shape for the MKIV Brewer is chosen to T L ‘ ‘ ‘ ‘
have slightly higher levels at the wings (1Bevel) than was 70 75 80 85 90

reported in Lantz et al. (2002) to more consistently repre-
sent levels of stray light produced by other instruments used
in the NEUBreW netwqu. More detailed information about Fig. 5. Difference between observed and simulated Umkehr N-
the optical characteristics of MKIV Brewer spectrophotome- 5jes as function of SZA. Solid and dashed lines represent Umkehr
ters iS aVaiIable from the VariOUS documents pOSted Under thgimu|ations prior and after Stray ||gh’[ corrections (OOB) respec-
“Algorithm and Procedure” section at the NEUBrew web- tively. The Umkehr observations were recorded on 20 Septem-
page bttp://esrl.noaa.gov/gmd/grad/neubrew/index.jsp ber 2007 in Boulder, CO and at the Table Mountain Test Facility
the absence of exact measurements of individual instrumerbcated near Boulder, C{a) Results are demonstrated for Dob-
slit functions and for simplicity of analyses the OOB correc- son Umkehr measurements taken by NOAA instruments #83, 61
tions for Brewer MKII data processing is chosen to be similarand 65, and by JMA Dobson # 11@)) the same aga), but for

to the above described OOB levels for the MKIV instrument. Brewer Mark IV instruments that perform routine measurements as
part of the NEUBrew network (instrument numbers are given in the

Figure 5 shows the differences found between the mea'®9e"-

surements and simulations without (solid lines) and with

(dashed lines) stray light corrections (OOB). This is an examyercomparisons. The total-ozone-based Jacobians (function

ple of a single day of measurements taken in Boulder at th f changes in the N-value due to the change in 0zone pro-
NOAA David Skaggs Research Center (DSRC) and at Tablg;je) js ysed to correct simulated climatological Dobson and
Mountain Test Facility (TMTF) during intercomparisons on ge\ver Umkehr N-values to account for the observed vertical
20 September 2007. The top panel shows results for Umkefigyrintion of ozone. Still, Fig. 5 shows that corrections for

measurements performed by Dobson instruments, and thg; e profile do not completely remove the SZA-dependent

bottom pangl_shqws results for Brewer spectrophotomet_ersresidum differences between the simulated and observed N-
Among participating Dobson instruments are Boulder station 51 es  Figure 5 also show that stray light corrections to
instrument #61, Secondary world standard #65, World stanyyanr simulations are required to successfully fit the ob-

dard instrument #83, JMA (Japan Meteorological AGeNncy) seryed N-values and thereby retrieve the reference ozone pro-
travelling standard instrument #116. The N-values fromg

look-up tables are interpolated to match the 271 DU total

ozone value, which is the average of the total ozone (TO)

values from four Dobson and five Brewer instruments. An5 Effects on Dobson and Brewer Umkehr ozone profi|e
additional correction is applied to account for ozone pro-  retrieval

file differences between climatology and actual ozone pro-

file observed on the day of measurements. The referenc&he impact of changing ozone cross-sections and their as-
(observed) ozone profile is a combination of the ozone prosociated temperature dependence on retrieved ozone profiles
file above~10 hPa pressure level that was selected from thewvas examined using Dobson and Brewer Umkehr data. The
Aura Microwave Limb Sounder (Froidevaux, 2008) satel- temperature dependency is spectrally different in BP and
lite global dataset for the Boulder station overpass criteria,BDM datasets. The Umkehr ozone profile is retrieved with a
and the NOAA/ESRL ozone sounding profile bels&0hPa  single standard temperature profile and then a posteriori cor-
pressure level measured over Boulder, CO on the day ofected to account for the departure of the true temperature

SZA
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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 similar triangle shape,

Long channel: trapezoid, about 3.8 nm at the-0.6 nm FWHM
base and and 2 nm at the top
Other filters Cobalt filter (cuts off light above360 nm) Double: Grating, PMT set zero below 250nm and
above 800 nm
Single: UG-11 and NiSO4 filters — zero below 280 and
above 330nm
Stray light (far field) ~ ~2 x 107>, 0.005 % Single, class Ik10~4 for Mark IV at NEUBrew
Double, Mark I1l: ~10~/ for Double B171

Figure 6 shows changes in the Umkehr ozone profiles re-
trieved from Dobson measurements collected in Boulder, CO
7 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
7 — ozone profile associated with the change of ozone x-section
dataset from BP (standard) to BDM. The mean changes in
X-sec, BDM the retrieved profile are withif-2%. These changes are
OOB corr comparable to the accuracy of Dobson Umkehr ozone pro-
files retrieved in the stratosphere and considerably less than
the accuracy of tropospheric ozone profile, which are less
than 10% (Petropavlovskikh et al., 2005a, b). The errors
of the ozone profile retrieval for the Dobson and Brewer
Umkehr measurements are derive from the method published
by Rodgers (2000, Eqg. 3.17 and Eq. 3.19), which involves the
measurement uncertainty (known from the instrument char-

-5 0 S acterization) and the profile smoothing technique (vertical

Mean Diff, % resolution based on AK). Typical errors of the Dobson and

Brewer Umkehr ozone profile retrieval are provided in Fig. 7

Fig. 6. Ozone profile changes (% relative to the standard retrieval)(S0lid lines). Also included are errors associated with the
retrieved from the Dobson No. 65 measurements in Boulder, COMeasurement accuracy and the smoothing errors. The lat-
between 1979 and 2008. The range of data is shown with horizontaler are estimates based on the climatological variability of
lines. Changes in the Umkehr ozone profile are due to the use of thezone derived from the subset of the SAGE and sounding
BDM cross-section in place of BP (red), neglect of the stray light ozone profiles taken in the month of January between 1988
contribution (green), and temperature variability in climatological gnd 2002 at the Northern middle latitudes (McPeters, Labow
temperature dataset (dark blue). and Logan, 2007). The standard deviation error is calculated

relative to January middle latitude climatological ozone pro-

file (MLL). The original climatological profiles and variance

profile from the assumed, standard profile. The correctionyere converted into Umkehr layers for comparisons.
depends on the polynomial fit of the ozone cross-section

temperature sensitivity. The NRL climatology (Summers The sensitivity of the Umkehr profile retrieval to atmo-
and Sawchuck, 1993) provides a set of monthly and zonalspheric temperature variations in the Boulder Dobson dataset
averaged (10-degree band) temperature profiles that are us¢dimatological temperature profile for 40-5R) is of a sim-

to choose an appropriate profile for a station based on its latdar magnitude to the effect of ozone absorption cross section
itude and the month of Umkehr observations. As the straydataset, but of an opposite sign in the stratosphere. The tem-
light contribution to the Umkehr measurements is even largeiperature effect is practically identical in both BP and BDM
than the effect of the x-section selection (Fig. 1), the changeetrieved datasets, and is small as compared to the failure
in ozone profile with and without the stray-light correction is to account for the stray-light contribution in the Umkehr data
analyzed. processing. Figure 6 shows that if a correction of the Umkehr

4 5 6 7 8 8+

Temp corr
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Fig. 7. The errors of ozone retrieval are shown as function of al- % ~ Temp corr
titude for Dobson (green solid line) and Brewer (red solid line). &
Also shown separately are errors associated with the measurement
(dotted) and smoothing (dashed) uncertainties that contribute to 7
the ozone profile retrieval error. Climatological ozone variability 8 . ¥
is shown as black line and is taken from the MLL climatology ‘ ‘ ‘
5

(McPeters et al., 2007) for Northern middle latitude (40>¥%and -5 0

for the month of January. The covariance matrix used in the smooth- Mean Diff, %

ing error calculations of the Umkehr retrieval is representative of the

ozone variability over the middle Northern latitudes based on Ob'Fig. 8. (a) The same as in Fig. 4, but results are averaged for the

servations by SAGE Il (ozoneabove 25km) satellite instrument  £c grewer Umkehr time series collected at MLO, Hawaii, between

and ozone sonde (ozone belov25 km) profiles collected between  199g and 2005(b) The same as in Fig. 6, but results are averaged

1988 and 2002. for the NEUBrew Umkehr ozone profile time series collected by
Brewer #141 at Table Mountain Test Facility, near Boulder, Col-

S . . orado, between 14 August 2006 and 20 October 2010.
N-values for OOB contribution is applied prior to the re- W Hgu

trieval it increases stratospheric ozone by as much as 8 % and
decreases tropospheric ozoneb§%. The OOB effect is
thus a more significant change for the Umkehr ozone amount Percent ozone differences in Fig. 8 are calculated rela-
derived in the stratosphere. Similarly, the Brewer Umkehrtive to the operational ozone profile data product (i.e. the BP
retrieval algorithm was assessed for its sensitivity to changeszone x-section dataset, no stray light correction, and cli-
in the ozone cross-section, the stray light correction and atmatological stratospheric temperature correction). The mag-
mospheric temperature variations. Figure 8 shows averageditude and vertical distribution of the differences derived in
results of comparisons between Brewer Umkehr ozone proBrewer retrieved ozone are fairly similar to analyses of the
files. The data shown in Fig. 8a are derived from the singleDobson Umkehr retrievals (compare to Fig. 6). The changes
Brewer (MK II) measurements taken by EC at MLO station in the Brewer Umkehr ozone profile that are caused by the
in Hawaii from 1998 and until 2005. Figure 8b presents re-choice of ozone x-section dataset are limited te-2-%o
sults for the NEUBrew Umkehr ozone profile time series col- (shown in red). These changes are comparable to the accu-
lected by Brewer #141 (MK V) at Table Mountain Test Fa- racy of Brewer and Dobson Umkehr ozone profiles retrieved
cility, near Boulder, Colorado, between 14 August 2006 andin the stratosphere, while in the troposphere they become less
20 October 2010. Other Brewer instruments at TMTF showsignificant due to the tropospheric ozone retrieval accuracy of
very similar patterns to Fig. 7b results (not shown). ~10%. The sensitivity of Brewer ozone profiles to climato-
logical temperature correction is comparable to the average
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effect found in Dobson Umkehr retrieved ozone. The effectare not regularly taken. Besides, this study suggests that the
of the seasonal variation of temperature profiles on retrievedemperature sensitivity of the Umkehr retrieval is less than
ozone is presented by the horizontal bars (blue). It shows thatincertainty of the retrieval. Furthermore, significantly larger
tropospheric ozone (layer 0+1 or partial ozone column de-errors are found when the OOB stray light contribution to
rived between surface and 250 hPa pressure) can have zerottee Umkehr measurement is not taken into account in the re-
5% effect depending on the season. The modeled OOB cortrieval algorithm. The issues and methods of the OOB error
rection produces significant effects on the Brewer Umkehrcorrection has been originally described in the Basher (1982)
retrievals. It appears to increase ozone in layers 6, 7 anghaper and recently addressed in several papers (Miyagawa et
8 (between~30 and~45 km) by less than 5% in case of al., 2009; Evans et al., 2009; Petropavlovskikh et al., 2009).
NEUBrew data and by more than 5% in the case of MLO The optical characterization of the instrument is required
dataset, while tropospheric and low stratospheric ozone igo identify and minimize the instrument dependent OOB con-
reduced by similar % amount. The significance of the OOBtribution. Also, measurements of the slit function could be
contribution to the Umkehr measurement and, thus, magniuseful for the proper modeling of instrumental effects and
tude of errors in the retrieved ozone profile are strongly af-can be used for adjustments of the “effective” (weighted by
fected by the total ozone amount and SZA of observationslit function) ozone cross-sections used in the total ozone
Therefore, some differences in the vertical distribution of calculations. It is also useful for instrument intercompar-
OOB effects found in two Brewer datasets can be relatedsons. The method is under development at the NOAA, Boul-
to the difference in geo-location of Boulder and MLO sta- der (R. Evans, private communications, 2010) in collabora-
tions that are affected by different dynamical and long-rangetion with the group at the NASA/Goddard (G. Labow) that
transport processed, and latitude-dependent difference in theould allow for the OOB characterization of the Dobson and
vertical ozone distribution. Brewer instruments. Further development involves determin-
ing a feasible “cheap” method for optical characterization of
individual instruments. It can rely on the spectrophotometer
6 Discussion and conclusion with high spectral resolution and the system built to “map”
the band-pass of the Dobson, which would then determine
Original research by Liu et al. (2007) found that the choicethe stray light contribution based on intercomparisons with
of the BDM ozone x-section would change GOME retrieved other systems that have low stray light characteristics. At this
total ozone up to 12 %. The application of the BDM data for moment the resources are not available to directly measure
ozone retrieval also improved the spectral residuals of the fithe stray light in the Dobson instruments. Brewer instrument
to the satellite measurements. The most recent analyses gharacterization is more easily done and the methods exist.
the x-section effect on the SCHIAMACHY and GOME-2 re- Once the instrument is characterized, the forward model of
trieved total ozone column revealed a residual bias 2%  the retrieval could be corrected by applying the measured
between the two satellite products (Lerot et al., 2009). How-band-pass function for individual instruments. There is a
ever, it was found to be unrelated to the choice of ozone crossvork in progress to assess the similarity of the stray light
section data set (caused by differences in the spectral depenesponse between various Dobson instruments. Once this is
dence of x-section’s temperature dependence), but rather byone, there could be an update on the UMKO04 algorithm to
differences in the cloud correction algorithm. It was also include stray light correction.
mentioned that relative spectral shifts and scale factors are There is also a greater need for further development, op-
applied to the BP spectrum prior to its use in the satellitetimization and validation of the Brewer Umkehr algorithm.
retrievals. Therefore, sensitivity of the retrieved ozone toAlthough Umkehr measurements are already regularly taken
the choice of the x-section dataset is tested with respect tly some instruments, there is no requirement for the archiv-
the specific temperature sensitivity of each ozone x-sectioring of the raw Brewer data. However, there is a WMO
dataset. and WOUDC organized campaign to encourage such sub-
As discussed in this paper, the ozone cross-section choicmissions. The Brewer single pair ozone profile retrieval al-
only minimally (within the retrieval accuracy) affects the gorithm is readily available for common data processing,
Dobson and the Brewer Umkehr retrievals. As of 2005, thebut the Umkehr measurements are often not processed and
temperature correction in the Umkehr ozone retrieved protherefore are not methodically archived. Part of the problem
files has been incorporated in the UMKO04 algorithm, and isis conflicting schedules of different types of measurements
based on latitude dependence and monthly averaged tempegaken by Brewers that are dedicated to either UV or ozone
ature climatology (Petropaviovskikh et al., 2005a). Inclu- programs. Under the grant from the NASA ROSES 2008
sion of co-incidentally measured temperature profiles in theAtmospheric composition program, the author is working to
Umkehr retrieval could be done, but might not be practical,develop an algorithm for the Brewer Umkehr data analysis
especially in the assessment of the historical datasets (tenthat utilizes multiple spectral channels and requires a smaller
peratures are not always available at the beginning of theange of solar zenith angles for routine observations, which
record), or for the locations where the temperature profilesvould remove time limitations for data collection and could
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