
Optical Engineering 44(4), 041005 (April 2005)
Aerosol ultraviolet absorption experiment
„2002 to 2004…, part 2: absorption optical
thickness, refractive index, and single
scattering albedo

Nickolay Krotkov
University of Maryland
Goddard Earth Sciences and Technology

Center
Baltimore County, Maryland 21228
E-mail: Krotkov@chescat.gsfc.nasa.gov

Pawan K. Bhartia
Jay Herman
NASA Goddard Space Flight Center
Greenbelt, Maryland 20771

James Slusser, MEMBER SPIE
Gwendolyn Scott
Colorado State University
Natural Resources Ecology Laboratory
U.S. Department of Agriculture

UV-B Monitoring and Research Network
Fort Collins, Colorado 80523

Gordon Labow
Alexander P. Vasilkov
Science Systems and Appliations, Inc.
Lantham, Maryland 20706

Thomas F. Eck
Oleg Dubovik
University of Maryland
Goddard Earth Sciences and Technology

Center
Baltimore County, Maryland 21228

Brent N. Holben
NASA Goddard Space Flight Center
Greenbelt, Maryland 20771

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 v, which is compared with AERONET inversions in the visible
wavelengths. On cloud-free days with high aerosol loadings @text(440)
.0.4#, v is systematically lower at 368 nm (^v368&50.94) than at 440
nm (^v440&50.96), however, the mean v differences (0.02) are within
expected uncertainties of v retrievals (;0.03). The inferred v is even
lower at shorter UV wavelengths (^v325&;^v332&50.92), which might
suggest the presence of selectively UV absorbing aerosols. We also find
that v 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 text and v, the seasonal dependence of the aerosol
absorption optical thickness, tabs5text(12v) 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 tabs 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 tabs 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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1 Introduction

Aerosols in the boundary layer can significantly change ai
quality either directly or by affecting the rate of tropo-
spheric ozone~urban smog! formation.1–4 Scattering by
aerosols increases the actinic flux and the rates of photo
chemical reactions in the upper parts of the planetary
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boundary layer,1–6 while aerosol absorption reduces th
amount of UV radiation available for chemical reactio
within and below the aerosol layer.1–5 Therefore, without
accurate knowledge of aerosol UV absorption~or single-
scattering albedo! the magnitude and even the sign of th
aerosol effect on tropospheric photochemistry rem
highly uncertain.1–6 By the same reasoning, the bounda
layer aerosol absorption uncertainty remains a serious
stacle in satellite estimation of biologically harmful U
-1 April 2005/Vol. 44(4)
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Krotkov et al.: Aerosol ultraviolet absorption . . .
irradiance at the surface.7–13Although it is well known that
iron oxides in desert dust14–16 and soot produced by foss
fuel burning and urban transportation17–21 strongly absorb
UV radiation, properties of other potential UV absorbe
e.g., organic and nitrated and aromatic aerosols,22,23 are
poorly known. In addition, different aerosol componen
are often mixed in an atmospheric column downwind fro
urban regions.24 This makes it difficult to quantify aeroso
effects on UV irradiance and photolysis rates from t
models. On the other hand, ground-based passive rem
sensing techniques enable estimation of column aeroso
sorption without prior knowledge of aerosol compositio
The techniques are based on nearly simultaneous mea
ments of direct sun irradiance and diffuse sky radiance25–28

or irradiance,29–34 from which column average absorptio
can be inferred~with aircraft measurements providing ve
tically resolved information21,24!. The multiyear mean col-
umn aerosol absorption climatology in the visible has be
established for several sites using CIMEL almucan
inversions25–27 from the global Aerosol Robotic Networ
~AERONET! network,35,36 but these inversions are not y
available at UV wavelengths. Ground-based remote m
surements of aerosol UV absorption were a
demonstrated,37–42 but these retrievals have not been va
dated. Neither technique has yet enabled deriving seas
aerosol absorption climatology.

To validate column aerosol absorption retrievals in
UV and produce a long-term seasonal data set of aer
column absorption optical thicknesstabs a UV multifilter
rotating shadowband radiometer43,44 ~UV-MFRSR, Yankee
Environmental Systems, Turners Falls, Massachusetts! and
a rotating triad of sun-sky CIMEL radiometers@reference
instruments of the National Aeronautics and Space Adm
istration ~NASA! AERONET network35,36# were run side-
by-side continuously for 17 months at the NASA Godda
Space Flight Center in Greenbelt, Maryland. A previo
paper45 showed that the AERONET data could be used
UV-MFRSR daily on-site calibration and accurate measu
ments oftext at three UV-A wavelength channels. The e
sential advantage of the schadowband technique29–34is that
calibration obtained for direct-sun voltage can be direc
applied to obtain diffuse atmospheric transmittance.43,45

The transmittance combined with accuratetext data and a
radiative transfer model enables the aerosol absorption
single scattering albedo retrievals described in this pa
The paper is organized as follows. Section 2 descri
briefly the data sets used in this study. Section 3 provide
description of the UV-MFRSR inversion technique impl
mentation, and Sec. 4 discusses aerosol absorption re
and comparisons with AERONET inversion data in the v
ible wavelengths. Section 5 discusses application of
aerosol UV absorption optical thickness data to explain
bias in satellite surface-UV estimates. A sensitivity stu
and accuracy assessments of the aerosol UV absorptio
trievals are discussed in the appendix~Sec. 7!.

2 Data Sets

The primary data set consists of 3-min measurement
diffuse and total irradiance collected with the UV-MFRS
instrument43,44 ~optical head 271! from the U.S. Depart-
ment of Agriculture~USDA! UV-B Monitoring and Re-
search Network46 ~UVMRP!. A single measurement cycl
041005Optical Engineering
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consisted of measuring total horizontal irradiance~no sun
blocking! followed by three irradiance measurements w
different positions of the shadowband blocking the sun a
sky radiance on each side of the sun~at 9 deg!. All spectral
channels were measured within 1 s by seven separate
state detectors with interference filters sharing a comm
Teflon diffuser.43 The complete shadowing cycle took;10
s and was repeated every 3 min throughout the day with
averaging of the data. The raw data~voltages! were auto-
matically transmitted every night~via dedicated telephone
modem! to the USDA UVMRP processing center at th
Colorado State University~Fort Collins! for voltage correc-
tions and further processing. The standard UVMRP calib
tion procedure differs from that used in our experimen
where we used only cosine-corrected voltages calibra
on-site against our colocated reference AERONET sunp
tometers. This method yields more accurate measurem
of text and diffuse and direct atmospheric transmittances
detailed description of the UV-MFRSR operating proc
dures, raw voltage corrections, and on-site calibration p
cedure was a subject of our first paper45 ~this issue!, there-
fore, only a brief summary is provided here.

2.1 Direct and Diffuse Transmittances

In addition to UV-MFRSR data,text was continuously mea
sured with a rotating triad of CIMEL radiometers that we
reference instruments of the AERONET global network35,36

~data available at http://aeronet.gsfc.nasa.gov!. The auto-
matic tracking sun- and sky-scanning radiometers made
rect sun measurements with a 1.2-deg full field of vie
every 15 min at 340, 380, 440, 500, 675, 870, 940, a
1020 nm~accuracy typically35,36,47 ;0.003 to 0.01 in the
visible with larger errors in the UV!. The pressure-
correctedtext at 340 and 380 nm and the standardtext at
440 and 500 nm were interpolated in time and wavelen
and compared with the UV-MFRSR measurements
cosine-corrected direct-normal voltages to derive a m
accurate dailyV0 calibration45 than provided in the stan
dard UVMRP data set48 ~http://uvb.nrel.colostate.edu!. The
derived V0 for each spectral channel agreed with tho
from Langley UV-MFRSR measurements obtained on co
pletely cloud free days.45 The improved calibration was
used to obtain both direct (TR) and diffuse (TD) atmo-
spheric transmittances with high accuracy~2 to 4% at 368
nm, see Table 4 in the appendix!.

2.2 Surface Pressure and Total Ozone
Measurements

Accurately specifying surface pressure is an important
quirement for radiation modeling in the UV spectral regio
Surface pressure measurements at a nearby~5 km away!
USDA location in Beltsville, Maryland, were used reduc
by ;2 mbar to account for change in altitude betwe
Beltsville location @;70 m above sea level~ASL!# and
GSFC UV-MFRSR location@roof of the building,;90 m
ASL according to our global positioning system~GPS!
measurements45#.

Ancillary measurements at our site included Brew
double-monochromator column ozone measureme
Missing Brewer ozone measurements were filled in w
the Earth Probe/Total Ozone Mapping Spectrome
-2 April 2005/Vol. 44(4)
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Krotkov et al.: Aerosol ultraviolet absorption . . .
~EP/TOMS! total ozone data, since both ozone data s
agreed quite well~within 2%!. The ozone values were use
to calculate ozone absorption optical thickness,tO3 in each
UV-MFRSR spectral channel for each individual measu
ment. The pressure measurements were used~1! to calcu-
late accurate Rayleigh scattering optical thicknesstR and
~2! to correct standard AERONET aerosoltext at 340- and
380-nm data used for calibration~see Sec. 2.1!.

2.3 Aerosol Extinction Optical Thickness

Daily averageV0 estimates along withtR and tO3 were
used to calculate aerosoltext for individual UV-MFRSR
measurements.45 The 3-min UV-MFRSRtext data com-
pared well with interpolated 15-min AERONETtext mea-
surements with only a small scatter@at 368-nm daily root
mean square~rms! differences between AERONET an
UV-MFRSR text were within 0.01~1s!# on all cloud-free
days. This analysis45 has shown that the UV-MFRSR, whe
intercalibrated against an AERONET sunphotometer on
same day, was proven reliable to retrievetext.

With text known, the only radiative transfer~RT! model
input parameters are surface albedoA, aerosol phase func
tion ~average cosine,g!, and single scattering albedov. For
v to be inferred by means of fitting of calculated and me
sured transmittances,A and g were to be estimated from
ancillary measurements as described in the following.

2.4 Aerosol Phase Function and Asymmetry
Parameter

CIMEL sky radiance almucantar measurements at 440, 6
870, and 1020 nm~downloaded from the website http:
aeronet.gsfc.nasa.gov! were used in conjunction withtext at
these wavelengths to retrieve column average particle
distribution ~PSD! and effective refractive index@real ~n!
and imaginary~k!, independently at each of the note
wavelengths# following methodology of Dubovik and
King25 and Dubovik et al.26,27Even though it is well known
that dustlike particles have irregular shapes arising from
fracturing of larger grains, the AERONET retrieval a
sumes the aerosol particles to be polydisperse hom
neous spheres that have the same complex refractive in
Sensitivity studies by Dubovik et al.26 examined how much
these assumptions mislead the inversion solutions in
cases of nonspherical dust aerosols and in the case of
homogenous aerosols~externally or internally mixed
spherical particles with different refractive indices!. For all
tested cases, no significant errors where observed in
retrieval of a single scattering albedo, which is the focus
our study.

The aerosol phase functions at UV-MFRSR waveleng
were calculated using the AERONET PSD and refract
index at 440 nm~real part! inversions within 60 min of
each UV-MFRSR measurement using forward Mie calcu
tions, as described in Sec. 3.

2.5 Surface Albedo

It was previously shown that changes inA from 0.4 to 0.8
result in a 30% increase in diffuse atmosphe
transmittance.29–31However, in the UV spectral region,A is
only a few percent for snow-free terrain, therefore, clim
tological values are usually acceptable.49 Excluding days
041005Optical Engineering
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with traces of partial snow cover enabled us to use TOM
derived climatologically snow-free values of surfa
albedo.49 Low surface albedo in UV-A;0.02 at the God-
dard Space Flight Center~GSFC! site was confirmed from
satellite overpass 360-nm reflectivity measurements fr
the EP/TOMS on clear snow-free days~http://
toms.gsfc.nasa.gov!. Such low values of surface albed
provide an important advantage for measuring aero
properties in the UV spectral range. Maximum possible
viations;0.02 inA from the assumed climatological valu
(A50.02) would result in 1.5% changes in the diffuse
radiance transmittance and even smaller changes in
transmittance and diffuse fraction ratio.

2.6 Aerosol Vertical Distribution

The aerosol vertical distribution was shown to be not i
portant for aerosol absorption determination~see later dis-
cussion in Sec. 4!. Therefore, a fixed exponential aeros
vertical profile in the lower troposphere was used in t
forward model with no stratospheric aerosol.

With tO3 , tR , text, A, and g predetermined in each
UV-MFRSR channel, the only free RT model input param
eter is single scattering albedov. Therefore,v was inferred
with a forward RT model by requiring that calculated tran
mittances~or their ratios! match the measured ones~Sec.
2.1! independently in each UV-MFRSR channel. Tech
cally, Mie calculations were incorporated in the forwa
model to account forg spectral dependence without usin
look-up tables. The details are given in Sec. 3.

3 UV-MFRSR Aerosol Absorption Inversion
Technique

Only UV-MFRSR data corresponding to horizontally h
mogeneous cloud-free atmospheric conditions were u
The cloud-free portions of days were selected by vis
examination and analysis of 3-min irradiance series a
all-sky camera images.

The fitting to the forward model was done separately
different transmittances and their ratios@the diffuse-to-
direct ratio29–31 (DD5TD /TR), the diffuse fraction32–34

(DT5TD /TT), and the total transmittance7 (T5VT /V0)]
at each UV-MFRSR spectral channel. The advantage of
lizing dimensionless ratios (DD , DT , andT! is that abso-
lute radiometric calibration is not required, since the sa
detector measures both the total and diffuse flux.43 Agree-
ment between all three methods provides a robust chec
relative UV-MFRSR spectral calibration and the correcti
for systematic measurement errors~i.e., angular and spec
tral response corrections45!.

To obtain the UV-MFRSR aerosol inversions, CIME
almucantar measurements andtext were used25–27 ~Sec.
2.4!. Each alumcantar measurement took 5 minutes
was repeated every hour and direct suntext measurement
was repeated every 15 min~Sec. 2.3!. All available UV-
MFRSR data~every 3 min! within time interval660 min
of each AERONET almucantar measurement were a
lyzed. Our assumption was that the aerosol type did
change during this period and that observed changes in
radiation field arise from changes in solar zenith angle a
aerosol optical thickness. Therefore, we used the sa
aerosol size distribution and the real part of refractive ind
-3 April 2005/Vol. 44(4)
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Krotkov et al.: Aerosol ultraviolet absorption . . .
within each 60-min time slot, but allowed fortext and u0
changes in 3-min increments using UV-MFRSR measu
ments. If the time slots for two consecutive AERONE
retrievals overlapped, we repeated the UV-MFRSR fitt
for all overlapping points with the new aerosol paramete
This provided a test of sensitivity of our results to real-tim
changes in the AERONET inversion parameters~PSD and
nR) used as input to our fitting technique. Forward RT c
culations were run to fit every single 3-min UV-MFRS
measurement independently at each wavelength. The
vantage of this approach is that forward RT calculatio
were always done for the exact values of solar zenith an
text, and aerosol parameters. The methodology of forw
modeling andv retrieval was as follows:

1. Standard discrete AERONET column volume PSD
22 size bins between 0.05 and 15mm were fit using a
bimodal lognormal volume size distribution.27 This
parameterization requires six input parameters: c
umn volume, modal radius, and standard deviat
separately for fine and coarse modes.

2. Volume PSD parameters were analytically conver
to the column number density parameters required
input to the Mie code.50 Since only the shape of th
PSD was required, five input parameters remain
modal radii and standard deviations separately
fine and coarse modes and the ratio of the total nu
ber of particles in fine and course modes. The i
plicit PSD normalization occurs by requiring th
model inputtext equal to the UV-MFRSR measure
text.

3. In our Mie code, the refractive index was assumed
be the same for fine and coarse modes~one compo-
nent aerosol model! to be consistent with AERONET
inversions.25–27 Thus, following current AERONET
assumptions, a single optically effective refractive
dex was retrieved, which was a weighted mean of
true column average refractive index over the parti
size distribution.

4. The real part of refractive indexn was assumed to b
constant with wavelength, and was fixed to t
AERONET retrieved value at 440 nm. This approx
mation was possible, since the direct transmittan
was forced to be equal to the measured one thro
the independently measuredtext, while diffuse irra-
diance only weakly depends on the real part of
fractive index.29–31

5. An a priori vertical profile of the aerosols, whic
peaks in the boundary layer, was assumed in our
ward model. The additional assumption was that n
ther aerosol PSD nor the refractive index change w
altitude, which was consistent with AERONE
inversions.25–27 No stratospheric aerosol was a
sumed.

6. In the forward RT model, the TOMS climatologic
ozone and temperature profiles were used that w
scaled to the Brewer measured total column ozo
amount for every UV-MFRSR measurement. T
Brewer total ozone amount compared well wi
TOMS ozone measurements so that TOMS ozo
041005Optical Engineering
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values could be used to fill in days with missin
Brewer ozone measurements. No gaseous absorp
other than ozone was assumed.

7. The ancillary measurements available at GSFC lo
tion ~see Sec. 2! enabled us to constrain all require
input to the Mie scattering code within the forwar
RT model, except the imaginary part of the aeros
refractive indexk, which is related to effective col-
umn aerosol absorption. Thek was inferred by fitting
either diffuse to direct (DD5VF /VD) or diffuse frac-
tion (DT5VF /VT) or total transmittance (T
5VT /V0) measurements to the RT calculated valu
separately in each spectral channel. The fitting w
done iteratively starting with AERONET derivedk440
as the initial value. The absolute value of the fittin
residual was used as a measure of the goodness o
fit.

8. If a good fit was achieved, thek(fit) was treated as an
optically effective fitting parameter, rather than m
crophysical particle property, because it accounts
all assumptions in the forward model as well as s
tematic measurement errors. The fitted value
k(fit), along with the AERONET PSD andn440,
were used to calculate single scattering albedov~fit!
using Lorentz-Mie code andtabs5@12v(fit) #text.
Derived radiative properties (v,tabs) were less de-
pendent on model assumptions so that their err
were smaller than errors ink ~see the appendix fo
estimation of errors!.

9. As an independent check, we estimated the diff
fraction by varyingv directly as an input paramete
to a different RT code@the tropospheric UV-visible 4
~TUV4, Ref. 6!, based on the discrete ordinate rad
tive transfer51 ~DISORT! code#. Both v retrievals
agreed well~within 0.01! at 368 nm, provided tha
the CIMEL-derived value of the asymmetry param
eterg368 was used as input to the TUV model. Th
check provides confidence that Mie model assum
tions and forward RT calculations were not a ma
source of error in the retrievals ofv andtabs.

4 UV-MFRSR Retrieval Results

The inferred values ofk andv in the UV wavelengths were
used~1! to compare with independent AERONETv ~Sec.
4.1! and k ~Sec. 4.2! retrievals at 440 nm and~2! to infer
seasonal dependence of aerosol absorption optical th
ness,tabs5text(12v) ~Sec. 4.3!. The comparison data se
was limited because of the following conditions. Com
pletely cloud-free periods were manually selected~using
visual sky observations! that coincided with UV-MFRSR
calibration periods.45 Days with partial snow cover were
manually filtered out, with;100 cloud-free portions of
days remained between October 1, 2002, and March
2004, meeting our cloud-free and snow-free criteria.
compare only high-qualityv andk retrievals, only the in-
versions withtext(440 nm).0.4 and solar zenith angleu0

.45 deg ~required for good AERONET inversions25–27!
andu0,70 deg~required for good UV-MFRSR inversion
to minimize cosine correction errors45! were selected.
-4 April 2005/Vol. 44(4)
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Optical E
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 v440 retrievals at 440 nm are shown as large crosses with 60.03 error bars.26 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 King25 inverted particle size distribution within 660 min of each CIMEL almu-
cantar measurement. In addition, text at 368 nm is shown for both instruments (same symbols) with
right axis scale.
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For all cases, UV-MFRSR data were processed th
times using different measured fitting parameters~diffuse/
direct voltage ratio, diffuse/total voltage ratio, and to
normalized transmittanceVT /V0). All three methods pro-
vided consistent inversion results~within 0.01 inv!. As an
additional check, the comparisons were made withv re-
trievals using a different forward RT code@TUV ~Ref. 6!#.
The retrievals were essentially the same~v within 0.01!
when the correctg factor was used in the forward mod
@TUV ~Ref. 6!#. Selectedv comparison cases are shown
Figs. 1 to 3.

4.1 Single Scattering Albedo

Figure 1 showsv retrievals by both instruments on June
2003, when a long-range smoke plume was moving o
GSFC location. The passage of the plume was evident f
enhanced extinction optical thicknesst368 measured by
both instruments~shown on the right axis in Fig. 2!. Visu-
ally, horizontal visibility remained high on this day wit
clear sight of horizon; however, the sky color was unu
ally white. According to the 3-min UV-MFRSR data, th
most absorbing part of the smoke plume (v368;0.88 to
0.9! was recorded in the morning@,14 Universal Time
~UT!, also Greenwich Mean Time~GMT!# with less ab-
sorbingv368;0.93 for the rest of the day. Back trajecto
analysis and satellite data suggested that the smoke p
041005ngineering
e

was originated from fires in Siberia near lake Baik
Physical-chemical processes during long-range transpo
smoke can explain this relatively low absorption. Bore
forest smoke typically does not have lowv due to signifi-
cant particle production from smoldering of woody fue
which yields relatively small black carbon percentag
Also smoke particles tend to become less absorbing w
age as the particle size increases due to coagulation du
transport.52 The Ångström exponent was high and stab
during the day (a440/87051.73 to 1.88!, suggesting pre-
dominantly fine-mode particles. However, the A˚ ngström
exponent was smaller in the UV (a380/44050.73 to 0.82!
compared to the visible wavelengths. This suggests s
stantial curvature of the ln~t! versus ln~l! dependence
~a851.7 to 1.8!.47 The cause of largev discrepancy in the
morning ~;11.5 UT! remains unknown.

Although complete AERONET inversions were ava
able for the whole day,v440 retrievals were not shown fo
solar zenith angles less than 45 deg, because the uncert
in v440 is significantly larger for these cases.26,27 However,
AERONET inverted particle size distribution results we
shown to be accurate for all conditions,26,27 and they are
used for UV-MFRSR retrievals without restriction on sol
elevation. On the other hand, UV-MFRSRv368 retrievals
were not shown for high solar zenith angle cases whenu0

.75 deg, because the cosine-correction uncertainty for
-5 April 2005/Vol. 44(4)
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Optical E
Fig. 2 UV-MFRSR and AERONET v retrieval at GSFC on June 24, 2003. The 3-min UV-MFRSR v368

is shown as small spheres, while AERONET v440 retrievals are shown as large crosses with 60.03
error bars.27 In addition, text 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 A50.02, Brewer-measured total ozone, boundary layer aerosol
profile, and AERONET inverted25 particle size distribution within 660 min of each CIMEL almucantar
measurement.
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measured diffuse irradiance is larger for these cases.45 The
additional uncertainty at high solar zenith angles ari
from using a pseudospherical version of the forward rad
tive transfer code, which corrects only direct sun irradian
thus underestimating diffuse irradiance.50 Thus, the two
methods of estimatingv are complementary in that th
AERONET retrieval25–27 requires large solar angles, whi
UV-MFRSR data are more reliable at low solar zen
angles.

The real part of refractive index at 440 nm,n440, in-
creased from 1.39 to 1.5 during smoke passage and
creased later to 1.46. The imaginary part of refractive ind
was systematically higher in UV than in the visible (k368

50.014 to 0.02,k44050.007 to 0.013!. The difference was
larger than specified uncertainty for AERONETk
retrievals27 ~60.003! for all cases except one retrieva
These differences ink were consistent with lowerv values
in UV (v36850.89 to 0.92 compared tov44050.93 to
0.95!. This suggests thatv spectral dependence in the vi
ible ~lower v at longer wavelengths27! flattens out and even
reverses in the UV. However, it is emphasized that, exc
for solar zenith angles larger than 70 deg, thev retrieved at
368 and 440 nm are within the range of overlap of bo
retrieval uncertainties.

The sensitivity ofv368 results to assumed aerosol ver
cal profile was also studied. The smoke plume height o
Eastern Shore in Maryland and Virginia was;3 km ac-
041005ngineering
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cording to lidar data@University of Maryland Baltimore
County ~UMBC! elastic lidar system~ELF! at Chesapeake
Lighhouse, 36°54.68N, 75°42.68W!. Therefore, UV-
MFRSR retrievals were repeated with aerosol height a
km with essentially unchangedv results. Therefore it was
concluded that UV-MFRSR results were not sensitive to
smoke vertical profile~at least at 368 nm!.

Figure 2 showsv comparisons on June 24, 2003, whic
was typical for a summer regional ozone pollution episo
A high-pressure system over the Mid-Atlantic region f
this week prevented air exchange; therefore troposph
ozone pollution was building up as a result of local poll
tion ~mostly traffic! and high solar irradaince5 ~air quality
public warning was ‘‘Code orange’’ on this day!. The con-
ditions were mostly cloud-free for the whole day. In th
morning, aerosol absorption was higher in the UV, but d
ferences were not significant. Aerosol extinction decrea
during the day, while absorption increased slightly, b
more rapidly in the visible. In the afternoon, bothv retriev-
als were in agreement (v36850.91 to 0.92 andv44050.91
to 0.92!. The AERONET inverted real part of refractiv
index at 440 nm changed between 1.39 and 1.59. The A˚ ng-
ström exponent was much higher than for smoke event
June 2, especially in the UV due to significantly smal
radius and broaders of the fine mode on June 24.

Strong daily variation inv368 was detected on Augus
25, 2003~Fig. 3!, with unusually low values (v368;0.85)
-6 April 2005/Vol. 44(4)
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Optical E
Fig. 3 UV-MFRSR and AERONET v retrieval at GSFC on August 25, 2003. The 3-min UV-MFRSR
v368 is shown as small spheres, while AERONET v440 retrievals are shown as large crosses with
60.03 error bars.27 In addition, text 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 inverted25 particle size distribution within 660 min of
each CIMEL almucantar measurement.
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in the middle of the day. This case highlights the imp
tance of measuring the complete diurnal cycle of summ
time aerosol absorption, not just morning and afterno
periods.

This case also illustrates the sensitivity of UV-MFRS
retrievals to the real part of refractive index. As was me
tioned in Sec. 3, AERONET inversions of PSD and refra
tive index ~real part at 440 nm,n440) within 60 min of the
individual UV-MFRSR measurement were used as inpu
the UV-MFRSR forward RT model. If the time slots fo
two consecutive AERONET retrievals overlap, as in case
UV-MFRSR retrievals between 20.67 and 21.2 UT, the U
MFRSR inversions were repeated for all overlapping poi
with the new set of AERONET input aerosol paramet
~i.e., using 21 UT retrieval in Fig. 3!. In this particular
example, PSDs were close for two consecutive AERON
retrievals@RV,fine50.14mm, ln(sfine)50.38 at;20.67 UT
versusRV fine50.15mm, ln(sfine)50.38 at;21.2 UT#, but
n440 increased significantly~from 1.33 to 1.56!, causing
g368 to decrease for the latter AERONET retrieval (g368

50.735 usingn44051.33 at;20.5 UT andg36850.676 us-
ing n44051.56 at;21 UT!.

The effect of changingg on fittedv can be understood
using a two-stream approximation:53

TT~calc!>12
~12g368!text

~12g368!text12m0
. ~1!
041005ngineering
According to Eq.~1! the decrease ing368 ~meaning less
asymmetric phase function! would cause calculated
TT(calc) to decrease with fixedtext and solar zenith angle
@m05cos(u0);0.5# ~see also similar calculation in Re
30!. Therefore, fitting the measuredTT(meas) with this
new TT(calc) would require less absorption or larger i
vertedv368. The actualv368 retrievals~Fig. 3! show that
increase in inputn440(5n368) does cause the increase
inverted v368 in agreement with our estimate. Less pr
nounced jumps inv368 retrievals caused by changes
AERONET input parameters can be seen on other retrie
days and times~Figs. 1 to 3!. However, the jumps were
typically within the range of overlap ofv retrieval uncer-
tainty, and were considered insignificant.

Table 1 providesv comparison statistics on days wit
high aerosol loadings@text(440).0.4#, ~60 matchups
mostly in summer 2003!, when both retrievals were mos
accurate. It was found that on averagev was lower at 368
nm (^v368&50.94) than at 440 nm (^v440&50.96). How-
ever, the meanv differences~0.02! were within uncertain-
ties of UV-MFRSR retrievals~;0.03, see the appendix!.
Note also that for AERONET wavelengths,v increases
with decreasingl in the visible for fine mode smoke o
pollution aerosol.27 Therefore, the extrapolated difference
in v368 ~predicted by AERONET! and v368 retrieved by
UV-MFRSR may be slightly greater than direct compa
-7 April 2005/Vol. 44(4)
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Table 1 Summer (2003) aerosol single scattering albedo statistics.1

Parameter

UV-MFRSR2 AERONET3

325 nm 332 nm 368 nm 440 nm 670 nm

Mean single scattering albedo, v ^v&
(vmin :vmax)

0.92
(0.86:0.95)

0.92
(0.86:0.95)

0.94
(0.89:0.97)

0.96
(0.91:0.99)

0.95
(0.88:0.99)

Standard deviation, v sv 0.025 0.024 0.02 0.017 0.021

Mean v difference ^Dvl&5^v4402vl& 0.04
(0.0:0.09)

0.04
(0.0:0.09)

0.02
(0.0:0.06)

0 0.007
(0.0:0.03)

Standard deviation of Dvl sDvl 0.02 0.019 0.015 0 0.01

Correlation coefficient vl with v440 R(vl ,v440) 0.61 0.61 0.67 1 0.95

Correlation coefficient vl with v368 R(vl ,v368) 0.92 0.92 1 0.67 0.59

1Data sample (N560) with solar zenith angle between 45 and 70 deg, t440.0.4 was predominantly for summer 2003.
2Sample included 2-h-averaged UV-MFRSR v retrievals (between 10 and 40 individual retrievals).
3Sample included individual AERONET v inversions.
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sons ofv440 to v368. The inferredv was even lower at
shorter UV wavelengths (^v325& to ^v332&50.92) that
might suggest the presence of selectively UV absorb
aerosols or gases other than ozone.55 The spectral differ-
ences between 325 and 332 nm were statistically insig
cant, which could be explained by small separation
wavelength~7 nm! between these two channels. Allv spec-
tral retrievals were highly correlated for either UV-MFRS
or AERONET inversions~correlation coefficient.0.9,
Table 1!. However, the correlation was weaker betwe
UV-MFRSR and AERONET wavelengths.

The average AERONETv retrievals for summer 2003
(^v440&50.96) were lower than multiyear average at t
same site27 (^v440&50.98), suggesting unusually high a
sorption. This difference could be a result of a statisti
fluctuation~our sample includes only 60 cases, while mu
larger sample was used in Ref. 27! or could reflect real
interannual changes in aerosol absorption. Since thev re-
trievals were correlated in the UV and visible waveleng
~correlation coefficient;0.6 to 0.7! this could also mean
that the true~multiyear! climatological absorption in UV
wavelengths is, perhaps, higher by;0.02 than 2003 sum
mer mean value (^v368&50.94, Table 1!. Continuation of
the long-term continuous measurements by both techniq
is therefore important to increase statistical significance
our results.

The results in Table 1 were obtained under conditions
high aerosol loadings@text(440).0.4# that were mostly re-
stricted to summer humid haze conditions. The aero
loadings are typically much lower at GSFC site in fa
winter, and spring seasons. The key question is whethe
aerosol absorption remains seasonally independent
whether thev results obtained during summer conditio
~Table 1! could be used for other seasons. To investig
this question, the UV-MFRSRv retrievals were repeate
allowing cases with lower aerosol loadings@text(440)
.0.1# and correlated versustext. The largest correlation
betweenv andtext ~with correlation coefficient;0.7! was
found at 368 nm~Fig. 4!, while correlation was weaker a
other wavelengths~;0.6 at 325 nm and;0.4 at 440 and
670 nm!. The decrease ofv with text suggests that the typ
of aerosol may have changed between summer and w
041005Optical Engineering
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conditions. It is well known that aerosols in the mid
Atlantic region in summer are strongly hydroscopic52

therefore particle growth by swelling at a high relative h
midity may be partly the reason for reduced absorption
summer.27 Indeed, annual cycle ofv368 is the same as the
text annual cycle: with maximum in summer and minimu
in winter. A limited number of previousv retrievals in the
UV revealed larger variability of v at different
locations.7,24,37–42For example,v retrievals using all chan-
nels of UV-MFRSR were conducted at Black Mountai
North Carolina.38,40,41The authors reportv368 ranging from
0.81 to 0.99 with the average value^v368&50.89 and esti-
mated uncertainty60.04 attext;1. On the other hand, es
timates of v325 in Toronto, Canada, using total~global!
irradiance measured with a Brewer spectrophotome
(v325;0.95 see Table 1 and Fig. 12 in Krotkov et al.7!
were only insignificantly higher than current UV-MFRS
summer average valuêv368&50.94 at the GSFC location

4.2 Imaginary Part of Refractive Index

Incorporating aerosol Mie calculations along with AERO
NET inversions of the particle size distributions and t
real part of refractive index into the RT forward mod
made it possible to infer optically effective imaginary pa
of refractive indexk independently in each UV-MFRSR
spectral channel~for details see Sec. 3!. The combined sta-
tistics of UV-MFRSR and AERONET spectralk retrievals
on hazy summer days@text(440).0.4# is presented in
Table 2. The retrievedk values were higher in UV than in
the visible wavelengths:̂k368&;0.00960.004 compared to
^k440&;0.00660.003. However, mean differences
k (^k3682k440&;0.004,sk3682k440

;0.003) were only
slightly larger than AERONET quoted27 retrieval uncer-
tainty Dk;0.003. Thek values were even higher at short
UV wavelengths:^k325&;0.01360.005. Therefore, thek
spectral dependence in the UV was found to be similar
the spectral absorption of organic carbon~OC! from biom-
ass burning~Table 4 in Ref. 23!, while AERONET k re-
trievals were more consistent with the assumption t
black carbon ~BC, from urban and motor vehicle
-8 April 2005/Vol. 44(4)
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Optical En
Fig. 4 Hourly average retrieved values ^v368& as a function of measured extinction optical thickness
tabs 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 ^v368& values with estimated retrieval uncertainties less than 0.05 are
shown.
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emissions.17–21 was the main absorber in the visib
wavelengths.27 These apparent differences require furth
investigation.

So far, UV-MFRSRv andk results~Tables 1 and 2! do
not enable explanation of the causes of apparent larger
sorption in the UV wavelengths compared to AERONE
retrievals in the visible wavelengths. This could be due
differences in the techniques or the presence of selecti
absorbing aerosols in the UV and requires further stu
041005gineering
-

Enhancing both techniques to provide a spectral ove
with at least one common wavelength would provide be
insight on aerosol absorption spectral dependence. At
same time, conducting colocated measurements at diffe
sites with varying background aerosol conditions is a
desirable.

4.3 Aerosol Absorption Optical Thickness

Ultimately, our goal with UV-MFRSR measurements w
to derive the statistical distribution~daily and seasonal! of
Table 2 Summer (2003) Imaginary refractive index statistics.1

Parameter

UV-MFRSR2 AERONET3

325 nm 332 nm 368 nm 440 nm 670 nm

Mean absorption index, 103k 103^k&
103(kmin :kmax)

13
(7:27)

13
(7:26)

9
(5:20)

6
(0.8:13)

5
(0.8:12)

Standard deviation, k 103sk 5 5 4 3 2.82

Mean k difference: 103Dkl 103^kl2k440& 7.6
(0:20)

7
(0:19)

3.6
(21:12)

0 0.3
(21:1)

Standard deviation of the k difference 103sDkl 3.7 3.6 2.5 0 0.4

Correlation coefficient kl with k440 R(kl ,k440) 0.69 0.68 0.75 1 0.99

Correlation coefficient kl with k368 R(kl ,k368) 0.95 0.95 1 0.75 0.73

1Sample (N560) for solar zenith angle between 45 and 70 deg, and t440.0.4 predominantly for summer 2003.
2Sample included 2-h-averaged UV-MFRSR k retrievals (10 to 30 individual retrievals).
3Sample included individual AERONET k inversions.
-9 April 2005/Vol. 44(4)
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Krotkov et al.: Aerosol ultraviolet absorption . . .
the UV absorption optical depthtabsat urbanized regions in
the eastern part of the United States.5 The tabs5text(1
2v) can be calculated using UV-MFRSRtext andv inver-
sions or directly using linear regressions~see Fig. 7 in the
appendix!. Note that using regressions to estimatetabs di-
rectly from irradiance measurements enables retrievals
der smaller aerosol loadings than possible with exist
methods. An additional advantage is thattext is typically 50
to 100% larger in the UV than in the visible wavelengt
for urban-industrial aerosol with the same mass loadi
These conditions make it possible to estimatetabs for
smaller aerosol loadings@tabs(440).0.1#, which in turn
enabled, for the first time, studying the seasonal cycle
aerosol absorption. Figure 5 shows a time series of ho
^tabs(325)& values for 17 months of continuous monitorin
at GSFC site~cloud-free and snow-free cases!. Also see
Table 3.

The data gaps occurred due to unusually unfavora
weather conditions~rain or snow! in 2003 or from excep-
tionally clear days with5text(440),0.1. The main fea-
tures of thetabsseasonal cycle at GSFC can be clearly se
from the figure: a pronounced summertime maximum w
tabs(325);0.08 to 0.10 and wintertime minimum;0.01.
The maximumtabstypically occurs in summer due to com
bination of regional and local pollution sources with h
and humid weather conditions~summer haze!. The weakly
absorbing haze is often associated with enhances high
els of tropospheric ozone5 ~ozone smog episodes!. These
summer haze conditions are responsible for summer h
tabs values~at 368 nm;0.06 to 0.07!. Even on relatively
clear summer days,tabs is larger than;0.02. On top of the
seasonal cycle, occasional transient phenomena~long-range
transport of biomass burning smoke and desert dust sto!
can be clearly detected. One clear example was the pas
of an aged smoke plume from Siberian forest fires o
GSFC on June 2, 2003~Fig. 1!, characterized by an unusu
ally large tabs(325);0.11. Although occasional dus
plumes had been reported at GSFC~for example, the April
041005Optical Engineering
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-

e

2001 Asian dust plume!, no dust events occurred durin
reported time period.

While the annual cycle intabs is caused mainly by the
annual cycle in aerosol extinction optical thicknesstext, the
correlation betweentabs and text was not perfect~linear
correlation coefficient;0.76 at 368 nm!, as would have
been the case with no variability in aerosol single scatter
albedo,v5const. Indeed,v368 data presented in Fig. 4~as
well as at other wavelengths! might suggest thatv is, in-
deed, not constant, but decreases with decreasingtext. The
downward v trend was seen for both UV-MFRSR an
AERONET inversions, despite progressively larger
trieval errors at smalltext. This trend could be due to rea
changes in the average aerosol composition between s
mer and winter months at the GSFC site.

5 Explaining Bias in Satellite UV Irradiance
Retrievals

Aerosol UV absorption results reported here have import
implications for measuring UV surface irradiance fro
space.7,8 Multiyear comparisons of the TOMS UV dat
with ground-based Brewer measurements revealed a p
tive bias at many locations.9–13 The bias can be seen at a
wavelengths in clear-sky conditions. This suggests the
ference is not related to ozone absorption. Here we estim
possible bias explanation due to aerosol absorp
effects.10,54The TOMS UV algorithm first involves estima
tion of a clear-sky surface irradianceEclear, which is ad-
justed to actual surface irradianceE by using a TOMS-
derived cloud/aerosol transmittance factorCT :

E5EclearCT . ~2!

Either cloud or absorbing aerosol index~AI ! correction is
applied7–10 to calculateCT . Currently, absorbing aerosol
are assumed and AI correction is applied if AI.0.5 and
360-nm reflectivity,0.15. Otherwise, cloudCT model is
assumed, so the algorithm does not distinguish betw
Table 3 Annual (2002 to 2004) aerosol absorption optical thickness tabs statistics.1

Parameter

UV-MFRSR2 AERONET3

325 nm 332 nm 368 nm 440 nm 670 nm

Mean tabs ^tabs&
(min :max)

0.05
(0.007:0.12)

0.05
(0.009:0.11)

0.04
(0.007:0.09)

0.02
(0.003:0.05)

0.01
(0.001:0.03)

Standard deviation, tabs stabs 0.02 0.02 0.015 0.01 0.007

Mean tabs difference Dtabs(l)5^tabs(l)2tabs(440)& 0.03
(20.001:0.08)

0.03
(20.001:0.07)

0.02
(20.01:0.05)

0 20.01
(20.03:20.002)

Standard deviation of
the difference Dtabs(l)

sDtabs
0.014 0.013 0.01 0 0.005

Correlation coefficient
tabs(l) with tabs(440)

R@tabs(440),tabs(l)# 0.84 0.81 0.76 1 0.98

Correlation coefficient
tabs(l) with tabs(368)

R@tabs(368),tabs(l)# 0.93 0.95 1 0.76 0.74

1Data sample (N5260) with solar zenith angle between 20 and 70 deg, and t440.0.1 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.
-10 April 2005/Vol. 44(4)
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Optical En
Fig. 5 Time series of aerosol absorption optical thickness tabs 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 tabs values were averaged over a 2-h period of time within 660 min of the
AERONET inversion. The error bars of tabs are interpolated from estimates given in the appendix in
Table 4.
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thin clouds and aerosols. This causes a typicalCT error
;2% for nonabsorbing sulfate or sea salt aerosols w
text(550)50.2. On the other hand, absorbing aerosols
the boundary layer attenuate UV irradiance more stron
for the sametext ~see Appendix!, causing cloudCT correc-
tion to underestimate their attenuation of surface UV ir
diance. Because pollution aerosols are typically located
the boundary layer, they tend to produce negative AI, wh
makes it impossible to distinguish from nonabsorbing ae
sols and thin clouds using just AI data, causing overestim
tion of UV irradiance. Moreover, since these aerosols a
attenuate the outgoing radiation, the cloudCT algorithm
underestimatestext, amplifying the error further. The
TOMS UV bias was modeled and shown10,54 to be propor-
tional to tabs. Here we quantified the bias using actu
TOMS and UV-MFRSR measurements combined with
trievals of the aerosol optical properties as follows:

1. Atmospheric radiances were measured by TOMS
331 and 360 nm and inverted with a standard TOM
surface UV algorithm10 to obtain estimates of surfac
UV irradiance at 325 nm, UV~TOMS!.

2. The TOMS absorbing AI was also calculated to sel
conditions with no free-troposphere absorbing ae
sol plumes: AI,0.5.

3. UV~TOMS! was compared with the UV-MFRSR
measured total UV irradiance to estimate the bi
UV~TOMS!/UV~ground!.
041005gineering
4. The bias was correlated with UV-MFRSR measu
ments oftabs(325 nm) ~Fig. 6!.

Figure 6 shows that the bias was indeed well correla
with tabs(325 nm) and the slope of the regression was cl
to the theoretically predicted parameterization. This co
firms that boundary layer aerosol absorption can explain
positive TOMS UV bias found in ground-based land co
parisons. Since operational global satellite UV algorith
was not expected to catch all variability in local atm
spheric and geographical conditions at measurement s
the bias was parameterized as function oftabs to provide
off-line correction for the operational UV~TOMS! data, so
users at sites withtabsground measurements or establish
climatology can apply their own corrections to the stand
TOMS UV data off-line.

UV~corrected)5
UV~TOMS)

113tabs~l!
. ~3!

6 Conclusions

First, it was demonstrated that an advantage of the shad
band technique in measuring aerosol absorption is that
accurate irradiance calibration can be established by c
brating the direct sun component and comparing with s
photometers such as AERONET CIMELs. The shadowba
method is complementary to the AERONET almucantar
trieval of aerosol single scattering albedo,25–27 because the
-11 April 2005/Vol. 44(4)
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Optical Engineering
Fig. 6 Ratio between satellite-estimated (by the TOMS UV algorithm7–10) 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.10 The
results are shown for only pollution aerosols with the TOMS absorbing AI at 331 nm less than 0.5 and
TOMS 360-nm Lambertian effective reflectivity less than 0.15.
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retrievals are more reliable at low solar zenith angl
Therefore, combined use of both instruments enables u
derive the complete diurnal cycle of aerosol absorption

Second, there are specific advantages in measuring a
sol absorption in UV that lead us to believe thatv retrieval
results can be used down totext;0.2: ~1! the measured
accuracy of AERONET reference instruments in the U
with additional pressure and true ozone corrections co
be made better than the previously estimated value
;0.01 at 340 nm;35,36,47 ~2! the surface albedo is muc
smaller in the UV than in the visible spectral region a
does not affect the aerosol retrievals as much;~3! text in
UV is larger~for the same aerosol mass! than in the visible
spectral range;~4! careful characterization of the UV
MFRSR instrument, correction for known systematic
rors, monitoring of instrument performance via daily C
MEL intercomparisons, and characterizing atmosphe
conditions; ~5! stability and repeatability of individualv
retrievals; and~6! ancillary and redundant aerosol measu
ments available at GSFC site. Indeed, measurement re
dancy and instrument intercomparisons were key factor
helping to increase the accuracy of aerosol absorption m
surements.

Third, inferred values of the effective UV imaginary re
fractive index were first used for comparisons of aero
single scattering albedov at 325, 332, and 368 nm an
with AERONET retrievals25 at 440 nm,v440. The mea-
sured differences in absorption between 368 and 440
might suggest the presence of selectively UV absorb
aerosols22,23 or interference from gases other than ozo
However, the differences might also be caused by un
rected systematic instrumental effects or absolute cali
tion uncertainties of sky radiances~;5% for almucantar
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technique26!. Continuing colocated measurements at t
GFSC location is important to improve the comparis
statistics, but conducting these measurements at diffe
sites with varying background aerosol conditions is a
desirable.

Fourth, using all cases for cloud-free days, we deriv
the diurnal and seasonal dependence of aerosol absor
optical thicknesstabs in the UV wavelengths. The expecte
accuracy oftabs retrieval from UV-MFRSR measuremen
is ;0.01 to 0.02, limited by the UV-MFRSR measured a
curacy and calibration (V0). The variability in aerosol size
distribution and real refractive index becomes compara
to the measured uncertainties only for large aerosol lo
ings (text.0.5). Thetabs values show a pronounced se
sonal dependence oftext with maximum valuestabs;0.1
occurring in summer hazy conditions5 and,0.02 in winter
and fall seasons, when aerosol loadings are small.

Finally, it was found thatv decreases with decreases
text. This could be due to real changes in the average a
sol composition between summer and winter months at
GSFC site. Obviously, continuation of UV-MFRSR me
surements at the GSFC site with an enhanced unit~adding
440-nm channel! is important to increase confidence in r
ported data.

In the future we suggest

1. Providing spectral overlap measurements for sh
owband and almucantar techniques. This involves
solute calibration of UV sky radiance channels of C
MEL instruments~340 and 380 nm! and extending
almucantar inversion technique25–27 to include UV
sky scans. For the shadowband technique, replac
-12 April 2005/Vol. 44(4)
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Fig. 7 Relationship between Rayleigh normalized total transmittance, TR, and tabs at 368 nm, assum-
ing fixed solar zenith angle (SZA) u0533 and 70 deg and extinction optical thickness (a) text50.2 (top)
and (b) text50.8 (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.
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filters in one or several channels of the UV-MFRS
instrument to match those of CIMEL instrument w
be also helpful.

2. Adding spectrometer measurements to separate
tween aerosol and gaseous absorption.55

3. Conducting measurements at different sites w
larger expected UV aerosol absorption~more pol-
luted sites with a higher BC fraction! or different
types of aerosol~for sites with predominantly dus
larger absorption is expected in UV than in th
visible!.
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7 Appendix: Sensitivity of UV-MFRSR
Measurements to Aerosol Absorption

Standard UV-MFRSR measurements include voltages
are proportional to total horizontal and diffuse horizon
irradiance components. Since both components are m
sured by the same diffuser/filter/detector combination, d
fuse and total atmospheric transmittances are obtained
rectly from the measured voltage ratios:TD5VD /V0

and TT5VT /V0 . Here V0 is extraterrestrial voltage
obtained by calibration transfer from AERONET netwo
sunphotometers35,36 as previously described.45 The diffuse
-13 April 2005/Vol. 44(4)
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Table 4 UV-MFRSR measurement errors, sensitivity to tabs for different conditions and expected
retrieval errors.

Sources of measured errors in
UV-MFRSR 368-nm channel

text50.2 text50.8

u0533 u0570 u0533 u0570

Daily V0 calibration error, s ln V0

D ln V0 (V0;2100 mv)1

s ln V0
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 error2

s ln(TR) ;0.022(0.05) ;0.022(0.05) ;0.036(0.1) ;0.036(0.1)

Measurement sensitivity:
] ln~VT!

]~ty!

Sensitivity ln(VT /V0) to tabs 1.5 2.7 1.6 2.5

Sensitivity ln(VT /V0) to text 0.1 0.17 0.1 0.17

Expected retrieval errors

Expected error in tabs due to
measurement error, 1s

0.01(0.03) 0.008(0.02) 0.02(0.05) 0.014(0.05)

Expected error3 in tabs due to
uncertainty in PSD, 1s

0.006 0.003 0.01 0.01

Combined error in tabs , 1s 0.012(0.03) 0.008(0.02) 0.022(0.051) 0.017(0.05)

Error4 in v;
Dtabs

text

0.06(0.15) 0.04(0.10) 0.03(0.06) 0.02(0.06)

1AERONET V0 uncertainty for reference instruments combined with calibration transfer error (see Part 1 paper).45

2Assuming that calibration and VT measurement errors are uncorrelated (see part 1 paper).45

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 tabs retrieval (Fig. 7).

4Using relationship v512tabs /text , assuming constant error in text :stext
;0.01 and uncorrelated errors in errors in text and tabs . Numbers in

parentheses refer to on-site Langley calibrations.
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and total transmittances are not independent, since the
age difference (VT2VD) has been used for the direct-su
equivalent calibrationV0 and to infer aerosol extinction
optical thicknesstext. Therefore, only one additional aero
sol parameter could be independently estimated in e
UV-MFRSR spectral channel by matching transmittan
for each wavelength~or their ratios! to those calculated
from a radiative transfer model. Our goal is to infer aero
absorption optical thicknesstabs while other model input
parameters are constrained by independent measurem
Note that the UV surface albedo is low and stable at
site for snow-free conditions~;0.02 to 0.03 from clear-sky
overpass EP-TOMS reflectivity measurements! and does
not have a noticeable effect on ground-based aerosol m
surements.

Historically, different irradiance ratios were used to inf
tabs ~or aerosol single scattering albedo,v512tabs/text):
diffuse/direct ratio,29–31 DD5TD /(TT2TD), diffuse frac-
tion ~diffuse/total, DT5TD /TT) ratio,32–34 and total to
Rayleigh transmittance ratio7 (TR5TT /TRay). In the end,
all inversion techniques should deliver consistenttabs re-
trieval results regardless of which ratios are used. For
measurements oftabs, the most convenient quantity is th
total (TT5direct plus diffuse) atmospheric transmittanc
041005Optical Engineering
-

ts.

-

which is directly related to aerosol absorption and is le
sensitive to aerosol size distribution and extinction opti
thicknesstext. In the UV spectral region, wheretRayleigh

typically exceeds that oftaerosol, it is convenient to normal-
ize TT by the total transmittance of the molecular atm
sphere with the same ozone amount, TR5TT /TRay, which
greatly reduces sensitivity to ozone, wavelength, and s
zenith angle. An important advantage of working with T
is that nonabsorbing aerosols have only a small effect7 on
TR ~t;0.1 produces;1% TR reduction!, since the de-
crease in direct solar flux caused by aerosol scatterin
nearly compensated by an increase in diffuse sky flux.
UV absorbing aerosols~dust, smoke, and urban!, the in-
crease in the diffuse flux is suppressed by aerosol abs
tion, so TR sensitivity totabs is an order of magnitude
greater than TR sensitivity totext. Based on a modeling
study,7 the dependence of TR ontext andtabscan be written
approximately as

2 ln~TR!'atext1btabs, ~4!

where, for typical aerosols~not containing significant quan
tities of mineral dust and smoke!, a;0.1 andb;2 – 3 ~in-
creasing with solar zenith angle!. To better estimatea and
-14 April 2005/Vol. 44(4)
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b, TR andtabs were recalculated for fixed values of sol
zenith angleu0 andtext using AERONET individual almu-
cantar inversions25–27 at GSFC in 2002 to 2003.

The linear regression model@Eq. ~4!# was fitted to all
calculated pairs (TR ,tabs) to estimate TR sensitivity
selectively totabs, treating real variability in size distribu
tion and real part of refractive indexnR as random errors
~Fig. 7!.

The regression coefficients quantify TR sensitivity
aerosol parameters as function of SZA~Table 4!. The ex-
pected accuracy oftabs retrieval from UV-MFRSR mea-
surements is;0.008 to 0.02, limited by the measured a
curacy of total voltage (VT) and calibration45 (V0). The
variability in aerosol size distribution and real refracti
index becomes comparable to the measured uncertai
only for large aerosol loadings (text.0.5). The measure
ment uncertainties~discussed in detail in the first paper45!
and regression coefficients for high and low aerosol lo
ings are summarized in Table 4. The estimated retrie
uncertainties oftabs and v for the shadowband techniqu
~Table 4! are comparable to the almucantar technique25–27

for favorable conditions@large SZAs,u0.45 deg and high
aerosol loadingstext(440 nm).0.4]. However, an impor-
tant advantage of the shadowband technique is that it
mains sensitive totabs even at low solar zenith angles
when the almucantar technique is not sensitive25–27to tabs.
On the other hand, cosine-correction errors increase
shadowband measurements at high SZAs~see discussion in
Ref. 45!, while cosine errors are absent for the CIME
Thus, the two types of measurements are required for m
suring complete diurnal cycle of aerosol absorption.
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