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1 Introduction

Abstract. Compared to the visible spectral region, very little is known
about aerosol absorption in the UV. Without such information it is impos-
sible to quantify the causes of the observed discrepancy between mod-
eled and measured UV irradiances and photolysis rates. We report re-
sults of a 17-month aerosol column absorption monitoring experiment
conducted in Greenbelt, Maryland, where the imaginary part of effective
refractive index k was inferred from the measurements of direct and
diffuse atmospheric transmittances by a UV-multifilter rotating shadow-
band radiometer [UV-MFRSR, U.S. Department of Agriculture (USDA)
UV-B Monitoring and Research Network]. Colocated ancillary measure-
ments of aerosol effective particle size distribution and refractive index in
the visible wavelengths [by CIMEL sun-sky radiometers, National Aero-
nautics and Space Administration (NASA) Aerosol Robotic Network
(AERONET)], column ozone, surface pressure, and albedo constrain the
forward radiative transfer model input, so that a unique solution for k is
obtained independently in each UV-MFRSR spectral channel. Inferred
values of k are systematically larger in the UV than in the visible wave-
lengths. The inferred k values enable calculation of the single scattering
albedo w, which is compared with AERONET inversions in the visible
wavelengths. On cloud-free days with high aerosol loadings [ 7e.(440)
>0.4], wis systematically lower at 368 nm ({w3gg)=0.94) than at 440
nm ({ w440)=0.96), however, the mean o differences (0.02) are within
expected uncertainties of w retrievals (~0.03). The inferred o is even
lower at shorter UV wavelengths ({wsps)~(w332)=0.92), which might
suggest the presence of selectively UV absorbing aerosols. We also find
that w decreases with decrease in aerosol loading. This could be due to
real changes in the average aerosol composition between summer and
winter months at the Goddard Space Flight Center (GSFC) site. Comb-
ing measurements of 7,; and o, the seasonal dependence of the aerosol
absorption optical thickness, 7,,s= Texi(1— @) is derived in the UV with
an uncertainty of 0.01 to 0.02, limited by the accuracy of UV-MFRSR
measurement and calibration. The 7,5 has a pronounced seasonal de-
pendence with maximum values ~0.1 occurring in summer hazy condi-
tions and <0.02 in the winter and fall seasons, when aerosol loadings
are small. The measured 7, is sufficient to explain both the magnitude
and seasonal dependence of the bias in satellite estimates of surface UV
irradiance previously seen with ground-based UV measurements.
© 2005 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1886819]
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boundary layet;® while aerosol absorption reduces the
amount of UV radiation available for chemical reactions
within and below the aerosol lay&r Therefore, without
accurate knowledge of aerosol UV absorpti@mn single-

Aerosols in the boundary layer can significantly change air
quality either directly or by affecting the rate of tropo-
. . 1-4 .
spheric o_zone(urban smog_ f_ormatlon. Scattering by scattering albedothe magnitude and even the sign of the
aerosols increases the actinic flux and the rates of phOto'aerosol effect on tropospheric photochemistry remain
chemical reactions in the upper parts of the planetary highly uncertain-® By the same reasoning, the boundary
layer aerosol absorption uncertainty remains a serious ob-
stacle in satellite estimation of biologically harmful UV
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irradiance at the surfade3Although it is well known that consisted of measuring total horizontal irradiarine sun

iron oxides in desert duét®and soot J:)roduced by fossil  blocking followed by three irradiance measurements with
fuel burning and urban transportatfdn‘® strongly absorb  different positions of the shadowband blocking the sun and
UV radiation, properties of other potential UV absorbers, sky radiance on each side of the a9 deg. All spectral
e.g., organic and nitrated and aromatic aero%ofd are channels were measured within 1 s by seven separate solid
poorly known. In addition, different aerosol components state detectors with interference filters sharing a common
are often mixed in an atmospheric column downwind from Teflon diffuse*® The complete shadowing cycle toekl0
urban regiong? This makes it difficult to quantify aerosol s and was repeated every 3 min throughout the day without
effects on UV irradiance and photolysis rates from the averaging of the data. The raw ddisltage$ were auto-
models. On the other hand, ground-based passive remotenatically transmitted every nighia dedicated telephone
sensing techniques enable estimation of column aerosol abmodem to the USDA UVMRP processing center at the
sorption without prior knowledge of aerosol composition. Colorado State UniversitgFort Colling for voltage correc-
The techniques are based on nearly simultaneous measuretions and further processing. The standard UVMRP calibra-
ments of direct sun irradiance and diffuse sky radianéé tion procedure differs from that used in our experiments,
or irradianc€®-34 from which column average absorption where we used only cosine-corrected voltages calibrated
can be inferredwith aircraft measurements providing ver- on-site against our colocated reference AERONET sunpho-
tically resolved informatioft>). The multiyear mean col-  tometers. This method yields more accurate measurements
umn aerosol absorption climatology in the visible has been of r,,; and diffuse and direct atmospheric transmittances. A
established for several sites using CIMEL almucantar detailed description of the UV-MFRSR operating proce-
inversiong®" from the 9'°ba' Aerosol Robotic Network  dures, raw voltage corrections, and on-site calibration pro-
(AERONET) network®>*®but these inversions are not yet cedure was a subject of our first pafieithis issug, there-
available at UV wavelengths. Ground-based remote mea-fore, only a brief summary is provided here.

surements of aerosol UV absorption were also

demonstrated’~*? but these retrievals have not been vali- 51 pirect and Diffuse Transmittances

dated. Neither technique has yet enabled deriving seasonal . .
aerosol absorption climatology. In addition to UV-MFRSR dataz,,; was continuously mea-

To validate column aerosol absorption retrievals in the Sured with a rotating triad of CIMEL radiometers that were
UV and produce a long-term seasonal data set of aerosoleference instruments of the AERONET global netwidrk
column absorption optical thickness,s a UV multifiter ~ (data available at http://aeronet.gsfc.nasaigdhe auto-
rotating shadowband radiomet&#* (UV-MFRSR, Yankee matic tracking sun- and sky_-scannlng radlome_ters mad_e di-
Environmental Systems, Turners Falls, Massachysaits rect sun measurements with a 1.2-deg full field of view
a rotating triad of sun-sky CIMEL radiometefeeference ~ €V€ry 15 min at 340, 380, 43%91'7 500, 675, 870, 940, and
instruments of the National Aeronautics and Space Admin- 1020 nm(accuracy typically***7 ~0.003 to 0.01 in the
istration (NASA) AERONET networR®%] were run side- visible with larger errors in the U)M The pressure-
by-side continuously for 17 months at the NASA Goddard Correctedre, at 340 and 380 nm and the standatg, at
Space Flight Center in Greenbelt, Maryland. A previous 440 and 500 nm were interpolated in time and wavelength
papef® showed that the AERONET data could be used for @ahd compared with the UV-MFRSR measurements of
UV-MFRSR daily on-site calibration and accurate measure- Cosine-corrected direct-normal voltages to derive a more
ments of 7., at three UV-A wavelength channels. The es- accurate daily, calibratiof® than provided in the stan-
sential advantage of the schadowband techiiitjd&is that dard UVMRP data s& (http://uvb.nrel.colostate.egluThe
calibration obtained for direct-sun voltage can be directly derived V, for each spectral channel agreed with those
applied to obtain diffuse atmospheric transmittaft®. ~ from Langley UV-MFRSR measurements obtained on com-
The transmittance combined with accuratg, data and a  Pletely cloud free day®> The improved calibration was
radiative transfer model enables the aerosol absorption andised to obtain both directTg) and diffuse Tp) atmo-
single scattering albedo retrievals described in this paper.spheric transmittances with high accurd@yto 4% at 368
The paper is organized as follows. Section 2 describesnm, see Table 4 in the appengix
briefly the data sets used in this study. Section 3 provides a
description of the UV-MFRSR inversion technique imple- 2.2 Surface Pressure and Total Ozone
mentation, and Sec. 4 discusses aerosol absorption results Measurements
and comparisons with AERONET inversion data in the vis-
ible wavelengths. Section 5 discusses application of the
aerosol UV absorption optical thickness data to explain the
bias in satellite surface-UV estimates. A sensitivity study
and accuracy assessments of the aerosol UV absorption re
trievals are discussed in the appentibec. 7.

Accurately specifying surface pressure is an important re-
quirement for radiation modeling in the UV spectral region.
Surface pressure measurements at a neébym away
USDA location in Beltsville, Maryland, were used reduced
by ~2 mbar to account for change in altitude between
Beltsville location[~70 m above sea levelASL)] and
GSFC UV-MFRSR locationroof of the building,~90 m

2 Data Sets ASL according to our global positioning systefGPS
The primary data set consists of 3-min measurements ofmeasuremen‘tgl.

diffuse and total irradiance collected with the UV-MFRSR Ancillary measurements at our site included Brewer
instrument®#* (optical head 271 from the U.S. Depart-  double-monochromator column ozone measurements.
ment of Agriculture(USDA) UV-B Monitoring and Re- Missing Brewer ozone measurements were filled in with
search Netwo#® (UVMRP). A single measurement cycle the Earth Probe/Total Ozone Mapping Spectrometer
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(EP/TOMS total ozone data, since both ozone data sets with traces of partial snow cover enabled us to use TOMS-
agreed quite weljwithin 2%y). The ozone values were used derived climatologically snow-free values of surface
to calculate ozone absorption optical thicknessy in each albedo?® Low surface albedo in UV-A0.02 at the God-
UV-MFRSR spectral channel for each individual measure- dard Space Flight Cent¢GSFQ site was confirmed from
ment. The pressure measurements were ($etb calcu- satellite overpass 360-nm reflectivity measurements from
late accurate Rayleigh scattering optical thicknessand the EP/TOMS on clear snow-free dayghttp:/

(2) to correct standard AERONET aeroml(t at 340- and tomS.gSfC.nasa.gOLV Such low values of surface albedo

380-nm data used for calibratideee Sec. 2)1 provide an important advantage for measuring aerosol
properties in the UV spectral range. Maximum possible de-
2.3 Aerosol Extinction Optical Thickness viations~0.02 inA from the assumed climatological value

(A=0.02) would result in 1.5% changes in the diffuse ir-
radiance transmittance and even smaller changes in total
transmittance and diffuse fraction ratio.

Daily averageV, estimates along withrg and 793 were
used to calculate aeroseal,; for individual UV-MFRSR
measurement®. The 3-min UV-MFRSR 7., data com-
pared well with interpolated 15-min AERONE,,; mea-
surements with only a small scattfgat 368-nm daily root ) o )
UV-MFRSR 7, were within 0.01(10)] on all cloud-free portant for aerosol absorption determinaticee later dis-
days. This analysf& has shown that the UV-MFRSR, when cussion in Sec. ¥ Therefore, a fixed exponential aerosol
intercalibrated against an AERONET sunphotometer on theVertlcal profile n the lower tropos_phere was used in the
same day, was proven reliable to retriexg;. forward model with no stratospheric aerosol.

: L With 7 TR, Text:» A, and g predetermined in each
With 7,,; known, the only radiative transféRT) model 03» "Ry Textr T .
input parameters are surface albelcaerosol phase func- UV-MFRSR channel, the only free RT model input param-

: ; ; : eter is single scattering albedo Thereforew was inferred
tion (average cosing), and single scattering albedo For . o
© to(be infgrred by?n)eans of f?tting of calcglated and mea- with a forward RT model by requiring that calculated trans-

. . mittances(or their ratio3 match the measured onéSec.
sured transmittance#y and g were to be estimated from . ; .
ancillary measurements as described in the following. 2.1) independently in each UV-MFRSR channel. Techni-

cally, Mie calculations were incorporated in the forward

2.4 Aerosol Phase Function and Asymmetry model to account fog spectral dependence without using
Parameter look-up tables. The details are given in Sec. 3.

2.6 Aerosol Vertical Distribution

CIMEL sky radiance almucantar measurements at 440, 675
870, and 1020 nmdownloaded from the website http://
aeronet.gsfc.nasa.gowere used in conjunction with,,, at ) )
these wavelengths to retrieve column average particle sizeOnly UV-MFRSR data corresponding to horizontally ho-
distribution (PSD) and effective refractive indekreal (n) mogeneous cloud-free atmospheric conditions were used.
and imaginary(k), independently at each of the noted The cloud-free portions of days were selected by visual
wavelengtht following methodology of Dubovik and €Xamination and analysis of 3-min irradiance series and
King®® and Dubovik et af®?’ Even though it is well known  &ll-Sky camera images.

that dustlike particles have irregular shapes arising from the ~_The fitting to the forward model was done separately for
fracturing of larger grains, the AERONET retrieval as- different transmittances and their ratigte diffuse-to-
sumes the aerosol particles to be polydisperse homogedirect ratid®*! (Dp=Tp/Tg), the diffuse fractiof~
neous spheres that have the same complex refractive index(Dt=Tp/Ty), and the total transmittantgT=V/V()]
Sensitivity studies by Dubovik et &f.examined how much  at each UV-MFRSR spectral channel. The advantage of uti-
these assumptions mislead the inversion solutions in thelizing dimensionless ratiosD(p, Dy, andT) is that abso-
cases of nonspherical dust aerosols and in the case of nontute radiometric calibration is not required, since the same
homogenous aerosolgexternally or internally mixed detector measures both the total and diffuse ffufkgree-
spherical particles with different refractive indi¢eBor all ment between all three methods provides a robust check on
tested cases, no significant errors where observed in therelative UV-MFRSR spectral calibration and the correction
retrieval of a single scattering albedo, which is the focus of for systematic measurement err¢r®., angular and spec-
our study. tral response correctiofs.

The aerosol phase functions at UV-MFRSR wavelengths  To obtain the UV-MFRSR aerosol inversions, CIMEL
were calculated using the AERONET PSD and refractive almucantar measurements amg; were uset?=>’ (Sec.
index at 440 nm(real par} inversions within 60 min of  2.4). Each alumcantar measurement took 5 minutes and
each UV—MFRS_R m_easurement using forward Mie calcula- was repeated every hour and direct st Mmeasurement
tions, as described in Sec. 3. was repeated every 15 miiSec. 2.3. All available UV-

MFRSR data(every 3 min within time interval =60 min
2.5  Surface Albedo of each AERONET almucantar measurement were ana-
It was previously shown that changesArfrom 0.4 to 0.8 lyzed. Our assumption was that the aerosol type did not
result in a 30% increase in diffuse atmospheric change during this period and that observed changes in the
transmittancé®-3'However, in the UV spectral regioA, is radiation field arise from changes in solar zenith angle and
only a few percent for snow-free terrain, therefore, clima- aerosol optical thickness. Therefore, we used the same
tological values are usually acceptableExcluding days aerosol size distribution and the real part of refractive index

'3 UV-MFRSR Aerosol Absorption Inversion
Technique

Optical Engineering 041005-3 April 2005/Vol. 44(4)
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within each 60-min time slot, but allowed fat,; and 6, values could be used to fill in days with missing
changes in 3-min increments using UV-MFRSR measure- Brewer ozone measurements. No gaseous absorption
ments. If the time slots for two consecutive AERONET other than ozone was assumed.
retrievals overlapped, we repeated the UV-MFRSR fitting 7. The ancillary measurements available at GSFC loca-
for all overlapping points with the new aerosol parameters. tion (see Sec. Penabled us to constrain all required
This provided a test of sensitivity of our results to real-time input to the Mie scattering code within the forward
changes in the AERONET inversion paramet@SD and RT model, except the imaginary part of the aerosol
ng) used as input to our fitting technique. Forward RT cal- refractive indexk, which is related to effective col-
culations were run to fit every single 3-min UV-MFRSR umn aerosol absorption. Thewas inferred by fitting
measurement independently at each wavelength. The ad- either diffuse to direct (DB Ve /Vp) or diffuse frac-
vantage of this approach is that forward RT calculations tion (Dy=Vg/Vy) or total transmittance T
were always done for the exact values of solar zenith angle, =V1/V,) measurements to the RT calculated values
Text» @nd aerosol parameters. The methodology of forward separately in each spectral channel. The fitting was
modeling andw retrieval was as follows: done iteratively starting with AERONET derivéd,g
) ] as the initial value. The absolute value of the fitting
1. Standard discrete AERONET column volume PSD in residual was used as a measure of the goodness of the
22 size bins between 0.05 and Ak were fit using a fit.
e et St ot erarmiore: cof. B 1 good it was achieved, i) wias reated a5 an
umn volume, modal radius, and standard deviétion optically effective fitting parameter, rather than mi-
separately fo,r fine and coar:5e modes crophysical particle property, because it accounts for
) all assumptions in the forward model as well as sys-
2. Volume PSD parameters were analytically converted tematic measurement errors. The fitted value of
to the column number density parameters required as k(fit), along with the AERONET PSD anth,s,
input to the Mie codé” Since only the shape of the were used to calculate single scattering albexiit)
PSD was required, five input parameters remained: using Lorentz-Mie code and.,=[1— o(fit) ] ey
r_nodal radii and standard deV|at|(_)ns separately for Derived radiative propertiesa{ 7.,) were less de-
fine and coarse r_noc_ies and the ratio of the total num- pendent on model assumptions so that their errors
ber of particles in fine and course modes. The im- were smaller than errors ik (see the appendix for
plicit PSD normalization occurs by requiring the estimation of errors
model input7e, equal to the UV-MFRSR measured 9. As an independent check, we estimated the diffuse
Text: fraction by varyingw directly as an input parameter
3. In our Mie code, the refractive index was assumed to to a different RT codéthe tropospheric UV-visible 4
be the same for fine and coarse modase compo- (TUV4, Ref. 6, based on the discrete ordinate radia-
nent aerosol modgto be consistent with AERONET tive transfer’ (DISORT) codd. Both w retrievals
inversions®~2’ Thus, following current AERONET agreed well(within 0.01) at 368 nm, provided that
assumptions, a single optically effective refractive in- the CIMEL-derived value of the asymmetry param-
dex was retrieved, which was a weighted mean of the etergsgg Was used as input to the TUV model. This
true column average refractive index over the particle check provides confidence that Mie model assump-
size distribution. tions and forward RT calculations were not a major
4. The real part of refractive indexwas assumed to be source of error in the retrievals of and 7,ps.
constant with wavelength, and was fixed to the
AERONET retrieved value at 440 nm. This approxi-
mation was possible, since the direct transmittance 4 UV-MFRSR Retrieval Results
was forced to be equal to the measured one throughtpe inferred values dt andw in the UV wavelengths were
the independently measured,;, while diffuse ira-  ,5e4(1) to compare with independent AERONET (Sec.
diance only Wgz_aglldy depends on the real part of re- 4 1) andk (Sec. 4.2 retrievals at 440 nm an(®) to infer
fractive indext seasonal dependence of aerosol absorption optical thick-
5. An a priori vertical profile of the aerosols, which  ness,7,,= 7e,{(1— ) (Sec. 4.3. The comparison data set
peaks in the boundary layer, was assumed in our for- was limited because of the following conditions. Com-
ward model. The additional assumption was that nei- pletely cloud-free periods were manually selecteding
ther aerosol PSD nor the refractive index change with visual sky observationsthat coincided with UV-MFRSR
altitude, which was consistent with AERONET calibration period4® Days with partial snow cover were
inversions™%’ No stratospheric aerosol was as- manually filtered out, with~100 cloud-free portions of
sumed. days remained between October 1, 2002, and March 25,
6. In the forward RT model, the TOMS climatological 2004, meeting our cloud-free and snow-free criteria. To

ozone and temperature profiles were used that werecompare only high-quality» andk retrievals, only the in-
scaled to the Brewer measured total column ozone Versions withz,,(440 nm)>0.4 and solar zenith anglé,
amount for every UV-MFRSR measurement. The >45deg (required for good AERONET inversiofis )
Brewer total ozone amount compared well with and 6,<70deg(required for good UV-MFRSR inversions
TOMS ozone measurements so that TOMS ozone to minimize cosine correction errdPs were selected.
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Fig. 1 UV-MFRSR and AERONET single-scattering albedo retrieval at GSFC on June 2, 2003. The
3-min UV-MFRSR retrieved single-scattered albedos at 368 nm are shown as small spheres, while
AERONET w4, retrievals at 440 nm are shown as large crosses with =0.03 error bars.?® The actual
solar zenith angle was used in retrieval for each 3-min UV-MFRSR measurement. The UV-MFRSR
assumptions were surface albedo of 0.02, Brewer-measured total ozone, and boundary layer aerosol
profile and Dubovik and King? inverted particle size distribution within =60 min of each CIMEL almu-
cantar measurement. In addition, 7., at 368 nm is shown for both instruments (same symbols) with

right axis scale.

For all cases, UV-MFRSR data were processed threewas originated from fires in Siberia near lake Baikal.

times using different measured fitting paramet@iffuse/
direct voltage ratio, diffuse/total voltage ratio, and total
normalized transmittanc¥;/V,). All three methods pro-
vided consistent inversion resultwithin 0.01 inw). As an
additional check, the comparisons were made withe-
trievals using a different forward RT cod@UV (Ref. 6].
The retrievals were essentially the saiae within 0.01)
when the correcy factor was used in the forward model
[TUV (Ref. B]. Selected» comparison cases are shown in
Figs. 1 to 3.

4.1 Single Scattering Albedo
Figure 1 showsb retrievals by both instruments on June 2,

Physical-chemical processes during long-range transport of
smoke can explain this relatively low absorption. Boreal
forest smoke typically does not have lawdue to signifi-
cant particle production from smoldering of woody fuels,
which yields relatively small black carbon percentages.
Also smoke particles tend to become less absorbing with
age as the partigle size increases due to coagulation during
transport? The Angstran exponent was high and stable
during the day @440/87¢1.73 to 1.88, suggesting pre-
dominantly fine-mode particles. However, thengstran
exponent was smaller in the UVgggiaag=0.73 to 0.82
compared to the visible wavelengths. This suggests sub-
stantial curvature of the (@) versus Iit\) dependence

2003, when a long-range smoke plume was moving over (¢'=1.7 to 1.8.4 The cause of large discrepancy in the
GSFC location. The passage of the plume was evident frommorning (~11.5 UT) remains unknown.

enhanced extinction optical thicknesggg measured by
both instrumentgshown on the right axis in Fig.)2Visu-
ally, horizontal visibility remained high on this day with
clear sight of horizon; however, the sky color was unusu-
ally white. According to the 3-min UV-MFRSR data, the
most absorbing part of the smoke plumesfs~0.88 to
0.9) was recorded in the morning<14 Universal Time
(UT), also Greenwich Mean TiméGMT)] with less ab-
sorbing wgeg~0.93 for the rest of the day. Back trajectory

Although complete AERONET inversions were avail-
able for the whole dayw .4, retrievals were not shown for
solar zenith angles less than 45 deg, because the uncertainty
in w44 is significantly larger for these cas®s’’ However,
AERONET inverted particle size distribution results were
shown to be accurate for all conditioff?’ and they are
used for UV-MFRSR retrievals without restriction on solar
elevation. On the other hand, UV-MFRSEg¢g retrievals
were not shown for high solar zenith angle cases whgn

analysis and satellite data suggested that the smoke plume>75 deg, because the cosine-correction uncertainty for the
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Fig. 2 UV-MFRSR and AERONET w retrieval at GSFC on June 24, 2003. The 3-min UV-MFRSR w3gg
is shown as small spheres, while AERONET wyyq retrievals are shown as large crosses with +0.03
error bars.?” In addition, 7., at 368 nm is shown for both instruments (same symbols) with right axis
scale. The actual solar zenith angle was used in retrieval for each 3-min UV-MFRSR measurement.
The UV-MFRSR assumptions were A=0.02, Brewer-measured total ozone, boundary layer aerosol
profile, and AERONET inverted® particle size distribution within =60 min of each CIMEL almucantar
measurement.

measured diffuse irradiance is larger for these c4&he cording to lidar datg University of Maryland Baltimore
additional uncertainty at high solar zenith angles arises County (UMBC) elastic lidar systen{fELF) at Chesapeake
from using a pseudospherical version of the forward radia- Lighhouse, 36°54/8N, 75°42.6W). Therefore, UV-
tive transfer code, which corrects only direct sun irradiance, MFRSR retrievals were repeated with aerosol height at 3
thus underestimating diffuse irradiamt%Thus, the two km with essentially unchanged results. Therefore it was
methods of estimatingu are complementary in that the concluded that UV-MFRSR results were not sensitive to the
AERONET retrieval® ' requires large solar angles, while smoke vertical profildat least at 368 nin
UV-MFRSR data are more reliable at low solar zenith Figure 2 showsv comparisons on June 24, 2003, which
angles. was typical for a summer regional ozone pollution episode.
The real part of refractive index at 440 nimyg,q, in- A high-pressure system over the Mid-Atlantic region for
creased from 1.39 to 1.5 during smoke passage and dethis week prevented air exchange; therefore tropospheric
creased later to 1.46. The imaginary part of refractive index ozone pollution was building up as a result of local pollu-
was systematically higher in UV than in the visiblks{s tion (mostly traffig and high solar irradainégair quality
=0.014 to 0.02k,4=0.007 to 0.018 The difference was  public warning was “Code orange” on this dayrhe con-
larger than specified uncertainty for AERONEK ditions were mostly cloud-free for the whole day. In the
retrievalg’ (+0.003 for all cases except one retrieval. Mmorning, aerosol absorption was higher in the UV, but dif-
These differences ik were consistent with lowes values ferences were not significant. Aerosol extinction decreased
iN UV (w3=0.89 to 0.92 compared t@,,0=0.93 to during the day, while absorption increased slightly, but
093 This Suggests thab Spectra| dependence in the vis- more I’apldly in the visible. In the afternoon, battretriev-
ible (lower w at longer wavelengt3$ flattens out and even  als were in agreementuggg=0.91 to 0.92 andv440=0.91
reverses in the UV. However, it is emphasized that, exceptto 0.92. The AERONET inverted real part of refractive
for solar zenith angles larger than 70 deg, éheetrieved at ~ index at 440 nm changed between 1.39 and 1.59. Ting A
368 and 440 nm are within the range of overlap of both stram exponent was much higher than for smoke event on
retrieval uncertainties. June 2, especially in the UV due to significantly smaller
The sensitivity ofwsgg results to assumed aerosol verti- radius and broader of the fine mode on June 24.
cal profile was also studied. The smoke plume height over ~ Strong daily variation inwses was detected on August
Eastern Shore in Maryland and Virginia was3 km ac- 25, 2003(Fig. 3), with unusually low values dzgg~ 0.85)
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Fig. 3 UV-MFRSR and AERONET w retrieval at GSFC on August 25, 2003. The 3-min UV-MFRSR
w3gs 1S Shown as small spheres, while AERONET wyyq retrievals are shown as large crosses with
+0.03 error bars.?’ In addition, 7., at 368 nm is shown for both instruments (same symbols) with right
axis scale. The actual solar zenith angle was used in retrieval for each 3-min UV-MFRSR measure-
ment. The UV-MFRSR assumptions were surface albedo of 0.02, Brewer-measured total ozone, and
boundary layer aerosol profile and AERONET inverted® particle size distribution within =60 min of
each CIMEL almucantar measurement.

in the middle of the day. This case highlights the impor- According to Eq.(1) the decrease ;55 (Meaning less
tance of measuring the complete diurnal cycle of summer- asymmetric phase functipnwould cause calculated
time aerosol absorption, not just morning and afternoon T_(calc) to decrease with fixed,, and solar zenith angle
periods. [ mwo=C0S()~0.5] (see also similar calculation in Ref.

This case also illustrates the sensitivity of UV-MFRSR . . .
retrievals to the real part of refractive index. As was men- 30). Therefore, fitting the measureli(meas) with this

tioned in Sec. 3, AERONET inversions of PSD and refrac- "W Tr(calc) would require less absorption or larger in-
tive index (real part at 440 nm 4,9 within 60 min of the ~ Vertedwges. The actualwsgg retrievals(Fig. 3) show that
individual UV-MFRSR measurement were used as input to increase in inpuing =nseg does cause the increase in
the UV-MFRSR forward RT model. If the time slots for inverted wsgg iIN agreement with our estimate. Less pro-
two consecutive AERONET retrievals overlap, as in case of nounced jumps inwseg retrievals caused by changes in
UV-MFRSR retrievals between 20.67 and 21.2 UT, the UV- AERONET input parameters can be seen on other retrieval
MFRSR inversions were repeated for all overlapping points gays and timegFigs. 1 to 3. However, the jumps were
with the new set of AERONET input aerosol parameters tnically within the range of overlap ab retrieval uncer-

(i.e., using 21 UT retrieval in Fig.)3 In this_ particular tainty, and were considered insignificant.
example, PSDs were close for two consecutive AERONET  15pie 1 provideso comparison statistics on days with

retrievals Ry, ine=0.14um, In(oyne) =0.38 at~20.67 UT 01 461050l loadingy| 7., (440)>0.4], (60 matchups
VersusRy fine=0.154M, In(dpe) =0.38 at~21.2 UT], but mostly in summer 2003 when both retrievals were most
N4q0 increased significantlyfrom 1.33 to 1.56 causing  4ccyrate. It was found that on averagavas lower at 368
Oags tO degrease for the latter AERONET retrievasfg nM (w39 =0.94) than at 440 NM(440)=0.96). How-
=0.735 usinggqo=1.33 at~20.5 UT andgzes=0.676 US-  gyer, the meam differences(0.02 were within uncertain-

ing Ngeo=1.56 at~21 UT). ties of UV-MFRSR retrievalg~0.03, see the appendix
The effect of changing on fitted w can be understood  Note also that for AERONET wavelengths, increases
using a two-stream approximatioh: with decreasing\ in the visible for fine mode smoke or
pollution aerosof’ Therefore, the extrapolated differences
To(calg=1- (1~ 9a8) Text _ 1) in wseg (predicted by AERONE)I’ and wggg rgtrieved by _
(1—0368) TextT 210 UV-MFRSR may be slightly greater than direct compari-
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Table 1 Summer (2003) aerosol single scattering albedo statistics.*

UV-MFRSR? AERONET?
Parameter 325 nm 332 nm 368 nm 440 nm 670 nm
Mean single scattering albedo, » (w) 0.92 0.92 0.94 0.96 0.95
(@min :©Omax) (0.86:0.95) (0.86:0.95) (0.89:0.97) (0.91:0.99) (0.88:0.99)
Standard deviation, o o, 0.025 0.024 0.02 0.017 0.021
Mean o difference (Aw))={was0— 0)) 0.04 0.04 0.02 0 0.007
(0.0:0.09) (0.0:0.09) (0.0:0.06) (0.0:0.03)
Standard deviation of Aw, Trwn 0.02 0.019 0.015 0 0.01
Correlation coefficient w, with w449 R(w) ,w440) 0.61 0.61 0.67 1 0.95
Correlation coefficient w, with wszeg R(wy ,w36g) 0.92 0.92 1 0.67 0.59

!Data sample (N=60) with solar zenith angle between 45 and 70 deg, 7440>0.4 was predominantly for summer 2003.
2Sample included 2-h-averaged UV-MFRSR w retrievals (between 10 and 40 individual retrievals).

3Sample included individual AERONET w inversions.

sons of wyyg t0 wgeg. The inferredw was even lower at
shorter UV wavelengths (3,5 t0 (w335 =0.92) that

conditions. It is well known that aerosols in the mid-
Atlantic region in summer are strongly hydroscopfc,

might suggest the presence of selectively UV absorbing therefore particle growth by swelling at a high relative hu-

aerosols or gases other than ozoh@he spectral differ-

midity may be partly the reason for reduced absorption in

ences between 325 and 332 nm were statistically insignifi- summer’ Indeed, annual cycle abseg is the same as the
cant, which could be explained by small separation in 7e,annual cycle: with maximum in summer and minimum

wavelength’7 nm) between these two channels. Allspec-

tral retrievals were highly correlated for either UV-MFRSR UV

or AERONET inversions(correlation coefficient>0.9,

in winter. A limited number of previous retrievals in the
revealed larger variability of o at different
locations”?*3"~42For examplew retrievals using all chan-

Table 1. However, the correlation was weaker between nels of UV-MFRSR were conducted at Black Mountain,

UV-MFRSR and AERONET wavelengths.
The average AERONE retrievals for summer 2003

North Carolina®4%4'The authors repomsgg ranging from
0.81 to 0.99 with the average valgesgg =0.89 and esti-

(<w44o>f07-96) were lower than multiyear average at the mated uncertainty-0.04 atre,~ 1. On the other hand, es-
same sit& ((w449=0.98), suggesting unusually high ab- timates of ws,s in Toronto, Canada, using totagloba)
sorption. This difference could be a result of a statistical irradiance measured with a Brewer Spectrophotometer
fluctuation(our sample includes only 60 cases, while much (,...~0.95 see Table 1 and Fig. 12 in Krotkov et’al.

larger sample was used in Ref.)23@r could reflect real
interannual changes in aerosol absorption. Sincecthe-

trievals were correlated in the UV and visible wavelengths

(correlation coefficient~0.6 to 0.7 this could also mean
that the true(multiyean climatological absorption in UV
wavelengths is, perhaps, higher 540.02 than 2003 sum-
mer mean value(sge =0.94, Table 1L Continuation of

were only insignificantly higher than current UV-MFRSR
summer average valugvsgg=0.94 at the GSFC location.

4.2 Imaginary Part of Refractive Index
Incorporating aerosol Mie calculations along with AERO-

the long-term continuous measurements by both techniques!\'ET inversions of _the_particl_e size distributions and the
is therefore important to increase statistical significance of réal part of refractive index into the RT forward model

our results.

made it possible to infer optically effective imaginary part

The results in Table 1 were obtained under conditions of Of refractive indexk independently in each UV-MFRSR

high aerosol loadingsr,(440)>0.4] that were mostly re-

stricted to summer humid haze conditions. The aeroso
loadings are typically much lower at GSFC site in fall,

spectral channgfor details see Sec.)3The combined sta-

|tistics of UV-MFRSR and AERONET spectrilretrievals

on hazy summer dayfr.,(440)>0.4] is presented in

winter, and spring seasons. The key question is whether theT@Ple 2. The retrieved values were higher in UV than in
aerosol absorption remains seasonally independent andhe Visible wavelengthgksse ~0.009+0.004 compared to
whether thew results obtained during summer conditions (Kag ~0.006+0.003. However, mean differences in

(Table 1 could be used for other seasons. To investigate K ((Kzgg— k44o>~0.004gk368_k440~0.003)

this question, the UV-MFRSR» retrievals were repeated
allowing cases with lower aerosol loadings,,(440)
>0.1] and correlated versus.,;. The largest correlation
betweenw and 7, (with correlation coefficient-0.7) was
found at 368 nmFig. 4), while correlation was weaker at
other wavelength$~0.6 at 325 nm and-0.4 at 440 and
670 nm. The decrease ab with 7,; suggests that the type

of aerosol may have changed between summer and winterblack carbon (BC,

Optical Engineering

041005-8

were  only

slightly larger than AERONET quotéd retrieval uncer-
tainty Ak~0.003. Thek values were even higher at shorter
UV wavelengths:(ksz»s)~0.013+0.005. Therefore, thé
spectral dependence in the UV was found to be similar to
the spectral absorption of organic card@cC) from biom-

ass burning(Table 4 in Ref. 23 while AERONETK re-
trievals were more consistent with the assumption that
from urban and motor vehicle
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Fig. 4 Hourly average retrieved values {w3gg) as a function of measured extinction optical thickness
Taps at 368 nm for 17 months of UV-MFRSR operation at NASA GSFC site in Maryland. The error bars
are interpolated from Table 4 in the appendix and are the same as for individual retrievals. The error
bars were not reduced, despite 1-h averaging of individual retrievals, because retrieval errors were not
believed to be random. Only (w3gg) values with estimated retrieval uncertainties less than 0.05 are
shown.

emissions’ 2! was the main absorber in the visible Enhancing both techniques to provide a spectral overlap

wavelengthg’ These apparent differences require further with at least one common wavelength would provide better

investigation. insight on aerosol absorption spectral dependence. At the
So far, UV-MFRSRw andk results(Tables 1 and Pdo same time, conducting colocated measurements at different

not enable explanation of the causes of apparent larger absites with varying background aerosol conditions is also

sorption in the UV wavelengths compared to AERONET desirable.

rgtrievals in.the visible yvavelengths. This could be dug to 43 Aerosol Absorption Optical Thickness

differences in the techniques or the presence of selectively

absorbing aerosols in the UV and requires further study. Ultimately, our goal with UV-MFRSR measurements was
to derive the statistical distributioftlaily and seasongpbf

Table 2 Summer (2003) Imaginary refractive index statistics.*

UV-MFRSR? AERONET?
Parameter 325 nm 332 nm 368 nm 440 nm 670 nm
Mean absorption index, 103k 10%(k) 13 13 9 6 5
10% (Knnin “Kinae) (7:27) (7:26) (5:20) (0.8:13) (0.8:12)
Standard deviation, k 10%0 5 5 4 3 2.82
Mean k difference: 103A k, 103( ky — Kaao) 7.6 7 3.6 0 0.3
(0:20) (0:19) (-1:12) (-1:1)
Standard deviation of the k difference 1030540 3.7 3.6 25 0 0.4
Correlation coefficient k, with ks R(ky ,Ksa0) 0.69 0.68 0.75 1 0.99
Correlation coefficient k, with kzeg R(ky ,kagg) 0.95 0.95 1 0.75 0.73

1sample (N=60) for solar zenith angle between 45 and 70 deg, and 7440>0.4 predominantly for summer 2003.
2sample included 2-h-averaged UV-MFRSR k retrievals (10 to 30 individual retrievals).
3Sample included individual AERONET k inversions.
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the UV absorption optical depthyysat urbanized regions in 2001 Asian dust plume no dust events occurred during

the eastern part of the United StateFhe e Tex(1 reported time period. o _

— w) can be calculated using UV-MFRSR,, and e inver- While the annual cycle irry,sis caused mainly by the
sions or directly using linear regressiofsee Fig. 7 in the ~ annual cycle in aerosol extinction optical thicknesg, the
appendix. Note that using regressions to estimajg, di- correlation betweenr,,s and 7,; was not perfectlinear

rectly from irradiance measurements enables retrievals un-correlation coefficient~0.76 at 368 nm as would have
der smaller aerosol loadings than possible with existing been the case with no variability in aerosol single scattering
methods. An additional advantage is that, is typically 50 ~ albedo,w=const. Indeedwsqg data presented in Fig. ds
to 100% larger in the UV than in the visible wavelengths Well as at other wavelengthsnight suggest thai is, in-
for urban-industrial aerosol with the same mass loading. deed, not constant, but decreases with decreasipgThe
These conditions make it possible to estimatg for downward w trend was seen for both UV-MFRSR and
smaller aerosol loadingbr,,{440)>0.1], which in turn ~ AERONET inversions, despite progressively larger re-
enabled, for the first time, studying the seasonal cycle in trieval errors at smalke,. This trend could be due to real
aerosol absorption. Figure 5 shows a time series of hourly changes in the average aerosol composition between sum-
(7.5{325)) values for 17 months of continuous monitoring Mer and winter months at the GSFC site.
at GSFC site(cloud-free and snow-free case#lso see
Table 3. 5 Explaining Bias in Satellite UV Irradiance

The data gaps occurred due to unusually unfavorable  Retrievals

weather conditiongrain or snow in 2003 or from excep-  aerosol UV absorption results reported here have important
tionally clear days with=7,,(440)<0.1. The main fea-  jmplications for measuring UV surface irradiance from
tures of ther,,sseasonal cycle at GSFC can be clearly seen space/:® Multiyear comparisons of the TOMS UV data
from the figure: a pronounced summertime maximum with with ground-based Brewer measurements revealed a posi-
Tabd 325)~0.08 to 0.10 and wintertime minimum0.01. tive bias at many locatiors::3 The bias can be seen at all
The maximumr,ystypically occurs in summer due to com-  wavelengths in clear-sky conditions. This suggests the dif-
bination of regional and local pollution sources with hot ference is not related to ozone absorption. Here we estimate
and humid weather conditioisummer haze The weakly possible bias explanation due to aerosol absorption
absorbing haze is often associated with enhances high lev-effects!®>*The TOMS UV algorithm first involves estima-
els of tropospheric 0zoRgozone smog episodesThese tion of a clear-sky surface irradiand&,c,,, Which is ad-
summer haze conditions are responsible for summer highjusted to actual surface irradiané by using a TOMS-

Tabs Values(at 368 nm~0.06 to 0.07. Even on relatively  derived cloud/aerosol transmittance fac@y:

clear summer days;,sis larger than—~0.02. On top of the

seasonal cycle, occasional transient phenonfleng-range E=Ee.Ct- 2
transport of biomass burning smoke and desert dust sforms

can be clearly detected. One clear example was the passaggither cloud or absorbing aerosol indeXl) correction is

of an aged smoke plume from Siberian forest fires over applied~*°to calculateCt. Currently, absorbing aerosols
GSFC on June 2, 200Fig. 1), characterized by an unusu- are assumed and Al correction is applied 4.5 and

ally large 7,,{325)~0.11. Although occasional dust 360-nm reflectivity<<0.15. Otherwise, clou€; model is
plumes had been reported at GSEQ example, the April assumed, so the algorithm does not distinguish between

Table 3 Annual (2002 to 2004) aerosol absorption optical thickness 7., Statistics.t

UV-MFRSR? AERONET?
Parameter 325 nm 332 nm 368 nm 440 nm 670 nm
Mean 7, (Tabs) 0.05 0.05 0.04 0.02 0.01
(i ) (0.007:0.12)  (0.009:0.11)  (0.007:0.09) (0.003:0.05)  (0.001:0.03)
Standard deviation, s O rabs 0.02 0.02 0.015 0.01 0.007
Mean T, difference ATaps(N) = (Taps(N) — Taps(440) ) 0.03 0.03 0.02 0 -0.01
(—0.001:0.08) (—0.001:0.07) (—0.01:0.05) (—0.03:-0.002)
Standard deviation of Tary 0.014 0.013 0.01 0 0.005
the difference A 7,,5(N\) o
Correlation coefficient R Taps(440), Taps(N) ] 0.84 0.81 0.76 1 0.98
Taps(N) With 7,,5(440)
Correlation coefficient R[ Taps(368), Taps(M) ] 0.93 0.95 1 0.76 0.74

Taps(N) With 7,,5(368)

Data sample (N=260) with solar zenith angle between 20 and 70 deg, and 7440>0.1 in 2002 to 2004.
2Sample included 2-h-averaged UV-MFRSR k retrievals (between 10 and 40 individual retrievals).
3Sample included individual AERONET k inversions.
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Fig. 5 Time series of aerosol absorption optical thickness 7., at 325 nm derived from 17 months of
UV-MFRSR operation at NASA GSFC site in Maryland. The data are for cloud-free and snow-free
conditions. Individual 7,,s values were averaged over a 2-h period of time within =60 min of the
AERONET inversion. The error bars of 7., are interpolated from estimates given in the appendix in

Table 4.
thin clouds and aerosols. This causes a typical error 4. The bias was correlated with UV-MFRSR measure-
~2% for nonabsorbing sulfate or sea salt aerosols with ments of 7,4 325 nm) (Fig. 6).

Tex(550)=0.2. On the other hand, absorbing aerosols in ) ) )

the boundary layer attenuate UV irradiance more strongly ~_ Figure 6 shows that the bias was indeed well correlated
for the samer.,, (see Appendix causing cloudC; correc- with 74,325 n_m) and thg slope of the regression was close
tion to underestimate their attenuation of surface UV irra- 10 the theoretically predicted parameterization. This con-
diance. Because pollution aerosols are typically located in firms that boundary layer aerosol absorption can explain the
the boundary layer, they tend to produce negative Al, which Positive TOMS UV bias found in ground-based land com-
makes it impossible to distinguish from nonabsorbing aero- Parisons. Since operational global satellite UV algorithm
sols and thin clouds using just Al data, causing overestima- Was not expected to catch all variability in local atmo-
tion of UV irradiance. Moreover, since these aerosols also SPheric and geographical conditions at measurement sites,
attenuate the outgoing radiation, the cloGg algorithm ~ the bias was parameterized as functionrgfs to provide
underestimatesr,,;, amplifying the error further. The off-line correction for the operational UYOMS) data, so

TOMS UV bias was modeled and shotffi*to be propor- users at sites withr,,s ground measurements or established
tional to ., Here we quantified the bias using actual climatology can apply their own corrections to the standard

TOMS and UV-MFRSR measurements combined with re- 1OMS UV data off-line.
trievals of the aerosol optical properties as follows: UV(TOMS)

UV (correctedy m .
ab

)

1. Atmospheric radiances were measured by TOMS at
331 and 360 nm and inverted with a standard TOMS
surface UV algorithrtf to obtain estimates of surface g Conclusions

UV irradiance at 3_25 nm, UMOMS). First, it was demonstrated that an advantage of the shadow-
2. The TOMS absorbing Al was also calculated to select pang technique in measuring aerosol absorption is that the
conditions with no free-troposphere absorbing aero- accyrate irradiance calibration can be established by cali-
sol plumes: AKO0.5. brating the direct sun component and comparing with sun-
3. UV(TOMS) was compared with the UV-MFRSR photometers such as AERONET CIMELs. The shadowband
measured total UV irradiance to estimate the bias: method is complementary to the AERONET almucantar re-
UV(TOMS)/UV(ground. trieval of aerosol single scattering albeo?’ because the
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Krotkov et al.: Aerosol ultraviolet absorption . . .

1 v35 T T T T T T T T T T T T T T T T T

Model: 1 + 37, ——— ° °

1,30

1.15

1.10

TOMS,/UV-MFRSR ot 325nm

1,05

IIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIII

1.00 L L N 1 L N N 1 L L N 1 L L L 1 L

(o) 0.02 0.04 0.06 0.08
Tops At 325nm

o
<)

Fig. 6 Ratio between satellite-estimated (by the TOMS UV algorithm’~%%) and measured (by the UV-
MFRSR) total (direct plus diffuse) surface UV irradiance at 325 nm versus aerosol absorption optical
thickness at 325 nm inferred from combined UV-MFRSR and AERONET measurements at NASA
GSFC site. The line shows a theoretical relationship derived from radiative transfer modeling.*® The
results are shown for only pollution aerosols with the TOMS absorbing Al at 331 nm less than 0.5 and
TOMS 360-nm Lambertian effective reflectivity less than 0.15.

retrievals are more reliable at low solar zenith angles. techniqué®. Continuing colocated measurements at the
Therefore, combined use of both instruments enables us toGFSC location is important to improve the comparison
derive the complete diurnr_:ll. cycle of aero;ol absorpfcion. statistics, but conducting these measurements at different

Second, there are specific advantages in measuring aerosites with varying background aerosol conditions is also
sol absorption in UV that lead us to believe thatetrieval desirable.
results can be used down tQ,~0.2: (1) the measured Fourth, using all cases for cloud-free days, we derived
accuracy of AERONET reference instruments in the UV the diurnal and seasonal dependence of aerosol absorption
with additional pressure and true ozone corrections could gptical thickness-,,sin the UV wavelengths. The expected
be made better than the previously estimated value of 5ccyracy ofr,, retrieval from UV-MFRSR measurements
~0.01 at 340 nni>3®47 (2) the surface albedo is much . o
smaller in the UV than in the visible spectral region and " 0.01 t0 0.02, limited by the UV-MFRSR measured ac-

. P ) glor curacy and calibration\{p). The variability in aerosol size

does not affect the aerosol retrievals as mu@; ey in g Lo

; . Xt distribution and real refractive index becomes comparable
UV is larger(for the same aerosol madban in the visible -

to the measured uncertainties only for large aerosol load-

spectral range;(4) careful characterization of the UV- . ~05). Th | h d
MFRSR instrument, correction for known systematic er- N9S (Tex=0.5). The 7,y values show a pronounced sea-

rors, monitoring of instrument performance via daily Cl- Sonal dependence af,; with maximum valuesryps~0.1

MEL intercomparisons, and characterizing atmospheric 0Ccurring in summer hazy conditichand <0.02 in winter

conditions; (5) stability and repeatability of individuab and fall seasons, when aerosol loadings are small.

retrievals; and6) ancillary and redundant aerosol measure-  Finally, it was found that» decreases with decreases in

ments available at GSFC site. Indeed, measurement reduney. This could be due to real changes in the average aero-

dancy and instrument intercomparisons were key factors in sol composition between summer and winter months at the

helping to increase the accuracy of aerosol absorption mea-GSFC site. Obviously, continuation of UV-MFRSR mea-

surements. surements at the GSFC site with an enhanced (axitling
Third, inferred values of the effective UV imaginary re- 440-nm channglis important to increase confidence in re-

fractive index were first used for comparisons of aerosol ported data.

single scattering albed® at 325, 332, and 368 nm and In the future we suggest

with AERONET retrieval® at 440 nm,w,4. The mea-

sured differences in absorption between 368 and 440 nm 1. Providing spectral overlap measurements for shad-

might sugzgest the presence of selectively UV absorbing owband and almucantar techniques. This involves ab-
aerosol&* or interference from gases other than ozone. solute calibration of UV sky radiance channels of Cl-
However, the differences might also be caused by uncor- MEL instruments(340 and 380 nmand extending
rected systematic instrumental effects or absolute calibra- almucantar inversion technigt’e?’ to include UV
tion uncertainties of sky radiancds-5% for almucantar sky scans. For the shadowband technique, replacing
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Fig. 7 Relationship between Rayleigh normalized total transmittance, TR, and 7,5 at 368 nm, assum-
ing fixed solar zenith angle (SZA) 6,=33 and 70 deg and extinction optical thickness (a) 7e,=0.2 (top)
and (b) 7.,=0.8 (bottom). Linear regression model of Eq. (4) is fitted to all data points assuming
variability due to size distribution as a random error. Regression coefficients are given in Table 4.

filters in one or several channels of the UV-MFRSR 7 Appendix: Sensitivity of UV-MFRSR
instrument to match those of CIMEL instrument will Measurements to Aerosol Absorption

be ""_ISO helpful. Standard UV-MFRSR measurements include voltages that
2. Adding spectrometer measurements to separate beare proportional to total horizontal and diffuse horizontal

tween aerosol and gaseous absorption. irradiance components. Since both components are mea-
3. Conducting measurements at different sites with sured by the same diffuser/filter/detector combination, dif-
larger expected UV aerosol absorptiémore pol- fuse and total atmospheric transmittances are obtained di-

luted sites with a higher BC fractigror different ~ rectly from the measured voltage ratioS;p=Vp/V,
types of aerosolfor sites with predominantly dust and T{=V;/Vy. Here V, is extraterrestrial voltage
larger absorption is expected in UV than in the obtained by calibration transfer from AERONET network
visible). sunphotometefs>® as previously describef.The diffuse
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Table 4 UV-MFRSR measurement errors, sensitivity to 7., for different conditions and expected
retrieval errors.

Text—0.2 Text— 0.8

Sources of measured errors in
UV-MFRSR 368-nm channel 0,=33 0,="70 0,=33 0,=70

Daily V, calibration error, o, v
A In Vg (VO~2100 mv)*
Tin v, 0.01(0.05) 0.01(0.05) 0.02(0.1) 0.02(0.1)
Combined TR measurement and calibration errors

Combined TR measurement error?

Tin(TR) ~0.022(0.05) ~0.022(0.05) ~0.036(0.1) ~0.036(0.1)
L dIn(Vy)
Measurement sensitivity:
o7y)
Sensitivity In(Vy/Vp) to 7 1.5 2.7 1.6 25
Sensitivity In(V7/Vp) t0 Tey 0.1 0.17 0.1 0.17
Expected retrieval errors
Expected error in 7,5 due to 0.01(0.03) 0.008(0.02) 0.02(0.05) 0.014(0.05)
measurement error, 1o
Expected error® in 7., due to 0.006 0.003 0.01 0.01
uncertainty in PSD, 1o
Combined error in 7,5, 1o 0.012(0.03) 0.008(0.02) 0.022(0.051) 0.017(0.05)
ATaps 0.06(0.15) 0.04(0.10) 0.03(0.06) 0.02(0.06)
Error* in w~

Text

IAERONET V, uncertainty for reference instruments combined with calibration transfer error (see Part 1 paper).*®

2Assuming that calibration and V; measurement errors are uncorrelated (see part 1 paper).*®

3The scatter of points around regression line [Eq. (4) in appendix] gives estimate of the retrieval noise if size distribution information is not used
in 7, retrieval (Fig. 7).

4Using relationship w=1— 7,4/ ey, @SSUMING constant error in Text:D'Text"’O.Ol and uncorrelated errors in errors in 7, and 74,5 . Numbers in
parentheses refer to on-site Langley calibrations.

and total transmittances are not independent, since the volt-which is directly related to aerosol absorption and is least
age difference {+—Vp) has been used for the direct-sun sensitive to aerosol size distribution and extinction optical
equivalent calibrationVy and to infer aerosol extinction thicknessre,. In the UV spectral region, wheregayieign
optical thicknessre,. Therefore, only one additional aero- typically exceeds that of,os0p it iS cOnvenient to normal-
sol parameter could be independently estimated in eachize Ty by the total transmittance of the molecular atmo-
UV-MFRSR spectral channel by matching transmittances sphere with the same ozone amount,TR;/Tg,y, Which

for each wavelengthor their ratiog to those calculated greatly reduces sensitivity to ozone, wavelength, and solar
from a radiative transfer model. Our goal is to infer aerosol zenith angle. An important advantage of working with TR
absorption optical thickness,,s while other model input  is that nonabsorbing aerosols have only a small ffest
parameters are constrained by independent measurementd.R (7~0.1 produces~1% TR reductioi since the de-
Note that the UV surface albedo is low and stable at our crease in direct solar flux caused by aerosol scattering is
site for snow-free condition&-0.02 to 0.03 from clear-sky  nearly compensated by an increase in diffuse sky flux. For
overpass EP-TOMS reflectivity measuremerasd does UV absorbing aerosolgédust, smoke, and urbanthe in-

not have a noticeable effect on ground-based aerosol meacrease in the diffuse flux is suppressed by aerosol absorp-

surements. tion, so TR sensitivity tor,,s is an order of magnitude
Historically, different irradiance ratios were used to infer greater than TR sensitivity ta,,,. Based on a modeling
Taps (O @erosol single scattering albedor 1 — 74y 7ey): study/ the dependence of TR an,, and r,,scan be written

diffuse/direct ratid® 3 DD=Tp/(T1—Tp), diffuse frac-  approximately as

tion (diffuse/total, D=Tp/Ty) ratio®?=3* and total to

Rayleigh transmittance rafic(TR:TT/TRay). In the end, —IN(TR) =~ a7yt b7aps 4
all inversion techniques should deliver consistegs re-

trieval results regardless of which ratios are used. For our where, for typical aerosolsot containing significant quan-
measurements of,,s, the most convenient quantity is the tities of mineral dust and smokea~0.1 andb~2-3 (in-
total (Tt=directplus diffuse) atmospheric transmittance, creasing with solar zenith angleTo better estimata and
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b, TR and r,,s were recalculated for fixed values of solar
zenith angledy and 7., using AERONET individual almu- 9
cantar inversiorfS—2’ at GSFC in 2002 to 2003.

The linear regression modgEq. (4)] was fitted to all
calculated pairs Tr,7a9 (0 estimate Ty sensitivity
selectively tory,, treating real variability in size distribu-
tion and real part of refractive indaxg as random errors
(Fig. 7).

The regression coefficients quantify TR sensitivity to
aerosol parameters as function of SZPable 4. The ex-
pected accuracy of,,s retrieval from UV-MFRSR mea-
surements is~0.008 to 0.02, limited by the measured ac-
curacy of total voltage \(y) and calibratiof® (V). The
variability in aerosol size distribution and real refractive
index becomes comparable to the measured uncertainties
only for large aerosol loadingsr{,.>0.5). The measure-
ment uncertaintiesdiscussed in detail in the first pafigr
and regression coefficients for high and low aerosol load-
ings are summarized in Table 4. The estimated retrieval
uncertainties ofr,,s and w for the shadowband technique
(Table 4 are comparable to the almucantar technfgue
for favorable conditionglarge SZAs,0,>45 deg and high
aerosol loadingsre, (440 nm)>0.4]. However, an impor-
tant advantage of the shadowband technique is that it re-
mains sensitive tor,,s even at low solar zenith angles,
when the almucantar technique is not sensttivé to 7.

On the other hand, cosine-correction errors increase forq7.

shadowband measurements at high SZgee discussion in
Ref. 45, while cosine errors are absent for the CIMEL.

suring complete diurnal cycle of aerosol absorption.
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