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Abstract. The “filling-in” (FI) of Fraunhofer lines, oftenre- of a few percent of the line depth or less, it is often much
ferred to as the Ring effect, was examined using measurelarger than the absorption by atmospheric trace constituents.
ments of near ultraviolet sunlight scattered from the zenithThus there is great interest in reducing the errors Fl intro-
sky above Boulder, Colorado during July and August 2005.duces into the retrieval of trace gas abundances from ground-
The FI of the 344.1nm Fe | line was directly determined (Solomon et al., 1987) and satellite-based (Burrows et al.,
by comparing direct sun and cloud-free zenith sky spec-1996) differential optical absorption spectroscopy (DOAS)
tra recorded on the same day. The results, obtained ovameasurements.

solar zenith angles (SZA) from 2Go 7C°, are compared Several mechanisms have been proposed to explain the
to the predictions of a simple rotational Raman ScatteringRing effect. These include aerosol fluorescence (Barmore,
(RRS) spectral model. The measured Fl was found to be ug975; Noxon and Goody, 1965), Rotational Raman scat-
to 70% greater than that predicted by first-order moleculartering (RRS) (Brinkmann, 1968; Kattawar et al., 1981),
scattering with a much stronger SZA dependence. SimultaRayleigh-Brilloun scattering (RBS) (Gray et al., 2000; Kat-
neously measured aerosol optical depths and Monte Carlgawar et al., 1981), and albedo effects including plant fluo-
calculations show that the combination of aerosol scatterrescence (Chanin, 1975; Hunten, 1970; Sioris et al., 2003).
ing and second-order molecular scattering can account foMost recent studies (Burrows et al., 1996; Chance and Spurr,
these differences, and potentially explain the contradictory1997: Fish and Jones, 1995; Joiner et al., 1995; Sioris and
SZA dependences in previously published measurements Gfvans, 1999; Stam et al., 2002; Vountas et al., 1998) con-
Fl. These two scattering processes also introduce a waveecur that RRS is the only process capable of producing FI of
length dependence to Fl that complicates the fitting of diffusethe correct magnitude at short wavelengths (albedo effects
sunlight observations in differential optical absorption spec-can become important at longer wavelengths). This inelastic
troscopy (DOAS). A simple correction to improve DOAS component of Rayleigh scattering increases or decreases the
retrievals by removing this wavelength dependence is derotational energy of the scattering molecule, thereby shift-
scribed. ing the wavelength of the scattered light to lower (Stokes)
or higher (anti-Stokes) frequencies. Since this process shifts
light from regions of higher flux to regions of lower flux,
deep absorption features in the spectra of scattered sunlight
appear to be “filled-in” compared to the direct solar beam.

The “filling in” (FI) of Fraunhofer lines in sunlight scattered The amount of FI depends on both the depth and width of

by the Earth's atmosphere was first noted by Shefov (1959}he Fraunhofer feature, on the resolution of the spectrometer,
and independently discovered soon after by Grainger and""d O the atmospheric scattering properties.

Ring (1962). This phenomenon, dubbed the “Ring effect” Direct measurements of Fl in radiance spectra are few and
by Noxon (Hunten, 1970; Noxon and Goody, 1965) has beerPr09ress in understanding many aspects pf t_he Ring effect
the subject of numerous theoretical and observational studie8aS been hampered by the enormous variability and seem-

over the past 40 years. Although FI is typically on the orderingly contradictory nature of published observations. While
RRS can explain the magnitude of many FI measurements, it

Correspondenceto: A. O. Langford cannot easily account for the large variability. For example,
(andrew.o.langford@noaa.gov) RRS predicts a modest increase in FI with SZA (Sioris and
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576 A. O. Langford et al.: On the variability of the Ring effect in the near ultraviolet

Evans, 1999) in accord with some measurements (Barmordty in our observations and that these processes should be
1975), but other measurements have shown a strong increasensidered when modeling the Ring effect at near UV wave-
(Harrison, 1976), no change at all (Conde et al., 1992), ofdengths for accurate DOAS corrections. A simple empirical
even a decrease (Noxon and Goody, 1965). It is clear thatorrection based on these findings is shown to improve the
other processes must be considered, and Noxon et al. (197®eatment of Ring signals in DOAS retrievals.
first pointed out that elastic scattering processes will compete
with RRS and modify the measured Ring effect. Kattawar et
al. (1981) subsequently suggested that dilution of the Ring2 Measurement techniques
effect by aerosol scattering could modify the SZA depen-
dence. Recent measurements of polarization spectra (AbelNear UV spectra were acquired using a 150mm focal
etal., 2001; Stam et al., 2002) support this hypothesis. In adlength crossed Czerny-Turner spectrometer (Acton InSpec-
dition, Joiner et al. (1995) and Fish and Jones (1995) showe#tum 150) with a back-illuminated 2501024 pixel charge-
that multiple Rayleigh scattering increases Fl at large SZA.coupled device (CCD) array detector cooled to *20The
The latter study also showed that FI will modify the shape of spectrometer was operated with a 1200 groove/mm grat-
Telluric absorption features. ing (500nm blaze) to give a useful spectral range from
Several approaches have been used to correct for the Ringy285 to 405nm. A fixed slit width of 50m was found to
effect in scattered light spectra. Noxon et al. (1979) addeddive a Gaussian line shape with a full width half-maximum
or subtracted a small intensity offset2%) to the spectra (FWHM) of 0.33 nm. The spectrometer was fed by fiber bun-
he acquired near twilight before they were ratioed to a back-dle composed of two leads, each consisting of seven@50
ground spectrum acquired near midday. This empirical ap-diameter UV-VIS fibers configured linearly on the spectrom-
proach exploits the quasi-continuum nature of RRS and othegeter end and in a “daisy” pattern (i.e. six leads surrounding
groups have refined this technique by adding a nonlinear off-a central lead) on the input end. Each bundle illuminated a
set to compensate for the wavelength dependence introduceggparate rectangular regiong0 pixels tall) on the CCD ar-
by competing scattering processes. Assuming RRS to be thegy allowing two independent spectra to be acquired simul-
dominant source, Solomon et al. (1987) showed that FI couldaneously. During these experiments, one channel acquired a
be treated as a pseudo-absorption process, and used the gag/Ar wavelength calibration lamp spectrum while the other
larization properties of RRS to derive effective Ring “cross- acquired the solar direct or zenith sky spectra with a super-
sections” for use in DOAS analyses. This approach can sigimposed Hg/Ar spectrum. The individual spectra were inte-
nificantly reduce the Ring signal in DOAS measurementsgrated for 30's.
and has been used extensively in subsequent studies. John-The input end of each bundle was connected to an exter-
ston and McKenzie (1989) used a pseudo-absorption crosgial shutter assembly consisting of a solenoid-driven shutter
section derived from the reciprocal of the Fraunhofer spec-and a 95% transmitting quartz beam splitter sandwiched be-
trum. More recent studies (Burrows et al., 1996; de Beek etween two quartz collimating lenses. Each shutter assembly
al., 2001; Dvorjashin, 1995; Fish and Jones, 1995; Sioris andvas fed by a 6 m long, 600m diameter single UV-VIS fiber
Evans, 1999, 2000; Vountas et al., 1998) have used radiativéhat entered the laboratory from outside. The collimating
transfer models (RTMs) incorporating RRS to calculate ef-lenses coupled the emerging cone from the g80sample
fective Ring cross-sections. Calculated cross-sections are ndiber into the 75Q:m daisy pattern of the spectrometer feed
subject to instrumental artifacts and noise, and are especiallipundle. Tests with 532 nm laser light confirmed that the 6 m
useful in the UV and in situations (e.g. satellite instruments)length of the sample fiber was more than sufficient to com-
where measurements of Ring spectra are not feasible. Fupletely scramble the polarization information in the incoming
ther refinements include the use of two Ring cross-sectiondight.
to better account for the different wavelength dependencies A third fiber connected to an Hg/Ar calibration lamp illu-
of the Rayleigh and Mie scattering processes (Wagner et alminated the quartz beam splitter so that the output from this
2001, 2002). fiber was reflected into the spectrometer feed bundle. This
In this paper, we examine the effects of aerosol scatteringonfiguration, with the beam splitter on the spectrometer side
and multiple molecular scattering on Fl in the near UV, us- of the solenoid shutter, made it possible to acquire calibration
ing spectral measurements made from the NOAA David Sk-spectra with or without simultaneous input from the sample
aggs Research Center (DSRC) in Boulder, Coloradé 40 feed fiber. Any scattered light from the lamp near 350 nm
105.3 W, 1670 m above sea level (ASL)) during cloud-free was smaller than the measured noise level of the detector. For
days in July and August of 2005. The measured FI of the Fezenith sky spectra, the sample fiber was connected to a quartz
I line at 344.1 nm is compared with concurrent aerosol opti-lens that restricted the full field-of-view t&3.4°. For the
cal depth (AOD) measurements, and the results from a RRSolar direct measurements, the quartz lens imaged the light
spectral model and a Monte Carlo scattering model. We showeflected from a baffled polytetrafluoroethylene (PTFE) scat-
that the effects of multiple aerosol scattering and secondtering plate attached to the back of a solar tracking telescope.
order molecular scattering can explain most of the variabil-The spectral response of the scattering plate was determined
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using a tungsten calibration lamp. Laser excitation of PTFE 1.2  Ho/Ar + direct sun @ 12
at 284 nm suggests an upper limit of Fofor the total flu- oo — Hg/Ar only 1o
orescence from an integrating sphere at 350nm (Li et al., 3 :
2006). Thus any fluorescence from the PTFE surface shoulcS 0.8 - 0.8
be C(_)mpletely _negl_igil?le for only one refle_ction. An aper'_[ure g o6d + d::gc/tAsrun L o6
restricted the light incident on the scattering plate to a field- >,
of-view to about 2 allowing the full disk of the sun0.5°) 2 0.4 - 0.4
to be sampled. Forward scattered light from the solar au- £ 02 Ho/A L o2
reole was shown to be negligible by thel0® decrease in | 9
intensity when the telescope tracking was switched off and 0.0 . . . . T T 0.0
the sun drifted out of the field of view. During most of the 300 320 340 360 380 400
measurements, a Schott UG11 blocking filter attenuated the nm
longer wavelength input so that the signal at wavelengths E:g E::E Eg-ggg :m; © 14
shorter than 360 nm could be maximized. This configura- £ 10+ — DSRC  (0.330 nm) g
tion, designed to optimize the simultaneous measurement e 12 %
SO, and NQ, prevents FI measurements at the prominent g 8 ~1.0 g
Call K and H lines near 393.4 and 396.8 nm. g 6 ! F0.8 2.
Aerosol optical depths were measured at 415, 500, 615, 5 /\’\/\/\/‘_0-6 ;
673, and 870 nm (10 nm FWHM) using a Multifilter Shad- < 47 o4 E)
owband Radiometer (MFRSR) (Harrison et al., 1994) oper- & 2 ' §
ated by the Solar and Thermal Atmospheric Radiation group £ L r02 g
of the NOAA ESRL Global Monitoring Division. This auto- 0 . . ; 0.0
mated instrument was locatee?50 m from the spectrome- 340 342 344 346 348

ters on the opposite end of the DSRC and measured the to- nm

tal, direct, and diffuse components of solar (Michalsky et al.

2001) at 1-min intervals. Fig. 1. (a)Direct sun and Hg/Ar calibration spectra measured at

the DSRC at 11:59 a.m. MDT (Mountain Daylight Time) on 29
July 2005 (SZA=34.9). The Fe | Fraunhofer line at 344.1nm is
indicated. (b) Expanded view of the measured spectrum (heavy
3 Measurement results black line) and corresponding region of the high-resolution spec-
trum measured by Kitt Peak Observatory (2.095km a.s.l.) at both
A representative direct sun spectrum obtained atthe original (0.006 nm) resolution (thin gray line), and convolved
11:59 a.m. Mountain Daylight Time (MDT) on 29 July with a 0.33 nm Gaussian function approximating the spectrometer
2005 is shown in Fig. 1a. The decrease in intensity at shorslit function (heavy gray line). The intensities &nd b used to
wavelengths is primarily due to absorption by stratosphericcalculate Fl are indicated (see text).
ozone while the decrease at long wavelengths is due to
attenuation by the UG11 blocking filter. The arrow marks
the relatively isolated and prominent Fe | Fraunhofer linethe same day as the zenith sky measurement. The measure-
at 344.1 nm used in this analysis. Figure 1b shows thements described here are restricted to SZ& so that un-
region of the spectrum near this feature in more detail. Forcertainties in the measured intensities are negligible. This
comparison, the corresponding region of the high-resolutionalso minimizes any potential errors arising from the absorp-
spectrum (Kurucz et al., 1984) measured at Kitt Peaktion by Oz (1% peak-to-valley differential absorption for
Observatory in Arizona (2.095km a.s.l.) is also shown, bothSZA=75 and 350 DU) or the very weak broad @bsorption
at the original resolution o£0.006 nm and convolved with a feature at 343.4 nm (Greenblatt et al., 1990) which cannot be
0.33 nm Gaussian function approximating our spectrometeneglected at larger SZA. Fl was also measured for eight other
slit function. The agreement between the two spectra ig-raunhofer lines between 333.7 and 374.6 nm, and was found
excellent (R=0.996), suggesting that there are no significantto increase with line depth in agreement with other measure-
spectral distortions that could undermine the validity of our ments (Pallamraju et al., 2000).
measurements. Figure 2 shows the day-to-day variation in FI for five
The depth of the line, Dal(I1+ I2), is calculated from  mornings in late July where the sky was cloud-free as the sun
the intensities {1 and b indicated in Fig. 1b. This is equiv- passed through SZA=4€1°. The measured Fl are plotted as
alent to the definition used by Harrison (1976). Heresl  a function of the continuum zenith sky brightness measured
the measured intensity at 344.1 nm andrll, is the inten-  at the center of the Fe | line (i.e;#12). The amount of FI
sity interpolated from the measured intensities at 343.2 ands seen to be inversely proportional to the zenith sky bright-
344.6 nm. The fractional Fl is then simply FI=1-Qyvhere  ness with a difference of nearly 30% between the FI mea-
Do is the line depth from a direct sun spectrum recorded onsured on 29 July and on 21 July. The figure also shows the
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Fig. 2. FI (344.1 nm) measured at SZA=40Q° on five mornings — MM
in late July 2005 (colored filled circles) and corresponding mean I 0-03‘_,_..---;'".,,,«*" - 0.03

3
values of the AOD at 415 nm (superimposed crosses). The standar(Z

15 : =~ 0.0247 - 0.02
deviations for the averages of the 1-min AOD measurements are - e

(o)

smaller than the symbols. The dashed line extrapolating the data  0.01 - : , ; ; ~0.01
to AOD=0 implies a pure Rayleigh atmosphere would give FI=0.05 20 30 40 50
and a relative intensity of 22 000 countsls SZA
® FI(PM) -7 0:20

~ 00510 o Fi(Am) >
mean AOD at 415 nm measured over the same time intervals £ [ S
Morning AOD measurements were not available on 27 July. 7 0.04- -0.15 o
The standard deviations of the mean AOD values shown by § ““m  AOD (PM) &
the error bars are smaller than the cross symbol used to repre £ 0-037 .- 0 AOD (AM) |-0.10 3
sent the data. The AOD at 415 nm is strongly correlated with (o) YEBEORR 150729 -
the intensity of the scattered light at 344.1 nm, and anticorre- ~ 0-02 =" | | |
lated with the FI. This shows that aerosol fluorescence does 20 30 40 50
not contribute substantially to the measured FI. If the data SZA

are extrapolated to the hypothetical situation of AOD=0, the _ ) _

Fl increases to 0.05. The negative effect of aerosol scattert19 3- () SZA dependence of the relative UV intensity measured
ing on Fl was first explained by Kattawar et al. (1981), who on three days (colored filled circles) compared to that expected for
pointed out that if light scattered by particles has no, Bl it molecular scattering. The Rayleigh reference curve (heavy black

il dil he I db | | . This eff line) is calculated from Eq. (2) and normalized to the SZA=40
will dilute the FI caused by molecular scattering. This effect ., ¢ vate of 22000 counts™$. The dotted and dashed lines

has been previously observed in polarization spectra (Abefough the measurements represent the sum of the Rayleigh con-
et al., 2001; Stam et al., 2002). In addition, Fig. 2 suggestsripution and the aerosol scattering approximated by the Henyey-
that FI measurements can potentially be used as a sensitivgreenstein function(b) Measured FI of the 344.1 nm line corre-
technique to measure AOD. Wagner et al. (2004) also notedponding to the data plotted in (4)) Measured FI (344.1 nm) and

an inverse relationship between Fl and the zenith sky brightAOD (415nm) from 29 July showing the decrease in FI resulting
ness. from the large increase in AOD between morning and afternoon.

The influence of aerosol scattering on the zenith sky
brightness is shown in Fig. 3a which plots the measured in-
tensity at 344.1nm as a function of SZA for three of the ted and dashed lines through the data show that the intensities
mornings from Fig. 2; the afternoon data and that for theare well fit by the single scattering Henyey-Greenstein phase
other days are omitted for clarity. The gaps in the datafunction (Henyey and Greenstein, 1941) with an asymme-
correspond to those periods when direct sun measurementsy factor of 0.7, the median ambient total column value de-
were made. These curves represent the total intensity dugved from AERONET measurements during the May 2003
to Rayleigh and Mie scattering. Also shown is the Rayleighintensive campaign in Oklahoma (Andrews et al., 2006). The
scattering contribution calculated simply from the Rayleigh relatively small deviations from these lines suggest that the
phase function normalized to the extrapolated AOD=0 valueaerosol loadings were fairly constant on the mornings of 21
from Fig. 2 at 40. The contribution of aerosol scattering to and 29 July, with modest changes at large and small SZA on
the total intensity increases with decreasing SZA because 022 July. From these data we can see that on 21 July when the
the forward scattering peak in the aerosol phase function; thif\OD was greatest, Mie scattering was responsible for more
is evident even for scattering angles larger thah e dot-  than 50% of the total intensity at SZA=200n 29 July, the
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contribution was only=30%. At 40, these contributions de- These phase functions are independent of wavelength (Sioris
crease to 31% and 8%, respectively. and Evans, 1999). The FI due to second-order scattering
Figure 3b shows the corresponding changes in FI for thg[Fl,) is calculated by passing the first-order scattering)(FI
data shown in Fig. 3a. The total Fl increases with SZA, butoutput spectrum into the RRS model. The resultant Fl is in-
decreases with increasing AOD as seen in Fig. 2. The simtegrated over all scattering angles for the first event, with the
ilar slopes of the lines show that the SZA dependences orsecond scattering angle unconstrained by the first scattering
the three mornings were nearly identical. However, whenangle and the SZA. The scattered intensities are weighted by
there are significant changes in AOD as on the afternoon ofhe Rayleigh phase functions for each scattering angle. Since
29 July, these are also reflected in the Fl. This is shown inonly one of the scattering angles is unconstrained, the SZA
Fig. 3c, which shows how the Fl at a given SZA is less in thedependence of second-order scattering is similar to that pro-
afternoon when the AOD is much larger. duced by first-order scattering (Joiner et al., 1995). While
second-order scattering significantly increases the total Fl, it
o does not appreciably change the shape of the FI at the reso-
4 Model descriptions lution of our spectrometer. Higher-order scattering has many
more degrees of freedom and was not included in the model.

The results presented above show qualitatively how scatter- The forward Monte-Carlo (MC) radiative transfer (RT)

ing by aerosols can affect FI. In order to better understand .
: : : . model was used to compute the average number of Rayleigh
this process, and to elucidate the role of multiple Rayleigh was u pu verage nu ylelg

scattering, a simple RRS spectral model was used to caland Mie scattering events contributing to the zenith sky
' < . . . brightness. Th m lane-parallel atmospher
culate the Ring cross-section as a function of SZA with theb ghtness e code assumes a plane-paraliel atmosphere

: . —"and uses MC weighting techniques to allow each photon
output scaled for comparison to the measurements using in- . . S . .

. . - to remain in the calculation until its weight is below a pre-
formation on scattering probabilities from a forward Monte

determined threshold. In this study,®1photons were used

Carlo model (see below). The RRS spectral model is veryalong with a minimum weight of 1. The code allows pro-

similar to that described by Sioris and Evans (1999) and as;

sumes an 80/20% MO, atmosphere. The model used as in- f|Ie§ of any numb(_er of scattering types_s to .be used as input.
. . Arbitrary observation levels and look directions can be used,
put the high-resolution solar spectrum (Kurucz et al., 1984)

. . . “although only the zenith looking direction at the ground is
from Fig. 1b, convolved with a 0.33 nm FWHM Gaussian used in this study. The MC code calculates intensities, path

fuor;gig); t:)efrrlzssnggtgggitseﬁeﬁgglmﬁésreIr:rfotlﬁg0n_l_ﬂgdrr'lr;fertangth distributions, and the distribution function of the num-
P pec P gths. er of scattering events. The average path length and aver-
calculates the rotational Raman spectrum due t@aad N

age number of scatterings (both for each scattering type) are

at the center wavelength of each pixel using molecular pa_computed from their respective distributions. The pressure

rameters taken from Sioris and Evans (2000). The output

o . . and temperature profiles derived from the 29 July Denver
spectrum is binned into spectral ranges corresponding to th?adiosonde were provided as input to the model, as was an
pixel locations and widths. The binning is required for com- average ozone profile calculated from the NOAA’ozoneson-
putation of the inelastic scattering component to determinedes launched on the 14, 20, and 29 July (S. Oltmans, private
the pixel into which the Raman shifted light falls. The elas- ommunication). We ha,lve zzompared the iﬁtensities :';md av-
tically and inelastically scattered components are then addeérage path Iengt.hs at many levels and look directions against

et o5e computed using the DISORT plane-paalel R code
y p ' 9 Stamnes et al., 1988) and they agree to better than 1% for

culated at each of 13 atmospheric layers with densities an e atmospheric conditions used in this study. Aerosol phase

temperatures derived from the Denver radiosonde launche unctions and extinction profiles were also provided as model
at 12:00 GMT on 29 July 2005. The Fl is calculated at each. npro P .
input. The phase functions in the model calculations were ap-

pressure level and the average is weighted by the level den'roximated by the Henyey-Greenstein function with g=0.7.

sity. Absorption by ozone or other atmospheric constituent#he wavelength dependence of the AOD measured on all five

is neglected, as is surface reflectivity since the albedo over . o :
9 y mornings was similar and can be described by a power law

; ; 0
I;”;: ISZ'f())/(F)JSa”y less than 5% at these wavelengths (Hermanexpression of the formm~* whereo=2.0+£0.1. This suggests

. : : hat the size distributions (and presumably the aerosol com-
In the case of single scattering, the solar zenith angle deE at the size distributions (and presumably the aerosol co

. . . position) were similar on the different days, which would
pendence of the calculated Fl arises from the ratio of the dif-_ ."p " - surprising given the similar meteorological con-

fergnt p.hase functions for Raman and elastic Rayleigh SCataitions. This implies that the observed differences in AOD
tering given by

are primarily due to changes in the aerosol number den-

. sity. Aerosol extinction profiles representative of the ex-
Prrs = (3/40) [13—1-0052 (0)] @) tremes from Fig. 2 were estimated from the 21 July and
29 July AOD measurements and surface extinction coeffi-

Pray = (3/4) [1 + cog (9)] (2)  cients of 0.17 and 0.04 kn} extrapolated from the Colorado

www.atmos-chem-phys.net/7/575/2007/ Atmos. Chem. Phys., 7, 575-586, 2007
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Department of Public Health Denver transmissometer mea-

—@— N, (AOD=0.0) - N,, (AOD=0.0)
—&- N, (AOD=0.12) -@- N, (AOD=0.12) (a)

—a— N, (AOD=021) - Ny (AOD=0.21) surements at 550 nm (http://apcd.state.co.us/psi/). This site
2.0 -] = N (A0D-0.42) -0~ N, (A0D=0.42) 2.0 is located more than 25 km to the SE of the DSRC, but pro-
§1 5 L e vides a rough estimate of the metro Denver-Boulder visi-
S ' bility. The surface extinction and AOD at 344.1 nm were
31.0 o 1.0 extrapolated from the wavelength dependences of the AOD
z ) measurements. The visibility and AOD values were found
057 o to be consistent if the extinction is assumed to decrease ex-
00 ponentially with a scale height of 2km, and aerosol profiles
0 20 40 with these characteristics were assumed in the Monte Carlo
SZA calculations.
(b)
—— N, (AOD=0.0) @~ N,/ (AOD=0.0) .
= N (AOD=0.12) ~ N, (AOD=0.12) 5 Model results and comparison to measurements
—A— N, (AOD=0.21) & Ny (AOD=0.21)
2.0 —&— N, (AOD=0.42) - Ny (AOD=0.42) 2.0

Figure 4 summarizes the results of the Monte Carlo scat-
tering calculations. Figure 4a shows the mean number of
Rayleigh (Nz) and Mie (Ny) scattering events that con-
tribute to the zenith sky brightness at 344.1nm as a func-
tion of aerosol optical depth and SZA. Figure 4b is similar,
but with the mean number of scattering events at SZA=40
plotted as a function of aerosol optical depth and wavelength.
The AOD values of 0.12 and 0.42 represent the 344.1 nm val-
ues extrapolated from the longer wavelength measurements

on the mornings of 29 July and 21 July, respectively. Results
2 005 L 0.05 are also plotted for the intermediate value of 0.21. Figure 4a
S 0044 | 0.04 shows that multiple scattering by molecules increases with
3 003 | 003 SZA and the mean number of scattering events approaches
= ' 2 at SZA=80. Aerosol scattering is peaked in the forward
T 0.027 e B direction (i.e. SZA=0) and decreases with increasing SZA
017 A oo | O as seen for the measured intensities in Fig. 3a. The frac-
0.00-1 ‘ ‘ ‘ +0.00 tional contribution of Mie scattering to the total intensity at
0 20 542(1\ 60 80 344.1 nm for AOD=0.42 and SZA=2@alculated by the MC
model is~60%, in good agreement with the 55% derived
0.07 ~0.07 from the intensity measurements shown in Fig. 3a.
0.064 . ooty F0.06 The wavelength dependent calculations at SZA=40
~ 0.054 e Loos (Fig. 4b) show that most of the detected photons at wave-
g 004 004 lengths shorter than 400 nm undergo more than one Rayleigh
NI ' scattering event when the aerosol optical depth is small. The
=, 0037 -0-03 downward curvature at wavelengths below about 330 nm is
= 0.021 002 caused by ozone absorption, which reduces the incident flux
0.01 0.01 at the surface. The relative number of Rayleigh scattering
0.00- (@ : : ‘ 3 0.00 events approaches unity at long wavelengths in the absence
300 400 500 600 700 of aerosols, but zero when even small amounts of aerosol are

nm

present.

The results shown in Figs. 4a and b can be combined with
Fig. 4. (a)Mean number of Rayleigh () and Mie (Ny;) scatter- the c_alculgted values Of_ Fand Fb from the RRS mo‘?'?' to_
ing events calculated using the forward MC model for AOD=0, 0.12 OPtain a simple expression to approximate the total filling-in,
(29 July), 0.21, and 0.42 (21 July) plotted as a function of (a) SZA Fltot:
at A=344.1 nm, andb) wavelength at SZA=40 (c) Fliot calcu-
lated from Eq. (3) using the SZA dependent data plotted in(¢§). Flot = (Ng — DFl2 + (2 = Np)Fly @)
Fliot calculated from Eq. (3) using the wavelength dependent dat

plotted in (b) and assuming a fixed line depth, % his expression assumes that double molecular scattering is

sufficient to model the data, and that the number of scat-
tering events can be approximated by a delta function. It
also assumes that both events occur at the same altitude in
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the case of double scattering. Since aerosol scattering de 050719 — 050720 —— 050721
creases the number of Rayleigh events, the dilution effect is — 828;(2)2 — 050727 —— 050729
built into the MC calculations and is not explicitly required

in Eg. (3). Figures 4c and 4d show values of FI calculated
using Eqg. (3) and the model results from Figs. 4a and b, re- |/ 22--= ---
spectively. Figure 4c shows that FI decreases with increasing €

AOD at a given wavelength, and Mie scattering cause the — 0.04

SZA dependence of gt to become steeper when aerosols ;,E

~

are present. Fig. 4d shows that the FI of a Fraunhofer line Z
of a fixed depth changes rapidly with wavelength, particu- | |aceos
larly when aerosols are present. For wavelengths longer thar
about 350 nm where ozone absorption is less important, Fl Pl (A0D=012) | FI, (our model)
decreases nearly exponentially with wavelength. In the ide- Flt‘“( AOD=0..42) - -~ Fl, (our model)
alized case of no aerosols ffldecreases asymptotically to 0.00 = o T T 7~ 0.00
Fl; at long wavelengths where multiple scattering is negligi- 0 20 40 60 80

ble. When aerosols are present, the wavelength dependenc. SZA

becomes much steeper in the near UV ang; Becreases to

nearly zero at 700 nm. This wavelength dependence has infi9- 5. Measured Fl and calculatedibifor the 344.1 nm line plot-

plications for DOAS measurements as will discussed in theted as a function of SZA. The thin colored curves show the mea-

. sured values from the cloud-free periods of all seven days. The
next section. . )
ight dotted and dashed black lines show the SZA calculated from
The calculated results are compared to the measuremen

A . . e RRS model assuming that all of the photons undergo ong (FI
in Fig. 5. The measured Fl is plotted as a function of SZAfor o (Flb) molecular scattering events, respectively. The light

the cloud-free periods of the seven days with measurementg|iq plack line shows the first-order RRS from the model of Sioris
Since only the mornings and early afternoons were cloud freeind Evans. The heavy black, purple, and green curves show the to-
on 21 July and 2 August, the data on those days are restrictegl FI calculated from Eq. (3) assuming AOD=0, 0.12 (21 July), and
to those periods with solar zenith angles between 20 ahd 50 0.42 (29 July), respectively. The colors for the latter two curves are
The FI measured at any given SZA varies by as much as 50%he same as for the corresponding measurements.
from day-to day with the largest values on the morning 29
July and 2 August and the smallest values on 21 July. The
SZA dependence is similar on most days (cf. Fig. 3b) andrived from the aerosol measurements on the mornings of 29
only changes when the AOD changes significantly over theJuly (AOD=0.12) and 21 July (AOD=0.42) reproduce the FI
course of the day as on 29 July (cf. Fig. 3c). The dotted blackneasurements on those days quite well, particularly above
line below the data shows the FI predicted from the first-orderSZA=3C. This plot can be compared to Fig. 7 from Stam et
scattering model (). The solid black line slightly below it ~ al. (2002), which shows the measured and calculated SZA
is calculated using the more sophisticated iterative-backwarglependence of the Ca Il K line polarization for different
RRS model of Sioris et al. (2002) coupled with the single aerosol optical depths. It is clear from both the measure-
scattering RTM of Schofield et al. (2004). The good agree-ments and model that &{ can increase sharply, remain the
ment between the two RRS models suggests that our simsame, or even decrease with SZA over the course of day if the
plified version is adequate for this application. The dashedaerosol optical depth changes significantly. This is evident
black line above the data shows the calculated filling-ia)FI from Fig. 3c. This aerosol dependence alone could explain
for second-order scattering. The scattering angular depermuch of the apparent inconsistency in earlier published mea-
dence of F is very similar to that for Fl since the sum or  surements that have found FI to increase (Harrison, 1976)
difference of the two scattering angles must equal the SzAdecrease (Noxon and Goody, 1965), or remain unchanged
(Sioris and Evans, 2002). The measured Fl is closet@fl Wwith SZA (Conde et al., 1992).
small SZA, but is closer to Elat large SZA.

In the hypothetical situation in which no aerosols are
present (heavy black line), the value ofgrtalculated using 6 Implications for DOAS retrievals
the full Monte Carlo RTM description of aerosol and molec-
ular scattering processes lies betweendfid Fb, approach-  In many DOAS applications, the deviations caused by FI
ing Fl, at large SZA. The latter curve provides an upper limit are large compared to the absorption features of interest and
to the measured values suggesting that higher-order scattecannot be neglected in the retrieval. As noted above, this
ing can indeed be neglected at these wavelengths. Wheproblem is usually addressed by treating FI as a pseudo-
aerosols are added,ldecreases, especially at small SZA absorption using a calculated or measured “Ring cross-
when the aerosol scattering is most intense. The smooth blugsection” (Solomon et al., 1987). However, the strong,
and orange lines calculated using the extinction profiles deaerosol-influenced wavelength dependence of FI shown in

0.06 — 0.06

0.04

““FI, (AOD=0)

—0.02

—— Fl, (Sioris)
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) (a) senting the slowly-varying wavelength dependence of molec-
1.6 polynomial, 05, and O, removed -3 ular and aerosol scattering, and the sum of the products of the
differential slant column abundancgg, and the absorption
cross-sectiong),, (1) for atmospheric species

—In<S®M>—ick”+Zﬁ 0. (@)
I, () —nzo n - m<m 7).

‘ I ""'

Al __ T i i
i | ”|,'r‘“ 0

L "' I
, Herel; (1) andI, (1) denote the foreground and background
—— Ring (unscaled) 2 . e
— residual R°=0.82 [-2 spectra, respectively, and the teff® denotes a “shift and
T T T T T T stretch” operation to optimize the wavelength registration
310 320 330 340 350 360 between the spectra and reference cross-sections. Figure 6
nm shows the residual that remains when the log ratio is fit to
) the polynomial term, oxygen dimer (Greenblatt et al., 1990),
and ozone absorption cross-sections measured at 223K and
3 polynomial, 05, and O, removed 243K (Burrows et al., 1999). The zenith and direct sun spec-
-2 tra were deliberately chosen to minimize the differential ab-
sorption by other species species in order to emphasize the
Ring contribution and the retrievals were not improved by
including S@Q, NO,, or CHO in the analysis. The resid-
ual is highly structured with peak-to-peak variations exceed-
-1 ing 4%. The gaps correspond to those regions where the
spectrum includes signal from the Hg/Ar calibration lamp,
. : : : . : which must be excluded from the analysis. The upper panel
310 320 330 340 350 360 also shows the Ring cross-section calculated assuming only
nm first-order RRS (the widths of the lines in the second-order
scattering spectrum is not appreciably different at the reso-
Fig. 6. Measured residual of the log ratio of zenith and direct sun |ution used in this study). The structures in the residual are
spectra recorded on 21 July (see text) over the wavelength intervqhigmy correlated with the Ring Cross-sectionz@B.SZ), but

from 306 to 365 nm following removal of the low-frequency poly- \yhen the latter is scaled to fit the residual at shorter wave-

nomial and @ and Q, absorption. Also plotted are the (a) unscaled, lengths it is much larger than the residual at longer wave-

and (b) scaled first-order Ring cross-sections. The correlation Coiengths Thus the relationship between the residual and the
efficients refer to the linear regression between the residual and th )

Ring cross-sections. The gaps correspond to regions contaminate%Ing cross-section is different for the 30715 to 318.5nm and
by the Hg/Ar calibration lamp. 346.0 to 359.0 nm bands that might be simultaneously ana-

lyzed for SQ and BrO, respectively, in volcanic plumes (Bo-
browski et al., 2003). When the mean Ring cross-section is

Fig. 4d suggests that such corrections may be inadequate #¢moved from the log ratio, the peak-to-peak excursions and
the near ultraviolet where many important Species (e_q_’ SO mean reSidual are reduced by about a factor of tWO, but the
03, NO,, CH,0, BrO, OCIO) absorb. We illustrate the influ- New residual is still correlated with the Ring cross-section in
ence of the Ring wavelength dependence on DOAS measurdhe SQ and BrO bands.
ments using zenith sky and direct sun spectra acquired on 21 The family of curves derived from Eq. (3) and plotted in
July when the aerosol loading was relatively large (cf. Fig. 2).Fig. 4d, suggest that thefxlwavelength dependence can be
A standard DOAS analysis (Solomon et al., 1987) was per-described by a simple exponential or power law expression
formed using an averaged Zenith Sky Spectrum recorded éha.t Changes W|th aeI‘OSO| |Oading. The CaICUIated I‘esultS in
11:06 MDT (SZA=32.4) as the foreground, and a similar Fig. 4d are best fit by an exponential function. This depen-
direct sun spectrum acquired at 10:56 MDT (SZA=3}&5 dence can be incorporated into an empirical nonlinear cor-
the background. Both spectra are the average of 300 individtection where the pseudo-absorption Ring cross-section in
ual spectra recorded with a 0.5 s integration time. The smalEd- (5) is multiplied by a coefficient that scales the cross-
time difference between the two measurements ensures th&ection as a function of wavelength
most of the absorption by stratospherig &nd NQ cancels o
out using the DOAS approach, leaving only very weak ab- ZRing = CRing X EXP(al). ©)
sorption features and making the Ring contribution more ev- Here Q(I)?ing is the calculated or measured Ring cross-
ident. section andz is a parameter to be retrieved in the least-
The log of the ratio of the raw spectra between 306 andsquares fit. Thus the correction requires the addition of only
365 nm was fitted to the sum of a 3rd-order polynomial repre-one additional adjustable parameter to the fitting procedure.

(%) [enpisal

o

calculated Ring

o
o)
1

o
o
1

calculated Ring
|
— —
==
—
o
(%) |lenpisau

04 — Ring (scaled, a=-0.023) 2
— residual R"=0.90 m-2
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The parametet will be negative if the foreground spectrum ) -0.4
polynomial removed

is referenced to a direct sun background. However, the dif-
ferent slopes of the curves in Fig. 4d imply thatould be
positive or negative if another zenith sky spectrum is used for g ( ‘
the background, and the foreground and background spectris 0.0 4/ Y& "\
have different aerosol optical depths. Note that this correc- 1
tion is applied only to the Ring cross-section; the influence © g 4 — Ring (unscaled)
of multiple scattering and aerosols on the intensities of the - re?'d“all I @ | o4
foreground and background spectra is removed by the poly- 360 364 368 372

nomial fit. This result supports the empirical corrections re-
cently applied to GOME spectra by Liu et al. (2005) who
found that the fitting residuals were reduced by an additional
15-25% if the calculated Ring spectrum was scaled by a lin- ,
ear or 2nd-order polynomial (depending on the wavelength & 047
range) to correct for the effects of multiple scattering.

Figure 6b plots the same quantities as Fig. 6a, but with the
Ring cross-section now scaled by Eq. (5). The correlation is
much improved over the entire wavelength band=<&90), — residual (b)
and a single linear expression now reproduces the relation- ——7——— 11— 0.4
ship between the residual and scaled Ring cross-section ove 360 364 368 372
both the S@ and BrO wavelength bands. When the scaled nm
Ring cross-section is removed from the log ratio, the result-
ing residuals are completely uncorrelated£R.03) with the 1 polynomial, NO, and O, removed
Ring cross-section. As an example of how scaling the Ring ‘
cross-section can improve the DOAS retrieval of a weak ab-
sorber, we analyze the NGibsorption in airborne ultravio-
let spectra (358—-374 nm) acquired during the New England |
Air Quality Study (NEAQS) in the summer of 2004. The 44 —— Ring (scaled, a=0.009) ~ 0.2
NO, absorption cross-sections in this region are about a fac- | —— residual (c)
tor of two smaller than those near 450 nm where Ny pi- — 77— 04
cally retrieved, and the Fraunhofer structure in the solar spec- 360 364 368 372
trum much larger. For these measurements, the spectromete. nm
described in Sect. 2 was installed aboard the NOAA WP-

|?;|(D)k?:grggearlggoﬁong)guurirﬁg Iﬁ; SI:aTeUI;?tne?ggsnugfag dASs\le; tained aboard the NOAA WP-3:D aircraft on_6 August 2004. The

; : s foreground spectrum was obtained as the aircraft flew through the
2094' th? aircraft trar?seCted the New York City urban plumeNew York City urban plume; the background after the aircraft as-
while flying at an altitude of 1150m a.s.|. off the coast of ¢ended above the plume. (a) log ratio with polynomial removed and
New Jersey under cloud-free skies. In-situ measurementgnscaled Ring, (b) log ratio with polynomial, NCand Q, removed
(T. B. Ryerson, private communication) in the plume showedand unscaled Ring, and (c) log ratio with polynomial, N@nd Q
peak NGQ mixing ratios of nearly 6.5 parts-per-billion by removed and scaled Ring. Note that the Ring is much smaller than
volume (ppbv) with a high loading4500..m?/m3) of small ~ in Fig. 6.
aerosol particles (C. A. Brock, private communication). Ap-
proximately 100 individual spectra were acquired over the
interval from 21:07:04 to 21:08:47 UTC (S&/8°) when 21:30:04 UTC, SZA-62°) at this altitude were averaged to
the in-situ NQ was highest. These 0.5s integrated spectracreate the background spectra. In the down-looking chan-
were averaged to create the foreground spectra for this anahel, Rayleigh and Mie scattering as well as surface scattering
ysis. Direct sun measurements were unavailable and an awontributed to the collected intensity when the aircraft was
eraged zenith sky spectrum acquired outside the plume waflying both within and above the plume. In this situation, the
used for the background. These spectra were acquired aftdring signals nearly cancel out in the log ratio since there was
the aircraft turned to the northeast and climbed to an alti-little change in the SZA. In the up-looking channel, how-
tude of 3550 m a.s.l., passing through the top of the mixedever, both Rayleigh and Mie scattering contributed signifi-
layer at about 2700 m a.s.l. The in-situ fine aerosol surfacecantly to the intensity within the plume, but only Rayleigh
area and N@ mixing ratios were lower by factors of about scattering was significant above the plume. Thus there was
10 and 100, respectively, above the plume. Approximatelya large differential Ring component in the log ratio. This is
300 0.5s spectra acquired over a 5-min interval (21:25:01-seen in Fig. 7a, which shows the log ratio of the foreground

Ring

0.4+

(%) [enpisau

calcu

nm

0.0+

calculated
(%) lenpisaJ

—— Ring (unscaled) - 0.2

o
N
|

calculated Ring
(%) lenpisau

Fig. 7. Ring cross-sections and log ratios of up-looking spectra ob-
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_ NO—(1.6950.28010" cm? o170, (8) 0.4 The influence of the Ring corrections on the N@trieval
8 2.0 T ) is shown in Fig. 8. The upper panel (a) compares the differ-
- -0.2 3 ential NG, cross-section to the residual when only the poly-
o 10N L 0.0 g nomial fit and Q are removed from the log ratio. The corre-
- T E lation between the residual and the cross-section is weak, but
S o no Ring: L 028 significant (R=0.18), but the uncorrected Ring near 374 nm
g 007 — Lid e s is much larger £0.6% peak-to-peak) than the N@bsorp-
— T T - 0.4 tion (~0.2% peak-to-peak). The standard deviation of the
360 364 368 372 retrieved NQ column is 17%. When the unscaled Ring
nm cross-section is included in the retrieval (Fig. 8b), the fit is
e b _ o4 greatly improved with &60% reduction in the chi-squared
*g' NO,=(1.6820.17)x10 = em™ o =10% ' value. The standard deviation of the Bl@olumn is de-
o 3 creased by 40% and the correlation coefficient increases to
é é R?=0.35. Some Ring structure remains, however, especially
o 2 at the short and long wavelength regions of the band. Near
kS unscaled Ring: |- (.2 X 374 nm, these structures are comparable in magnitude to the
czg” 0.04 — xNo, R:=0-35 NO, absorption. When the scaled Ring is included (Fig. 8c),
el N - 0.4 this residual structure is reduced and chi-squared is reduced
360 364 368 372 by another 30% and the correlation coefficient increases to
nm R?=0.45. The retrieved value increases by about 6% and the
© 04 standard deviation of the retrieved column decreases to 8%.
2 NO,=(1.78£0.14)x10"¢ cm® 0 =8% e The remaining peak-to-peak noise is now about half the NO
3 3 absorption features.
& @,
[e] [}
G 5
% scaled Ring: 0.2 g 7 Summary
o' 0.0 :fe‘smzl R§=O.4S
= — * = 2;9‘*'5 0.4 The measurements and model results presented here support
360 364 368 372 the generally accepted view that FI of solar Fraunhofer fea-

nm

tures at visible and near UV wavelengths is caused by rota-

tional Raman scattering. However, this work directly shows
that multiple scattering by Nand G significantly increases

the RRS signal and hence Fl in the near UV, while aerosol
scattering has an opposing effect. The competition between
these processes can substantially change both the magnitude
and SZA dependence of FI and could account for some of
the inconsistencies between measurements of Fl in the pub-
lished literature. While we have not directly examined the
effects of aerosols on the FI of molecular absorption fea-
and background spectra with only the low-frequency poly-tures, it follows that this will depend on the location of the
nomial removed. The largest structures remaining in the logaerosol layer relative to the absorber. For example, tropo-
ratio residual arex0.6% peak-to-peak. The solid red line spheric aerosols will have little effect on FI of the absorption
shows the Ring spectrum calculated from the RRS model andby stratospheric constituents such asN®hich is strongly

the largest structures are seen to be anti-correlated with thenhanced by multiple Rayleigh scattering at twilight (Fish
Ring spectrum (note the inverted scale). This is more apparand Jones, 1995). However, a volcanically enhanced upper
ent in Fig. 7b where the absorption due to Nand Q, is stratospheric aerosol layer such as occurred after the erup-
removed (the differential @absorption can be neglected at tion of Mt. Pinatubo (Mills et al., 1993) might reduce the
these wavelengths). However, it is also clear from this figuretotal Fl in the spectra of both tropospheric and stratospheric
that the Ring spectrum does not fit the residual at both longabsorbers. The sensitivity of the measured FI to the aerosol
and short wavelengths. In contrast to Fig. 6 where a direct soeptical depth suggests a potential new technique for accu-
lar spectrum was used as the background, the calculated Ringite AOD measurements based on the measurement of in-
is now too small at longer wavelengths. When the calculateddividual Fraunhofer line depths. This possibility will be ex-
Ring cross-section is scaled using Eqg. (5), the correlation beplored in future work. Although not considered in the present
tween the residual and the Ring spectrum is greatly improvedtudy, clouds can also increase or decrease Fl, depending on
(Fig. 7c). whether the collected light is singly or multiply scattered by

Fig. 8. Same data as in as Fig. 7, but with the polynomial, O
and Ring removed from the log ratio. The differential N€&ross-
section is compared to the residuals obtained ugxgio Ring,
(b) unscaled Ring, antt) scaled Ring. The peak-to-peak N@b-
sorption is less than 0.2% corresponding to a column ok 16

molecules cmZ.
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the cloud particles (de Beek et al., 2001; Dvorjashin, 1995;Bobrowski, N., Honninger, G., Galle, B., and Platt, U.: Detection of

Joiner and Bhartia, 1995). bromine monoxide in a volcanic plume, Nature, 423, 273-276,
The combined effects of aerosols and multiple Rayleigh 2003. _ o

scattering introduce wavelength dependence to FI that limitrinkmann, R. T.: Rotational Raman scattering in planetary atmo-

the ability of measured or calculated Ring cross-sections toBu?foT/SsreS; Af}(;ﬁﬂ:‘;’:' i/l 1aiu208H7_1gﬁ2;1;1:26?<. Marquard, L

account. for Flin near L.JV DOAS retrlgvals. A SI.mple pro- Muirhead, K., Platt, U., Richter, A., and Rozanov, V. V.: Study

cedure is proposed to improve the Ring correction through

. . . . : ) of the Ring Effect, ESA Contract 10996/94/NL/CN (European
nonlinear scaling of the single-scattering Ring cross-sections Space Agency, Noordivijk, The Netherlands), 1996.

using a factor that changes exponentially with wavelength gyrrows, J. P., Richter, A., Dehn, A., Deters, B., Himmelmann, S.,
Such scaling will be particularly useful in situations where  \pight, S., and Orphal, J.: Atmospheric remote-sensing refer-
wide wavelength bands are used and where there is a large ence data from GOME: Part 2. Temperature-dependent absorp-
difference in the Ring contributions to the foreground and tion cross sections of in the 231-794 nm range, J. Quant.
background spectra (e.g. in DOAS measurements within ur- Spectros. Radiat. Transfer, 509-517, 1999.

ban areas or the plumes of power plants or volcanoes). Thesehance, K. V. and Spurr, R. J. D.: Ring effect studies: Rayleigh
results provide support for the empirical scaling corrections scatter?ng, including molecular parameters for rotational Raman
recently applied to the Ring cross-sections used in the analy- SCaitering, and the Fraunhofer spectrum, Appl. Opt., 36, 5224~
sis of GOME spectra (Liu et al., 2005). Note that the addition 5230, 1997.

. . . Chanin, M.-L.: Filling in of the Fraunhofer lines by scattering on
or subtraction of a wavelength dependent intensity offset to the ground, J. Geophys. Res., 80, 2859-2862, 1975.

the foregrognd sp.ectrum may be,'at tim§§, a good approXizonde. M., Greet, P., and Jacka, F.: The Ring effect in the sodium
mation to this scaling. However, this empirical method could - p2 Fraunhofer line of day skylight over Mawson, Antarctica, J.
also capture other effects that are unrelated to Fl because itis Geophys. Res., 97, 11561-11 565, 1992.
not physically based, particularly when the spectra are noisyde Beek, R., Vountas, M., Rozanov, V. V., Richter, A., and Burrows,
Another approximation would be the use of two different J. P.: The Ring Effect in the cloudy atmosphere, Geophys. Res.
Ring cross-sections; one calculated assuming that Rayleigh Lett., 28, 721724, 2001. o
scattering dominates and the other calculated assuming Mi@vorjashin, S. V.. Fraunhofer lines *filling in” in clouds, Atmos.
scattering dominates (Wagner et al., 2002). However, a lin-_ ©c€an. Phys., 30, 456-460, 1995. _
ear combination of two spectra cannot capture the full range™ 'SFZ‘_’ D. \:r a':‘_j Jone_tsr; Rk L Rc;tat'%nal F;amag scal_ttet:lngzgzansdltlhe
of possible Ring contributions since the wavelength depen- 8129 fggg In zenith-sky spectra, eophys. Res. Letl., 22, o1l-
dence of Fl is nonlln'ear. The nor]lln(?ar scaling faCto,r,pro'Grainger, J. F. and Ring, J.: Anomalous Fraunhofer line profiles,
posed here can provide a better fit with only one additional  \ature 193 762. 1962
fitting parameter. Gray, D. F., Tychner, C., and Brown, K.: Spectral-line profiles in
daytime sunlight, Publ. Astron. Soc. Pac., 112, 328-334, 2000.
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