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Abstract. Surface measurements of direct and diffuse volt-1 Introduction
ages at UV wavelengths were made at the T1 site during

the MILAGRO (Megacity Initiative: Local and Global Re-
search Observations) field campaign in March 2006, usin
a multifilter rotating shadowband radiometer (UV-MFRSR).
We used the MFRSR data, together with measurements fro
a co-located CIMEL Sun photometer at the site operatingh

als partttof 'the ,?bEIEONE'tI'BnGegworC;(,Bgozdedl];lcefaero?ol dsm'and UV-B (280 nm<1 <315 nm) radiation has been shown
gle scattering albeda.) a an M fortour cloud- 4, ragylt in negative health effects such as sun burn (ery-

free days during the study. Our retrievals suggest that T]thema), DNA damage, cataracts, and suppression of the im-

aerqsl?lls W|thda§rol\jol gxt|ncgt'c|on o-pt|§:a| deb‘TgaS?O'é thtat dmune systems in humans, and has been linked epidemiolog-
are influenced by Viexico ity emissions, blowing dust, an ically to skin cancer incidence (Diffey, 1991; Longstreth et

bio dmass_gu;gmogégre gnaract”erlzed by Io;gg?: 0'7.3;0'85f al., 1998). Similarly, DNA damage in terrestrial plants has
andwssz=1. (1-9.60, WIth Small or no spectralvanation®d! o tound with exposure to UV radiation, ultimately re-

between 3?68 and 332 nm. Our f|nd|_ngs are consistent WIﬂg%ulting in adverse changes in plant growth and cell func-
other published estimates offor Mexico City aerosols, in- tion (Bornman and Teramura, 1993). UV radiation is also

cluding those that suggest that the absorption attributable t?he primary driver of photochemical processes in the tropo-

Fhese aerosols is enhanced at UV Wavelen'gths re'.?“?’e to VISs'phere. Atmospheric oxidant species (e.g., the hydroxyl rad-
ible wavelengths. We also demonstrate, via sensitivity tests

the importance of accurate and surface albedo measure- ical (OH), peroxy radicals (kD2, ROz) and chlorine rad-

ments inw retrievals at UV wavelenath icals) are formed when precursor species undergo photoly-
S INw TEtnevals wav gtns. sis reactions, primarily in the UV range reaching the surface

(300 nm<A <400 nm). For example, nitrogen dioxide (NO

is efficiently photolyzed by UV-A radiation to form ground-

state oxygen (3f)) which in the atmosphere rapidly reacts
with O, to form Os. Other molecules whose UV photolysis is
important in the troposphere includgydrogen peroxide

Correspondence taC. A. Corr (H20), nitrous acid (HONO), formaldehyde (GB), and
m (ccorr@cisunix.unh.edu) various other oxygenated organic compounds.

Although ultraviolet (UV) radiation only comprises a small
Sraction («10%) of the total radiation reaching Earth’s sur-
face, and is therefore frequently ignored in climate mod-
ling, it has profound impacts on human and ecosystem
ealth. Prolonged exposure to UV-A (315 am<400 nm)
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Modeling studies have suggested that scattering and altaverage of the cosine of the scattering angle over all direc-
sorption by aerosols can cause changes to the surface UWons. Assuming azimuthal symmetry, the scattering angle
radiation field on the order of those caused by the thinningintegration extends fromrmto +r:

stratospheric ozone layer, but opposite in sign (Liu et al., ”
1991; Elminir, 2007; Reuder and Schwander, 1999; Krotkovg = —/ cosH P(0) sind do 4)
et al., 1998). These aerosol perturbations to the UV radiation -

field can lead to substantial changes in tropospheric photolwheref is the scattering angle an®l(9) is the phase func-
ysis reactions and ozone photochemistry. These changes atien. Values forg range from—1 to 1, with a value of-1
complex and depend on altitude, chemical regime, and théndicating incident radiation is backscattered and a value of
relative extent of aerosol scattering or absorption. Highly ab-1 indicating forward scattering.
sorbing aerosols tend to reduce photolytic radiation, particu- Several methods for the determination of aerosol opti-
larly near the surface, while scattering aerosols can increaseal properties in the visible spectral range using measure-
the radiation throughout the boundary layer and at higher alments of sun and sky radiances by Sun photometers and ra-
titudes above the bulk of the aerosol. The photochemicaldiometers have been implemented. For example, Dubovik
production of ozone depends on the square root of photolyet al. (2002) demonstrated the retrieval of aerosol optical
sis rates at low NQand linearly at high N@(e.g. Kleinman,  and microphysical properties using inversion techniques ap-
2005), so that the aerosol-induced UV perturbations have implied to observations of and the angular distribution of
portant implications for the production of urban and regional sky radiances at visible and near-infrared wavelengths, and
oxidants. Dickerson et al. (1997) showed that non-absorbind<assianov et al. (2005) proposed a method for retrieval of
sulfate aerosols cause an increase in regiogah@he East-  aerosol optical properties at visible wavelengths using mea-
ern US, by as much as 10-20 ppb, simply because they insured direct and diffuse irradiances. Compared to the visible
crease the UV radiation field. He and Carmichael (1999)range, however, use of such methods for the determination
also indicated that a moderate loading of scattering maritimeof aerosol optical properties in the UV are more difficult,
and rural (remote) aerosol can increase photolysis rates bglue to enhanced molecular (Rayleigh) scattering and inter-
several percent, with concomitant increases in oxidant conference from gaseous absorption (NQsz, SO) (Krotkov et
centrations. On the other hand, Castro et al. (2001) showedl., 2005c). Additional challenges to the retrievakoft UV
that absorbing aerosols in Mexico City lead to a strong re-wavelengths include poorly-characterized surface albedos,
duction in surface UV radiation, by 20—-30% on two days of which affect the sky radiances and irradiances, and stricter
measurement in 1994, which implies a reduction gff@r- instrumental requirements, including small signal to noise
mation by about 50 ppb. ratio of measurements, stray light effects, filter stability, and
Several parameters that describe the interaction betweewavelength calibration.
radiation and aerosols of particular interest to this work are Despite these difficulties, several estimates of aerosl
single scattering albedo, aerosol optical depth, and asymmdJV wavelengths have been reported, as shown in Table 1.
try parameter. The single scattering albedo at a wavelength The retrievals are based on fitting of measured direct and
w;., describes the contribution of particle scattering relativediffuse irradiances and their ratios (DDR) using a radiative
to total extinction by particles (absorption plus scattering): transfer (RT) models with different a priori assumptions as
indicated in Table 1. Assuming that aerosol optical depth,
_ bscapx Q) 7, and the asymmetry factog, are known from co-located
Dext,px measurements, the direstretrieval is possible using single
) ) o wavelength measurements as outlined in detail by Wenny et
wherebscap is the aerosol scattering coefficient abgip  5), (1998) and Petters et al. (2003). Additional required RT
is the sum of the aerosol scattering and absorpii@bsk)  model input parameters are ozone column, Rayleigh optical
coefficients: depth, and optical depth of absorbing gases including,NO
the ground albedo at the wavelength of inteegstand solar
zenith angle (SZA). Petters et al. (2003) assumed fixed val-
ues for all of these parameters exceptand iteratively de-
termined the best-fib by varyingw in the radiative transfer
model until the modeled DDR matched the measurements.
22 Wenny et al. (1998) iterated on bothandg, by adding a
R / bextprdz (3) call to a Mie code to derive aerosol optical properties from
a measured aerosol size distribution and an assumed real re-
wherez; andz; represent the vertical bounds of an atmo- fractive index. The imaginary part of the refractive index
spheric layer. The total optical depttyoT., includes con-  was varied in the Mie extinction calculation until values of
tributions to extinction from gases as well as from particles.g andw were obtained that yielded modeled DDR in agree-
The asymmetry parameter, is the phase function-weighted ment with measurements. Krotkov et al. (2005a, b) applied

w),

bext,p = bscap + babsp- (2)

Aerosol optical deptht,) is the height-integrated extinction
coefficient as computed from

<1

Atmos. Chem. Phys., 9, 5813827, 2009 www.atmos-chem-phys.net/9/5813/2009/



C. A. Corr et al.: UV single-scattering albedos during MILAGRO 5815

Table 1. Published studies estimatingat UV wavelengths, not including studies using in situ point measurements.

Method Location/time A Surface 7 [A] g[A] o [A]
albedo ]
Wenny et al. (1998) Modeling of measured ~ Western North 312nm Not specified  0.175-0.871 0.63— 0.75—
spectral response of UVB- Carolina/Jun—Dec 0.7¢¢ 0.93
1 radiometer, 280-320 1995
broadband
Hofzumahaus et Best fit of modeled actinic Aegean Sea/Jun  355nm 0.08 Not specified  0.7¢% 0.87
al. (2002) fluxes to measurements 1996 and
from spectroradiometer (2 cases) 0.95¢
Petters et al. (2003) Modeling of DDR from  Western North 300nm 0.04 Not specifiel  0.7°  0.65-
UV-MFRSR Carolina/Jul-Dec  332nm 0.91
1999 368nm 0.77-
0.97
0.80-
0.99
Wetzel et al. (2003) As in Petters et al. (2003) Poker Flat, 368nm Variablé Not specifie& 0.70° 0.63—
Alaska/Mar—Apr 0.95
2001
Goering et al. (2005) Modeling of DDR from Mexico City 332nm Not specified  Not specifiéd Not 0.68—
UV-MFRSR (MCMA), April 368nm speci- 0.94
2003 fied 0.7-
14 April 2003 (re- 0.95+0.03
ported in Barnard
et al., 2008)
Krotkov et al. (2005b)  Modeling of DDR from Greenbelt, 325nm 0.028 Not specifie’ﬂ Not 0.9
UV-MFRSR MD/summer 332nm specifie& 0.9
2003 368nm 0.94
Krotkov et al. (2005¢)  Modeling of DDR from Greenbelt, MD/10 325nm 0.00 Not specifie& Not 0.83-
UV-MFRSR Nov 2003 specified 1.0
Bais et al. (2005) Modeling of DDR from  Thessa-loniki, 368nm 0.08 Not specifiei 0.7 0.8-
Brewer spectroradiometer Greece/Mar—Apr 0.9;
measurements 2001 0.65-
(2 cases) 0.8
Barnard et al. (2008) Inversion of actinic fluxMexico City 300nm Not specifiéd Not specified®  Not 0.67—
measurements from spec-(MCMA), April specifie@ 0.78
troradiometer 2003

@ Deduced from fits.

b Assumed.

€ Determined from satellite data.

d Extrapolated from visible MFRSR-derivedusing a linear Angstirm exponent.

€ Determined from double Brewer spectroradiometer and lidar.

f Determined from UV-MFRSR irradiances.

9 Determined from iterative Mie calculation, with DMPS-measured aerosol size distributions and assumed real refractive index of 1.5.
h Determined from TOMS climatology.

! Measured from G-1 in MILAGRO in visible; extrapolated to UV.

| Determined from UV- MFRSR cosine corrected voltages and AERONET transferred calibration constant (see text).
k Determined from UV- MFRSR, but with AERONET transferred calibration (see text).

| Determined from direct irradiance measurements.

M Determined from direct beam inversions of visible MFRSR data.

N Determined from iterative Mie calculations using AERONET-retrieved size distribution and real part refractive index.
0 Determined from iterative Mie calculations using retrieved size distribution and refractive index at 415 nm.

P Average value.

the same methodology as in Wenny et al. (1998), except thennd real refractive indices retrieved from AERONET inver-

added a recalibration of theand DDR measurements using sions of Sun-sky almucantar measurements at visible wave-
separate, co-located AERONET Sun photometer measurdengths. We note that more recently, Goering et al. (2005),
ments, as described below, and inputs of size distributiondaylor et al. (2008) and Kudo et al. (2008) have proposed
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optimal estimation techniques for the simultaneous retrievathe 4-stream discrete ordinate solver, using over 80 equally-
of spectral aerosol optical properties by combining measurespaced vertical layers, for the two longest UV-MFRSR spec-
ments at several wavelengths; although a priori constraint¢ral channels centered at 368 nm and 332nm. The default
are also needed in those schemes, they are applied differentlertical aerosol profile in TUV4.4 used to scale the input
than in the single wavelength methods focused on here. 7 is the continental aerosol profile reported by Elterman et
In this work, we present estimates of aerosol single-al. (1969) with a scale (e-folding) height of about 4 km. TUV
scattering albede at two independently retrieved UV wave- inputs of latitude and longitude, SZA, climatological col-
lengths, 332 and 368 nm, for a site just north of the Mex-umn NQ, and surface pressure for the T1 site were obtained
ico City basin. Our estimates use measurements of DDR afrom the AERONET databasétfp://aeronet.gsfc.nasa.gov
UV wavelengths made at the T1 site as part of the MegacOzone column data were obtained from the Ozone Monitor-
ity Initiative: Local and Global Research Objectives (MI- ing Instrument (OMI) on board the NASA Aura satellite.
LAGRO) field campaign conducted in and around Mexico The remaining required TUV inputs for each wavelength
City, Mexico in March 2006. The MILAGRO campaign in- arer, g, , and surface albedo. The measurements, used to
cluded a suite of gas-phase and aerosol-phase measuremedttermine both and DDR, were obtained using a UV Multi-
on a number of measurement platforms including ground-ilter Shadowband Radiometer (UV-MFRSR; Bigelow et al.,
based and aircraft. Instruments were located at three maitn998), which measures voltages proportional to the total and
ground-based sites, with the T1 site chosen to be reprediffuse horizontal irradiances at 300, 305, 311, 317, 325,
sentative of regions influenced by a mixture of fresh and332, and 368 nm with nominal 2 nm resolution (full width at
aged pollutants exiting the greater Mexico City metropoli- half maximum, FWHM). Total horizontal voltages are mea-
tan area (Fast et al., 2007). Although the selection of thesured when the shadowband is at rest to the side of the dif-
month of March for the MILAGRO study was based in part fuser and diffuse horizontal voltages are measured with the
on the expectation of relatively low fire activity, as com- shadowband completely shadowing the diffuser. Diffuse hor-
pared with later in the spring, observations showed signif-izontal voltages are corrected for excess sky blocking inter-
icant fire activity and analyses suggested that the MILA-nally using additional blocking measurements ato¥ to
GRO sites were impacted by biomass burning emissiongach side of the direct-sun shadowband position (Harrison et
(e.g., Moffet et al., 2008; Yokelson et al., 2008; Stone etal., 1994). The subtraction of the corrected diffuse horizontal
al., 2008), including local grass fires at the T1 site (Marley etvoltages from the total horizontal voltages yields direct hor-
al., 2009). A temporary United States Department of Agri- izontal voltages that are converted to direct normal voltages
culture (USDA) UV-B Monitoring and Research Program using laboratory measured angular response functions.
(UVMRP; http://uvb.nrel.colostate.eduesearch station lo- The raw voltage signals (mV) measured by UV-MFRSR
cated at the T1 site (19.70, 98.99 W, 2270 m) yielded are first corrected for non-cosine angular response and dark
necessary and DDR data for nearly the entire field cam- current and then converted to dimensionless transmittance
paign. The data were measured every 20 s and are archiveghlues using channel-specific calibration coefficierts;
at http://uvb.nrel.colostate.eduA CIMEL Sun photometer  (mV). Vy; values are determined using either an on-site
also collectedr and aerosol inversion data at T1 as part of Langley regression method (Harrison and Michalsky, 1994;
the AERONET network. Raw data are available at approx- Slusser et al., 2000) or using calibration transfer from a co-
imately 15 min resolution &tttp://aeronet.gsfc.nasa.gov located AERONET Sun photometer (Krotkov et al., 2005a),
and the equation:

2 Retrieval techniques InVy =InV,,; —mtror (%)

As done in the prior studies summarized in Table 1, the reswhereV;, is the measured direct normal voltage amnds the
trieval of aerosol optical properties is accomplished by fit- air mass factor (secant of the solar zenith angle, SZA). The
ting modeled DDR to the observations. The Troposphericon-site Langley method assumes constant total optical depth
Ultraviolet model (TUV) version 4.4 was used for all ra- t1oT and extrapolates via a linear regression betweemd
diative transfer calculations (Madronich and Flocke, 1999;InV;, to zero airmass®{=0) to estimatel/p , as the intercept
http://cprm.acd.ucar.edu/Models/TYV/ As explained by value (Bigelow et al., 1998). The same calibration constant
Petters et al. (2003), the TUV4.4 output of direct horizon- can be used for both the diffuse and direct measurements.
tal irradiance normalized to extraterrestrial solar irradianceThe main difficulty of the local Langley calibration method
was divided by the cosine of SZA, to match the output of theis that at most sites;ror does not remain constant during
UV-MFRSR, which archives the direct normal voltage. The the calibration period (typically a few morning hours), which
DDR is then computed from the measurements as the ratio ofesults in significant errors in the estimat&gl,. To smooth

the direct normal voltage to the diffuse horizontal voltage andout these errors, a statistical regression is fit to the daily
compared to the ratio of the similar solar normalized irradi- values to determine smoothed/p , > values, representative
ances from the model. Values of DDR were calculated usingof degradation of the throughput of the instrument, that are
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Fig. 2. lIterative screening process as applied to the determi-
) ) . ) nation of In(p) at 368 nm for the UV-MFRSR instrument (left
Fig. 1. Spectral interpolation/extrapolation of AERONETval- axis), using AERONET direct-Sum data at the T1 site on 12
ues (340 nm, 380 nm, 440 nm, 500 nm) to the UV-MFRSR spectraly;arch 2006 (DOY 71). The inset lists sample average value for

ghanngls (shown in vertical blue lines). The green dashed line is th?n(vo)(<|n(V0)>), sample standard deviation of M) (o1nvo),
linear it for the 340-380 nm Ang#tm Exponent. The blue curve  nq nymber of measurements in the sample for each iteration. Red
is a quadratic least-squares fit of the AngetrExponent to all four - ccas: UV-MFRSR raWopdata. Black diamonds: estimatéq
AERONET channels. after filtering to 49 points (see text). Black horizontal line: fi-
nal daily averagé/, <Vp>, applied to UV-MFRSR data. Black
crosses (right axis): derived UV-MFRSRgg using <Vp>. Blue
diamonds (right axis): Interpolated AERONERgg. The RMS
difference between AERONET and UV-MFRSR AOT in the final
(6) daily sample is within stated uncertainty of AERONET measure-
ments -0.004).

Subtracting Rayleigh and gaseous optical thicknesses from

iel | optical .
vToT Yields aerosol optical depth, 870nm, and 1020nm during each measurement sequence

The statistical method (Eq. 6) works best for relatively . L .
cloud free and pollution free locations, where atmosphericthat are inverted together with direct sun data to estimate par-

stability requirements are frequently met. However, in pol- _t|cIe S|zetd|s_tr|bt;11t|on.s.glnd refralctlvirllndlgesb(rqil an(;j }'{T‘ag'
luted locations, the data available to estimaté ; > may inary parts) in the visible wavelengths (Dubovik and King,

be sparse because of few clear-sky measurements. Furthe?rOOO; Dubovik et al., 2000).

it has been shown that the UV-MFRSR instrument can expe- bltn' oudr ks)tudy vgl_u_es OUW\?AMIEZGRZEQZ da_mdt368|tnm Wer_etzh
rience rapid and non-monotonic throughput changes due t ained by combining § Irect voltages wi

diffuser soiling and self-cleaning (after rain events) (Krotkov EIRNONETIT values, Stﬁte"'tetr? zgnle valcl;es agd glt')mimlg(g"
et al., 2005a), so that the accuracy of the on-site statisticat® 0 values, using the methodology described by Krotkov

Langley technique is not always sufficient for aerosol re- et al. (2005, b). First; values at UV-MFRSR wavelengths

trieval applications (Michalsky et al., 2001). An independent .332 and 368 nm were interpolated/extrapolated spectrally us-

check on the validity of the derivelp , can be made using :;19 gg;a‘giltg_rlegsi sqt:g;eos gtsgmﬁloe rsf;gg for S?”’ 1
co-located, well-calibrated AERONET data, as explained in ar rdalaa ' ' an nm (Fig. 1).

detail below. AERONET sites are equipped with the CIMEL These values of s6g andr 33, along with appropriate values
Electronique 318A, an automatic sun-tracking and sky scan-Of Rayleigh, NQ and G optical thicknesses calculated from
ning filter radiometer, and undergo standardized calibration:het.'A‘E'zOt'\lET surface dp_resésureSar:d gafeous co]!umn ccr)]ncen-
procedures (Holben et al., 1998). The instrument has twor":‘j.'o.?j a}az’gvera\ljsl\iFF'anRq' (5) to de erTh‘?? I?r eac
detectors for the measurement of Sun/aureole and sky rananiaua (20s) UV- measurement. 1t all measure-

diances. Eight ion-assisted deposition interference filteré;ﬁnents are consistenitp , should remain constant during the

yield direct-Sun radiance measurements at 340 nm, 380 nmday regardiess of any changes in atmospheric trangmlttanpe
dnd/or solar elevation and azimuth. Therefore, examining di-

440 nm, 500 nm, 670 nm, 870 nm, 940 nm, and 1020 nm with ; i o
band passes (FWHM) of 2 nm for the 340 nm channel 4nmurnal trends in raw UVMRP/ , data provides insight into
' possible systematic calibration errors and yields a tool for

for the 380 nm channel, and 10 nm for all visible wavelength : istent and/ i s
channels (Holben et al., 2001). The CIMEL makes additionalicre?nlng non(—jconss ent anajor outher measurements in an
almucantar sky radiance measurements at 440 nm, 670 nrh,e rative procedure.

later used to solve Eq. (5) farror for each individual UV-
MFRSR measurement:

1
ot = —[IN < V,, > —InV;]
m
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Figure 2 demonstrates the iterative screening process useldo relative error) the measurements. In the Krotkov method,
to find suitable time periods and corresponding mean dailythe values ofg andw are determined from a separate Mie
<Vo.»>, as applied to the determination &b 3sg On 12 calculation. The method requires successful AERONET al-
March. We initially screened the UV-MFRSR data to select mucantar retrievals near the time periods of interest in order
only points within 1 min of AERONET retrievals, result-  to initialize the size distribution and real refractive inde,
ing in an initial set of 323 UV-MFRSR measurements for in the Mie code. The shortest wavelength at whicls re-
this day. Measurements in early morning (before 14:00 UT,trieved is 440 nm, and this value was assumed to apply also
where local time = UF6) and evening (after 22:00UT) at 368 and 332 nm. The imaginary part of the refractive in-
were rejected because of increased noise due to low signalex at each wavelength was then varied iteratively, untigthe
level. Late morningVp 3ss data (14:00 UT-16:00UT), al- andw computed from the Mie code yielded a modeled DDR
though less noisy, exhibited a systematic increase with SZAn agreement with the UV-MFRSR observations.
and were rejected for that reason. During the noon period Retrievals ofw from observed DDR are sensitive to the
(17:00 UT-20:00 UT),Vo 368 remained reasonably constant choice of surface albedo, assumed in our modeling to be
(standard deviation-1%) and these data were used for cal- Lambertian. A higher surface albedo will increase the dif-
culating mean daily<Vp 368> to reduce random noise in fuse component of the radiation field and therefore decrease
individual measurements. The noise was further reducedhe DDR. Retrievals that underestimate the surface albedo
(by a factor of 3) by removing outlier measurements (thosetherefore incorrectly attribute some of the diffuse radiation
with In(Vo 3e8) outside of+20 of the In<Vp 368>) and iter-  to aerosols, leading to an overestimationoif the aerosol
atively re-calculating< Vg 36s>. The final In< Vg 368> was optical depth is specified independently (e.g., from direct
used in Eq. (6) to calculate UV-MFRSRsg that agree with  sun AERONET data, as done here). We show retrievals
AERONET-interpolatedrzgg within an rms difference of for two assumptions: a spectrally flat surface albedo of 0.06
~0.004 for the selected time interval (i.e., between 17:00 andconsistent with the surface albedo of urban surfaces (Castro
20:00 UT). The<Vp 368> Was also used to normalize diffuse et al., 2000), and a spectrally-varying surface albedo, esti-
and total UV-MFRSR cosine corrected voltages to obtainmated from measurements during MILAGRO from aircraft-
corresponding dimensionless transmittances. The screeningased radiometers. Surface albedo measurements by Cod-
procedure reduced the 323 raw UV-MFRSR measurementdington et al. (2008) from the J-31 aircraft spanned the wave-
to a final filtered data set of 49 points retaineddaetrievals  length range 350-2000 nm; although reported measurements
on this day. Similar calibration results were obtained on otherin the UV range are sparse, they show values of 0.07-0.08
days selected for single scattering albedo retrievals, except 385 nm with a systematic decrease towards lower wave-
on 19 March, affected by dust as explained later. lengths. Madronich et al. (2007) compared spectral actinic

We obtained estimates @fzsg and wzsz2 using two ap-  fluxes measured at the T1 surface site with upwelling spec-
proaches: the Krotkov et al. (2005a, b) methodology (here+ral actinic fluxes measured from T1 overpasses by the C-130
after called the “Krotkov method”), and a modified ver- aircraft, and found that a spectrally dependent surface albedo
sion of the Petters et al. (2003) technique (hereafter referredvas required over the wavelength range 300-420 nm, to ex-
to as “this work”). The two approaches differ in the as- plain the wavelength variation of the actinic flux under both
sumptions used to determine a key input for TUV4.4, theclean and polluted conditions. This wavelength-dependent
asymmetry parameteg, In this work, rather than assum- surface albedo was approximated by Madronich et al. (2007)
ing a fixed climatological or measured value farwe ran  with a linear interpolation between a value of 0.02 at 320 nm
multiple simulations for a range qf values applicable to and 0.10 at 400 nm. We slightly revised this estimate here
the expected aerosol types. To determine an appropriat® a linear variation between 0.015 at 320 nm and 0.085 at
range ing, we used data from an AERONET site that has 400 nm, based on the lower values for 385 nm reported by
been located in Mexico City (19.38l, 99.18 W, 2268 m)  Coddington et al. (2008). Interpolation then yields surface
since March 1999. We downloaded all valid Version 2 re- albedos of 0.025 at 332 nm and 0.057 at 368 nm. While this
trievals for March dates in all available years (1999-2008)difference of 0.032 albedo units may seem small, it will be
and computed a mediaguso of 0.68; 96% of the values shown below that it has a significant influence on the spectral
were between 0.6 and 0.75. These historical data agreedependence of retrieved
well with the Level 1.5, Version 2 AERONET almucantar It should be noted that error may also be introduced in
retrievals reported for the T1 site for March 2006: medianthe retrieval ofw with the assumption of a fixed NCcol-
g440, 0.68; min, 0.63; max, 0.74. We note that for small par- umn concentration such as that used in this work’s retrievals.
ticles, g is expected to increase at UV wavelengths. Accord-Studies have shown that the use of the climatologicap NO
ingly, Barnard et al. (2008) estimatedoo=0.76-0.77 and value will result in an underestimation efduring high pol-
£500=0.70-0.72 for Mexico City aerosol for five days in the lution episodes (Krotkov et al., 2005c¢). While the fixed NO
MCMA-2003 field campaign. We thus chose 86<0.75as  value of ~0.4 DU (1.1x10'® molecules/crf) used in allw
the input range 0f332 andgsss, and computed all pairs @f retrievals is consistent with that used in the AERONET in-
andw that yielded modeled DDR in agreement with (within versions as well as with the background Néalue observed
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at the T1 site during MILAGRO (Johansson et al., 2009), L0 S S AN S o,
such a value may not be representative of short-lived pollu- 4 FeTR e XN’ R
tion plumes that passed over the T1 site during MILAGRO. g g-

It can be shown that the error in retrievad is determined 3 F
by the ratio of NQ and aerosol extinction optical thickness i—ﬁ
at particular wavelength: o 0-8§

(O] c

Ao A™NO2 @) g 0.7 %

w T 9] e Lo % o 7o

Use of background N&® concentration when actual %) 0.6§ T X

NO,~2DU (5x10'®molecule/crd) under conditions with & g
low aerosol loading #22~0.2, tn02~0.03 andz~0.15 at 050 . L N NN
368 nm) results in significant underestimation of the re- 0.0 0.2 0.4 0.6 0.8 1.0
trieved w at least 12% and 7% at 368 nm and 332 nm, re- Aerosol Optical Depth, t

spectively (Krotkov et al., 2005c). Accounting forspec-

tral dependence in Eq. (7) the N@rror is even larger at Fig. 3. Contours of DDR (direct-to-diffuse irradiance) computed

440 nm Atno2 being approximately the same at 368 nm and 4t 368 nm, as a function afgg and wsgg for fixed value ofgaes
440 nm, butr (368)>1(440)). Therefore, under low aerosol (0.70), SZA (40), and surface albedo (0.06).

loading conditions the Ngerror can change significantly not
only the absolute value @f, but alsow spectral dependence.
However, the error becomes practically negligible for aerosol

laden pollution plumes when the rat%% is small. t data. As discussed further below, we determined that

the AERONET cloud-screening algorithm used to create
Level 1.5 and Level 2.0 datasets also removed cloud-free pe-
riods heavily influenced by dust.

Timelines for 10 March (DOY 69) through 31 March

Although AERONET and UVMRP data are available (DOY 90) of r3gg obtained at T1 from AERONET Version 2
for most of the days in March 2006, our screening direct Sun inversions, Levels 1.0 and 2.0 quality screened,
procedures have limited retrievals to days with valid are shown in Fig. 4, with the periods for whichretrievals
cloud-screened AERONET almucantar (Version 2) re-were conducted highlighted. The time periods of the three
trievals, needed to initialize the size distributions in the meteorological regimes defined for the MILAGRO study by
Krotkov method. AERONET almucantar inversions require Fast et al. (2007) are also indicated. During regime 1, early
SZA>45 (Dubovik and King, 2000; Dubovik et al., 2000), in the month, mostly sunny and dry conditions prevailed,
while UV-MFRSR voltage corrections and derived aerosolleading to elevated dust concentrations in addition to smoke
optical depths are most accurate at SZA smaller tham 70 aerosols from numerous fires. The passage of a cold surge
due to increases in angular response errors at larger SZAn 14 March marked a transition to a period with more fre-
(Krotkov et al., 2005a). This limitation is more severe at the quent afternoon partial cloudiness. Another cold surge late
surface elevation of Mexico City than at sea level, because oin the day on 21 March marked the transition to regime 3, a
the relatively larger importance of the direct solar beam. period of increased convection and cloudiness and reduced

The cloud-free periods that we chose corresponded tamumber and intensity of fires in the region. Figure 10 in Fast
19 <SZA<53, and thus the retrieved size distributions and et al. (2007) shows the timeline of shortwave radiation mea-
real refractive indices used to initialize the Krotkov method sured at T1 and confirms that our four selected days had low
were mostly determined for times before or after aure- overall fractional cloudiness and extended periods of cloud-
trieval periods. The relationship betweenw, and DDR  free conditions, as required for our retrieval methods. Fast et
is shown in Fig. 3. Ax decreases, particularly far<0.2, al. (2007) estimate that transport from Mexico City to the T1
DDR becomes increasingly less sensitive to values ahd  site was likely on three of the days we selected for analysis,
the best-fitw is not sufficiently constrained. Thus, we limited 12, 19 and 21 March. The relatively low optical depths in the
retrievals to periods withrzgg>0.1, recognizing that large morning on 19 March (Fig. 7 in Fast et al., 2007) are con-
uncertainties may be associated for cases whgg<0.2. sistent with the detailed meteorological analyses of deFoy
Applying all of these screening criteria, the final datasetet al. (2008), who noted that persistent southerly winds aloft
for which we will reportw retrievals was limited to rel- contributed to very clean air on this day. The timeline of daily
atively short near-noon periods on 12, 13, and 21 Marchafternoon CO concentrations simulated for the T1 site that is
2006, as summarized in Table 2. An additional retrieval presented in Fig. 19 of Fast et al. (2007), when compared
was performed for 19 March 2006 usingsg and t332 de-  with Fig. 4, demonstrates a general correspondence between
termined using AERONET non-cloud screened Level 1.0elevated (CO) and elevatedgs.

3 Results and discussion
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Fig. 4. Timeline of r3gg determined from AERONET direct-Sun inversions at the T1 site, for 10 March (DOY 69) through 31 March
(DOY 90). Data are Level 2 (black) cloud-screened and Level 1 unprocessed (red). The yellow-highlighted points show the periods for
which w retrievals were conducted. The labels at the top indicate the days corresponding to the meteorological regimes identified by Fast et

al. (2007).

Table 2. Days during March 2006 for which retrievals were conducted for data from the T1 site, together with values for some of the required
TUVA4.4 input parameters. The final four columns show the retrieved rangessgfandwsso for the indicated assumed values of surface
albedos, using the aerosol optical depths obtained from the adj4gtetcolumns 7 and 8).

adjustedVp ; unadjusted/g ; surface albedo=0.06 spectrally-varying
(using AERONET) (Langley method) surface albedo
DOY day time (UT) 7368 T332 T368 T332 368 332 368 w332

71 12 1730-2000 0.28-0.38 0.31-0.43 0.33-0.43 0.39-0.50 0.75-0.82 0.76-0.80 0.75-0.83 0.78-0.82
72 13 1730-2000 0.16-0.30 0.19-0.34 0.21-0.36 0.27-0.42 0.73-0.79 0.70-0.76 0.73-0.79 0.74-0.78
80 21 1730-2000 0.23-0.29 0.26-0.33 0.27-0.34 0.38-0.44 0.79-0.85 0.78-0.83 0.79-0.85 0.81-0.86

Figure 5 presents the retrieved rangeswgés and w332 tographs of the surrounding area. Higher wind speeds were
obtained in this work for 12, 13, and 21 March, assumingobserved (5-10 nTs, compared to 1-5n1s on 12, 13, and
a spectrally flat surface albedo of 0.06. The points represen2l March), and filter samples from T1 had elevated con-
the average of all possibiezeg andwss, values forg ranging  centrations of PMs C&* (A. Sullivan, personal commu-
from 0.6 to 0.75, which we refer to as the range-averaged nication), suggestive of crustal material. These findings are
values. Estimated range-averagesks and ws3> were low- consistent with those of Querol et al. (2008) who reported
est on 13 March, a day that was estimated to be least directlarge campaign mean concentrations of coarse mode mate-
influenced by transport from Mexico City, with values re- rial (PMyg) at the T1 suggesting elevated concentrations of
maining below 0.80 for the retrieval period. Range-averagedust at the measurement site compared to surrounding areas.
w3egandwzzz were highest on 21 March, with values ranging Increases in dust concentrations were attributed to dust resus-

from 0.79 to 0.85 forwzgg and from 0.78 to 0.83 fawz3o. pension events during times of moderate to high wind speeds
at the measurement site due to the T1 site’s proximity to a

Retrieval results for 19 March for this work are shown in cement plant and limestone quarry (Querol et al., 2008).

Fig. 6, with retrievals using the Krotkov method overplot-
ted. The latter method has fewer valid points because a sta- Several studies have observed stronger absorption of UV

ble <Vp> could be obtained for only a short morning time radiation than visible radiation by mineral dust (Bergstrom et
period. Most striking is the substantial decreases in bothal., 2004; Sokolik and Toon, 1999; Weaver et al., 2002; Wet-
w368 andw3sp between approximately 15.5 and 21 UT, cor- zel et al., 2003). Thus, the decrease@#gs and w332 over
responding to increases in(Fig. 6). Examination of ancil- this 7-h period on 19 March may be representative of en-
lary data, including images from the Aqua and Terra satel-hanced UV absorption by dust particles passing over the site.
lite (250 m resolution) and images from an upward-pointing However, errors in UV-MFRSR measurements are enhanced
all-sky camera, showed cloud-free skies. However, airbornainder high optical depth, dusty conditions. The empirical
dust was clearly visible in the all-sky images and in pho- diffuse aureole correction uses sky brightness’dt@n the
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Sun as a proxy for the aureole (Harrison at al., 1994). This 0312
proxy is an underestimation in general, but more so for dusty 1.0F «332nm
conditions, because larger particles, such as dust, preferen- CH: «368nm
tially forward scatter (largeg). The MFRSR diffuse voltage § :
underestimation results in an overestimation of the MFRSR 2 09
direct voltage, and thus an overestimation of the DDR. In o |
our retrieval method, the overestimated DDR leads directly 8
to underestimated. Further, the values of assumed for S o8l H“ }
our retrievals may be too low for the dusty conditions. Fi- e ¢ } {
nally, we had difficulty obtaining stabl&, ; during most of s
this day, another indication that the standard MFRSR volt- 07" ‘ ‘ ‘ ‘ ‘ ‘ ‘
age corrections are not adequate. We conclude that evidence 15 16 17 18 19 20 21 22
points to a change to a dust-dominated aerosol type during Time (Hr)
19 March, with the late morning and afternoon aerosol hav-
ing a lowerw than the aerosol observed on the other days, but 10r 0313 +332nm
the appropriate values akgg andwsz> cannot be established 2 i «368nm
with confidence. g E

A few estimates ofo for Mexico City aerosols have been K] 0.9F
published to which our results for 12, 13 and 21 March can < 0
be compared. Marley et al. (2009) computedt the T1 site q% 0.8
in 2006 for visible wavelengths using ground-based aerosol § i % “ u
absorbance and scattering measurements, and obtained an ¢ 07k
average value of 0.75 and a range 0.44-0.90. Doran et R
al. (2007) used MFRSR data and the approach of Kassianov @ . 6§

et al. (2005) to estimatesgo at the T1 site during morn- ‘ :

ing hours on DOY 71, 78 and 86, as 0.84, 0.85, and 0.89. L A S
AERONET retrievals ofvg41 at similar times on the respec-

tive days averaged 0.89, 0.90, and 0.92, with4 averaging 0321

0.88, 0.89, and 0.90. Marley et al.'s (2009) averages on these 10r «332nm
days were 0.76, 0.79, and 0.75; they attributed the discrep- : +368nm
ancies to the difference between their surface measurements
that included fine particles only, and the column measure-
ments that included all particles, as well as differences in i
the measurement wavelengths. The values obtained in this ;

work for wsgg andwszp on DOY 71 and 78 are in line with 0 8; HH }“H

these other estimates, and indicate a generally decreasing r

with wavelengths shorter than 500 nm, as also suggested by :

Barnard et al. (2008), who attributed the enhanced absorption 0 7;

in the near-UV to aerosol organic carbon. Figure 7 shows I T TR T

that the averagessg andws3z values retrieved for 12, 13 and Time (Hr)

21 March using the Krotkov method are substantially lower

than AERONETw441 and we7o averaged over those same Fig. 5. Retrieved ranges ab (bars) and range-averagedvalues
days. These findings are consistent with those reported bypoints) for 368 nm (red) and 332nm (black), for 12, 13, and 21
Barnard et al. (2008), who obtainego=0.88-0.95 (average March 2006 (DOY 71, 72, and 80). Surface albedo was fixed at
0f 0.92) andv300=0.67-0.78 (average of 0.72) using MFRSR 0-06 for both wavelengths.

and actinic flux spectroradiometer data from the MCMA-
2003 field campaign in Mexico City (Fig. 7). As summa-
rized in Table 2, our MILAGRO estimates of3gg=0.73—
0.85 andw33>=0.70-0.83 are well aligned with their esti-
mates at longer and shorter wavelengths, as is the AERONE

©441=0.83-0.92 at T1 for the same three days in 2006. values. The revised retrievals for DOY 71 and 72 show al-

The spectroradiometer-derived, shown in Fig. 1 of .
Barnard et al. (2008) suggest no significant spectral depenr-nOSt no spectral dependence, and for DOY 80, the slight

dence for 300 nmA <400 nm. Our retrievals in Fig. 5 sug- spectral variation has changed sign.
gest only a small difference betweegsg andwsso, although

0.9F

Single Scattering Albedo, ®

a Student’s t-test found thaizgg>w332 at the 95% confi-
dence level for most of the retrievals on all retrieval days.
Jln Fig. 8, we show retrieve@ assuming a spectrally-varying
surface albedo, which resulted in higher range-averagesl
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Fig. 6. Plots for 19 March showing AERONET Level 1tggq (top, left), retrieved ranges ef (bars) and range-averagedvalues (points)

for 368 nm (red) and 332 nm (black) with surface albedo fixed at 0.06 for both wavelengths (top, right), and retrieved rarfgasspaand
range-averaged values (points) for 368 nm (red) and 332 nm (black), anlues derived using the Krotkov method at 368 nm (dark blue)

and 332 (light blue) with surface albedo assumed to have a wavelength dependence, with values set at 0.025 and 0.057 at 332 nm and 368 ni
(bottom).

1.00F «Krotkov method Figure 9 compares the range-averagegs and ws3» ob-

. AERONET tained in this work for the constant surface albedo case with
0.951 «Barard et al.[2008] the results obtained using the Krotkov method for the same
0 90: ° time periods. The excellent agreement suggests that our

choice of range fog was appropriate for this application,
and that using the uncorrected DDR (i.e., ¥, error can-
cellation for both diffuse and direct components) is adequate,
as long as a correcteds input to the retrieval. Based on our
calculations, the assumed rangeiteads to a range i@ of
approximately 0.05, within the-0.025 cited by Barnard et

o

0

a
o

o
(o]
o
R
—et—
—

Single Scattering Albedo, ®

0.751-
N al. (2008) although additional uncertainties must be added to
(V] EE— L L, b L L w our reported ranges.
300 400 50 60 700 800 90

Wavelength, A (nm) One advantage of the method proposed in this work is that
it does not require ancillary measurements of the aerosol
Fig. 7. w values determined using the Krotkov method (black) and size distribution, as do the Krotkov method and other ap-
as reported by AERONET (orange) averaged over 12, 13, 21 Marchproaches listed in Table 1. However, our results do demon-
Error bars represent the error in retrievedvhich is inversely pro-  strate that accurate measurements @fre the most critical
portional toz. Also shown arew values averaged for five days for ¢ retrievals. In Fig. 9, the open symbols show the range-
in April 2003 determined by Barnard et al. (2008) using MFRSR averagedossg andwas, obtained using the uncorrected, on-
and acFinigqux spectrqradiometer data from the MCMA-2003 field g4, Langley-calibrated from the UVMRP website. As
campaign in Mexico City. shown in Table 2, these uncorrected optical depths are sig-
nificantly larger than those used in this work, by at least 0.04
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Fig. 8. As in Fig. 5, except that surface albedo was assumed to
have a wavelength dependence, with values set at 0.025 and 0.057

at332nm and 368 nm, respectively. terpolated to 368 and 332 nm, and uncorrected DDR data can

be used together with an appropriate range ¢d estimate

w, similar to the method of Eck et al. (1998) and as in the 19
and by as much as 0.1. As can be seen from Fig. 3, an inMarch retrieval. One advantage of this simplified approach
crease irr at constant DDR implies a decreasednThere-  is that it would enable estimates af for more time peri-
fore, w3zgs and ws32 are underestimated when the Langley- ods, as generally many more direct Sumeasurements are
calibrated optical depths are used in the retrieval. Fortu-available from the AERONET database than are almucan-
nately, the DDR itself is not affected by a poug,, cali- tar inversions, needed for the estimates of size distribution
bration. This means that a simple approach than applied herand refractive index in the Krotkov method. However, unlike
can be used to deriwe from data from UV-MFRSR instru-  the Krotkov method, the simpler method does not automati-
ments co-located with an AERONET instrument. The accu-cally allow for screening of poor measurements, for example,
rate direct-sun AERONET optical depths can simply be in-those affected by scattered clouds.
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8.6x10° — trieval days. However, when a wavelength-dependent surface
albedo based on MILAGRO measurements was used in the
8.4 retrievals, the spectral relationship betweendghalues was

eliminated in most cases. Our findings are in general agree-
ment with those of Barnard et al. (2008), who suggested a
large decrease i from the visible to the near-UV, but weak
spectral dependence below 400 nm.

As discussed by Barnard et al. (2008), the enhancement
in absorption at UV wavelengths, as compared with visible
wavelengths, is larger than would be expected if black car-
bon were the only absorbing species. They estimate that this
additional UV absorption would be expected to significantly

8.2

-1

Downwelling j(NO,), s

7.2 slow photochemical pollutant formation, and may also in-
, , : , , : crease local atmospheric heating rates, thereby influencing
17:30 18:00 18:30 19:00 19:30 20:00 stability and convection. Marley et al. (2009) showed that
3/13/2006 . . .
Date and Time, UT measured broadband UV-B irradiances at the T1 site were

lower than those modeled for clear sky conditions, confirm-
Fig. 10. Measured and simulateiio, (s™1) for 13 Marchatthe T1  ing that the presence of absorbing gases and aerosols at the
site. The red line shows the scanning actinic flux spectroradiometeil 1 site reduced UV-B radiation. It should be noted that un-
(SAFS) measurement (see text). Other lines show results from TUMder heavily polluted conditions in which the N@olumn
simulations run every 15 min, beginning at 17:30 UTC. All simula- concentration exceeds 2 DU retrievedvalues may appear
tions useg=0.68, an Angstim parameter of 0.7, assume no spec- |ower than reality. However, because the absorption cross-
tral variation inw, and assume a §pectra||y-invariant surfacg albedogactions at 440 and the near-UV are similar (41.8‘19 cnp
a=0.025, except for the dasheql line, for which0.06. (_Sree_n lines: and~4x10-19 sz’ respectively), there is not an enhanced
t332=0.'31’“’=0'72 (Corres'oo.nd'r!g most closely to m|dpomts_ of ob- absorption by N@at 332 and 368 over 440 nm and the trend
servations; see Table 2). Pink linej3o=0.31,0=0.84. Blue line: . - -
7332=0.19,0=0.78. Yellow line:r33,=0.43,0=0.78, in w with wavelength is likely real.

The variations in aerosol loading aadthat we have es-
timated from the MILAGRO data are large enough to have
measurable impacts on photolysis rates. In Fig. 10 we show
the results of TUV simulations of the downwelling photol-
ysis rates of N@, jno,, for 13 March for various assumed
We have applied the methodology of Petters et al. (2003)alues ofrs3» and w, and compare them to direct down-
to the retrieval of column average aerosol single scattering,ve||ing measurements from the scanning actinic flux spec-
albedosw, from measured direct and diffuse voltages in the tyqradiometer (SAFS; Lefer et al., 2001). In these simula-
UV spectral region for three days of measurements at thejons we have kept assumed properties constant throughout
T1 site in Mexico during the MILAGRO field campaign in  the day in order to isolate the effects of varying assumptions
March 2006. The method is cross-checked against the morgn the computed photolysis rates, and have chosen the ranges
complex methodology proposed by Krotkov et al. (2005a,in each parameter to span those typical of the 3 retrieval days
b), and is shown to yield consistent estimatesogés and  discussed in this paper. Figure 10 demonstrates that in gen-
w332 if well-calibrated AERONET aerosol optical depths are gra|, the simulations are able to reproduce the measurements
used in the retrieval. We find thateg generally ranged from  \ith good accuracy, a finding that also holds on the other two
0.73-0.85, andz332 from 0.70-0.86, depending on the day retrieval days. The green lines represent choicesgfand
and on the assumptions used in the retrievals. Our valueg, closest to our midpoint values for 13 March (Table 2), and
align well with other estimates f at UV and visible wave-  demonstrate that the choice of surface albedo (0.025 vs. 0.06)
|engths pUbllShed for Mexico Clty and for the MILAGRO imposes 0n|y abouta 1% Changeji{bz_ In contrast, Varying
campaign. Our selected dates were all within the MILAGRO ,, from 0.72 to 0.84 (a 17% increase) at constagp (solid
time periOd most heaVily influenced by fire emissions, andgreen and solid p|nk |ines), leads t6-8.5% increase ijNOzv
our findings are also consistent with an aerosol compositiory value similar to the increase iNo, (~4.5%) that arises
that had significant contributions from dust or organic carbonfrom a relatively large decrease ins» from 0.43 to 0.19 at
species with enhanced absorption at UV wavelengths. constantw (gold and blue lines). The calculations demon-

Uncertainties that affect our results, particularly the de-strate thatjno, is atleast sensitive to as it is tor. The ef-
gree of wavelength dependencezinare the value and spec- fects of the changes in thgo,values on @ production were
tral dependency of surface albedo. When surface albedexamined using a simple photochemical box model (Lefer et
was set to a fixed value, a small spectral dependeneg in al., 2003). It was found that the % changes in the instanta-
with wsgs> w332, was suggested by the data for all three re- neous net @ production rates varieet1:1 with changes in

4 Conclusions

Atmos. Chem. Phys., 9, 5813827, 2009 www.atmos-chem-phys.net/9/5813/2009/



C. A. Corr et al.: UV single-scattering albedos during MILAGRO 5825

JNo,, emphasizing the need for the accurate quantification of Liu, J., and Schaaf, C. C.: Aircraft measurements of spec-
bothw andz for photochemical modeling applications. The  tral surface albedo and its consistency with ground-based and
two retrieval methods used in this work provide a simple, space-borne observations, J. Geophys, Res. 113, D17209,

and effective means for determining these essential aeroso| d0i:10.1029/20081D010089, 2008.
de Foy, B., Fast, J. D., Paech, S. J., Phillips, D., Walters, J. T,

optical parameters and may thus prove useful in the photo* :
chemistry field Coulter, R. L., Martin, T. J., Pekour, M. S., Shaw, W. J., Kasten-
' deuch, P. P., Marley, N. A., Retama, A., and Molina, L. T.: Basin-

) scale wind transport during the MILAGRO field campaign and
AcknowledgementsThis work was conducted through the USDA comparison to climatology using cluster analysis, Atmos. Chem.

UV-B Monitoring and Research Program and supported by NSF Phys., 8, 1209-1224, 2008,

under grant number ATM-0511911. The USDA UV-B Monitoring http:/Aww.atmos-chem-phys.net/8/1209/2008/

and Research Program is supported through the USDA CSREES)jyarson, R., Kondragunta, S., Stenchikov, G., Civerolo, K., Dod-
gr_ant 2006-34263-16926 “Global Change/Ultraviolet Radiation”. dridge, B., and Holben, B.: The impact of aerosol on solar UV ra-
Nickolay Krotkov acknowledges NASA support through grant  iation and photochemical smog, Science, 278, 827830, 1997.

NNXOBAQOSG “Spectral absorption properties of aerosols in pigey B L Solar ultraviolet-radiation effects on biological-
UV wavelengths”. ~ Sasha Madronich acknowledges support systems, Phys. Med. Biol, 36, 299-328, 1991.

from The National Center for Atmospheric Research which is Doran, J. C., Barnard, J. C., Amott, W. P., Cary, R., Coulter, R.,

supported by the NSF. We thank Amando Leyva Contreras, paqi j p. Kassianov, E. I., Kleinman, L., Laulainen, N. S., Mar-
Hector Eskvez Ferez, and Wayne W. Newcomb for their efforts tin, T., Paredes-Miranda, G., Pekour, M. S., Shaw, W. J., Smith,

in establishing and maintaining the Mexico City AERONET site, [ ¢ Springston, S. R., and Yu, X.-Y.: The T1-T2 study: evo-
and for the use of those data in this work. Wayne W. Newcomb's | ion of aerosol properties downwind of Mexico City, Atmos.
recent death in December '09 highlights the importance to science Chem. Phys., 7, 1585-1598, 2007

of insightful, practical and can do people. Without his considerable http://www.atmos-chem-phys.net/7/1585/2007/
talents, these measurements during MILAGRO would not havep, ok 0. and King, M. D.: A flexible inversion algorithm for

been possible. He is sorely missed as a colleague to scientists and @ atrieval of aerosol optical properties from Sun and sky radiance

friend to all. measurements, J. Geophys, Res., 105, 20673-20696, 2000.
Dubovik, O., Smirnov, A., Holben, B. N., King, M. D., Kauf-

man, Y. J., Eck,, T. F., and Slutsker, .. Accuracy assessments

of aerosol optical properties retrieved from Aerosol Robotic Net-

work (AERONET) Sun and sky radiance measurements, J. Geo-
References phys, Res., 105, 9791-9806, 2000.

Dubovik, O., Holben, B., Eck, T. F., Smirnov, A., Kaufman, Y. J.,

Bais, A. F.,Kazantzidis, A., Kazadzis, S., Balis, D. S, Zerefos, C.  King, M. D., Tanre, D., and Slutsker, |.: Variability of absorption

S., and Meleti, C.: Deriving an effective aerosol single scattering and optical properties of key aerosol types observed in world-

albedo from spectral surface UV voltage measurements, Atmos. wide locations, J. Atmos. Sci., 59, 590-608, 2002.

Environ., 39, 1093-1102, 2005. Eck, T. F, Holben, B. N., Slutsker, I., and Setzer, A.: Measure-
Barnard, J. C., Volkamer, R., and Kassianov, E. |.: Estimation ofthe ments of irradiance attenuation and estimation of aerosol single

mass absorption cross section of the organic carbon component scattering albedo for biomass burning aerosols in Amazonia, J.

of aerosols in the Mexico City Metropolitan Area, Atmos. Chem.  Geophys. Res., 103, 31865-31878, 1998.

Phys., 8, 6665-6679, 2008, Elminir, H. K.: Sensitivity of ultraviolet solar radiation to anthro-

http://www.atmos-chem-phys.net/8/6665/2008/ pogenic air pollutants and weather conditions, Atmos. Res., 84,
Bergstrom, R. W., Pilewskie, P., Pommier, J., Rabbette, M., Rus- 250-264, 2007.

sell, P. B., Schmid, B., Redemann, J., Higurashi, A., Naka- Elterman, L., Wexler, R., and Chang, D. T.: Features of tropospheric

jima, T., and Quinn, P. K.: Spectral absorption of solar radiation  and stratospheric dust, Appl. Optics, 8, 893-903, 1969.

by aerosols during ACE-Asia, J. Geophys, Res., 109, D19S15Fast, J. D., de Foy, B., Acevedo Rosas, F., Caetano, E., Carmichael,

Edited by: J. Gaffney

doi:10.1029/2003JD004467, 2004. G., Emmons, L., McKenna, D., Mena, M., Skamarock, W.,
Bigelow, D. S., Slusser, J. R., Beaubien, A. F.,, and Gibson, J. H.: Tie, X., Coulter, R. L., Barnard, J. C., Wiedinmyer, C., and

The USDA ultraviolet radiation monitoring program, B. Am. Madronich, S.: A meteorological overview of the MILAGRO

Meteorol. Soc., 79, 601-615, 1998. field campaigns, Atmos. Chem. Phys., 7, 2233-2257, 2007,

Bornman, J. F. and Teramura, A. H.: Effects of UV-B on terrestrial  http://www.atmos-chem-phys.net/7/2233/2007/
plants, in: Environmental UV Photobiology, Plenum Press, New Goering, C. D., LUEcuyer, T. S., Stephens, G. L., Slusser, J. R.,
York, New York, 1993. Scott, G., Davis, J., Barnard, J. C., and Madronich, S.: Simulta-

Castro, T., Mar, B., Longoria, R., Ruiz-Suarez, L. G., and Morales, neous retrievals of column ozone and aerosol optical properties
L.. Surface albedo measurements in Mexico City metropolitan  from direct and diffuse solar voltage measurements, J. Geophys,
area, Atmosfera, 14, 69-74, 2000. Res., 110, D05204, doi:10.1029/2004JD005330, 2005.

Castro, T., Madronich, S., Rivale, S., Muhlia, A., and Mar, B.: The Harrison, L., Michalsky, J., and Berndt, J.: Automated muiltifil-
influence of aerosols on photochemical smog in Mexico City, At-  ter rotating shadow-band radiometer — an instrument for optical
mos. Environ., 35, 1765-1772, 2001. depth and radiation measurements, Appl. Optics, 33, 5118-5125,

Coddington, O., Schmidt, K. S., Pilewskie, P., Gore, W. J.,, 1994,

Bergstrom, R. W., Roman, M., Redemann, J., Russell, P. B.,

www.atmos-chem-phys.net/9/5813/2009/ Atmos. Chem. Phys., 9, 5823-2009


http://www.atmos-chem-phys.net/8/6665/2008/
http://www.atmos-chem-phys.net/8/1209/2008/
http://www.atmos-chem-phys.net/7/1585/2007/
http://www.atmos-chem-phys.net/7/2233/2007/

5826 C. A. Corr et al.: UV single-scattering albedos during MILAGRO

Harrison, L. and Michalsky, J.L,: Objective algorithms for the re-  from diffuse and direct irradiacnce: Numerical studies, J. Geo-
trieval of optical depths from ground-based measurements, Appl. phys. Res., 113, D09204, doi:10.1029/2007JD009239, 2008.
Optics, 33, 5126-5132, 1994. Lefer, B. L., Hall, S. R., Cinquini, L., Shelter, R. E., Barrick, J. D.,

He, S. and Carmichael, G. R.: Sensitivity of photolysis rates and and Crawford, J. H.: Comparison of airborne NOi photolysis fre-
ozone production in the troposphere to aerosol properties, J. Geo- quency measurements during PEM Tropics B, J. Geophys. Res.,
phys. Res., 104, 26307-26324, 1999. 106, 32645-32656, 2001.

Hofzumahaus, A., Kraus, A., Kylling, A., and Zerefos, C. S.: Solar Lefer, B. L., Shetter, R. E., Hall, S. R., Crawford, J. H., and Olson,
actinic radiation (280—420 nm) in the cloud-free troposphere be- J. R.: Impact of clouds and aerosols on photolysis frequencies
tween ground and 12 km altitude: Measurements and model re- and photochemistry during TRACE-P: 1. Analysis using radia-
sults, J. Geophys. Res., 107, 8139, doi:10.1029/2001JD900142, tive transfer and photochemical box models, J. Geophys. Res.,
2002. 108, 8821, doi:10.1029/2002JD003171, 2003.

Holben, B. N., Eck, T. F., Slutsker, |., Tanre, D., Buis, J. P., Set-Liu, S. C., McKeen, S. A., and Madronich, S.: Effect of an-
zer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J., Nakajima, thropogenic aerosols on biologically active ultraviolet radiation,
T., Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET — A Geophys. Res. Lett., 18, 2265-2268, 1991.
federated instrument network and data archive for aerosol chartongstreth, J., de Gruijl, F. R., Kripke, M. L., Abseck, S., Arnold,
acterization, Rem. Sens. Environ., 66, 1-16, 1998. F., Slaper, H. I, Velders, G., Takizawa, Y., and van der Leun, J.

Holben, B. N., Tanre, D., Smirnov, A., Eck, T. F.,, Slutsker, I., C.: Health risks, J. Photoch Photobio-B, 46, 20-39, 1998.
Abuhassan, N., Newcomb, W. W., Schafer, J. S., Chatenet, B.Madronich, S. and Flocke, S.: The role of solar radiation in atmo-
Lavenu, F., Kaufman, Y. J., Castle, J. V., Setzer, A., Markham, spheric chemistry, in: Handbook of Environmental Chemistry,
B., Clark, D., Frouin, R., Halthore, R., Karneli, A., O’Neill, N. edited by: Boule, P., Springer-Verlag, Heidelberg, 1-26, 1998.
T., Pietras, C., Pinker, R. T., Voss, K., and Zibordi, G.: An emerg- Madronich, S., Shetter, R., Hall, S., Lefer, B., and Slusser, J.: Ultra-
ing ground-based aerosol climatology: Aerosol optical depth violet characteristics of PBL aerosol in Mexico City, Eos Trans.
from AERONET, J. Geophys. Res., 106, 12067-12097, 2001. AGU, 88(52), Fall Meet. Suppl., Abstract A32A-06, 2007.

Johansson, M., Rivera, C., de Foy, B., Lei, W., Song, J., ZhangMarley, N. A., Gaffney, J. S., Castro, T., Salcido, A., and Freder-
Y., Galle, B., and Molina, L.: Mobile mini-DOAS measurement ick, J.: Measurements of aerosol absorption and scattering in the

of the emission of N@ and HCHO from Mexico City, Atmos. Mexico City Metropolitan Area during the MILAGRO field cam-
Chem. Phys. Discuss., 9, 865-882, 2009, paign: a comparison of results from the TO and T1 sites, Atmos.
http://www.atmos-chem-phys-discuss.net/9/865/2009/ Chem. Phys., 9, 189-206, 2009,

Kassianov, E. I., Barnard, J. C., and Ackerman, T. P.. Re- http://www.atmos-chem-phys.net/9/189/2Q09/
trieval of aerosol microphysical properties using surface Multi- Michalsky, J. J., Schlemmer, F. A., Berkheiser, W. E., Berndt, J. L.,
filter Rotating Shadowband Radiometer (MFRSR) data: Mod- Harrison, L. C., Laulainen, N. S., Larson, N. R., and Barnard, J.
eling and observations, J. Geophys. Res., 110, D09201, C.: Multiyear measurements of aerosol optical depth in the At-
doi:10.1029/2004JD005337, 2005. mospheric Radiation Measurement and Quantitative Links pro-

Kleinman, L. I.: The dependence of tropospheric ozone production grams, J. Geophys. Res., 106, 12099-12107, 2001.
rate on ozone precursors, Atmos. Environ., 39, 575-586, 2005. Moffet, R. C., de Foy, B., Molina, L. T., Molina, M. J., and Prather,

Krotkov, N. A., Bhartia, P. K., Herman, J. R., Fioletov, V., and K. A.: Measurement of ambient aerosols in northern Mexico City
Kerr, J.. Satellite estimation of spectral surface UV voltage in by single particle mass spectrometry, Atmos. Chem. Phys., 8,
the presence of tropospheric aerosols 1. Cloud-free case, J. Geo- 4499-4516, 2008,
phys. Res., 103, 8779-8794, doi:10.1029/98JD00233, 1998. http://www.atmos-chem-phys.net/8/4499/2008/

Krotkov, N., Bhartia, P. K., Herman, J., Slusser, J., Labow, G., Scott,Petters, J. L., Saxena, V. K., Slusser, J. R., Wenny, B.
G., Janson, G., Eck, T. F., and Holben, B.: Aerosol ultraviolet N., and Madronich, S.: Aerosol single scattering albedo
absorption experiment (2002 to 2004), part 1: ultraviolet multi-  retrieved from measurements of surface UV voltage and
filter rotating shadowband radiometer calibration and intercom- a radiative transfer model, J. Geophys. Res., 108, 4288,
parison with CIMEL sunphotometers, Opt. Eng., 44, 041001, do0i:10.1029/2002JD002360, 2003.
doi:10.1117/1.1886818, 2005a. Querol, X., Pey, J., Minguiin, M. C., Ferez, N., Alastuey, A.,

Krotkov, N., Bhartia, P. K., Herman, J., Slusser, J., Scott, G., Labow, Viana, M., Moreno, T., Berng R. M., Blanco, S., &denas, B.,

G., Vasilkov, A. P, Eck, T. F., Dubovik, O., and Holben, B. N.: Vega, E., Sosa, G., Escalona, S., Ruiz, H., anda&wb, B.: PM
Aerosol ultraviolet absorption experiment (2002 to 2004), part  speciation and sources in Mexico during the MILAGRO-2006
2: absorption optical thickness, refractive index, and single scat- Campaign, Atmos. Chem. Phys., 8, 111-128, 2008,

tering albedo, Opt. Eng., 44, 041005, doi:10.1117/1.1886819, http://www.atmos-chem-phys.net/8/111/2008/

2005b. Reuder, J. and Schwander, H.: Aerosol effects on UV radiation in

Krotkov, N., Herman, J. J., Cede, A., and Labow, G.: Partitioning nonurban regions, J. Geophys. Res., 104, 4065-4077, 1999.
between aerosol and NO2 absorption in the UVA, in: Ultraviolet Slusser, J., Gibson, J., Bigelow, D., Kolinski, D., Disterhoft, P.,
Ground- and Space-based Measurements, Models, and Effects Lantz, K., and Beaubien, A.: Langley method of calibrating UV
V, edited by: Bernhard, G., Slusser, J. R., Herman, J. R., and filter radiometers, J. Geophys. Res., 105, 4841-4849, 2000.
Gao, W., Proceedings of SPIE, 5886, Bellingham, WA, 588601, Sokolik, I. N. and Toon, O. B.: Incorporation of mineralogical com-
2005c. position into models of the radiative properties of mineral aerosol

Kudo, R., Uchiyama, A., Yamazaki, A., Kobayashi, E., and from UV to IR wavelengths, J. Geophys. Res., 104, 9423-9444,
Nishizawa, T.: retrieval of aerosol single-scattering properties 1999.

Atmos. Chem. Phys., 9, 5813827, 2009 www.atmos-chem-phys.net/9/5813/2009/


http://www.atmos-chem-phys-discuss.net/9/865/2009/
http://www.atmos-chem-phys.net/9/189/2009/
http://www.atmos-chem-phys.net/8/4499/2008/
http://www.atmos-chem-phys.net/8/111/2008/

C. A. Corr et al.: UV single-scattering albedos during MILAGRO 5827

Stone, E. A., Snyder, D. C., Sheesley, R. J., Sullivan, A. P., WeberWetzel, M. A., Shaw, G. E., Slusser, J. R., Borys, R. D., and Cabhill,
R. J., and Schauer, J. J.: Source apportionment of fine organic C. F.: Physical, chemical, and ultraviolet radiative characteris-
aerosol in Mexico City during the MILAGRO experiment 2006, tics of aerosol in central Alaska, J. Geophys. Res., 108, 4418,
Atmos. Chem. Phys., 8, 1249-1259, 2008, doi:10.1029/2002JD003208, 2003.
http://www.atmos-chem-phys.net/8/1249/2008/ Yokelson, R. J., Urbanski, S. P., Atlas, E. L., Toohey, D. W., Al-

Taylor, T. E., L'Ecuyer, T. S., Slusser, J. R., Stephens, G. L., and varado, E. C., Crounse, J. D., Wennberg, P. O., Fisher, M. E.,
Goering, C. D.: An operational retrieval algorithm for determin-  Wold, C. E., Campos, T. L., Adachi, K., Buseck, P. R., and Hao,
ing aerosol optical properties in the ultraviolet, J. Geophys. Res., W. M.: Emissions from forest fires near Mexico City, Atmos.
113, D03201, doi:10.1029/2007JD008661, 2008. Chem. Phys., 7, 5569-5584, 2007,

Weaver, C. J., Ginoux, P., Hsu, N. C., Chou, M. D., and Joiner, J.: http://www.atmos-chem-phys.net/7/5569/2007/

Radiative forcing of Saharan dust: GOCART model simulations
compared with ERBE data, J. Atmos. Sci., 59, 736747, 2002.
Wenny, B. N., Schafer, J. S., DeLuisi, J. J., Saxena, V. K., Barnard,
W. F., Petropavlovskikh, I. V., and Vergamini, A. J.: A study of
regional aerosol radiative properties and effects on ultraviolet-B

radiation, J. Geophys. Res., 103, 17083—-17097, 1998.

www.atmos-chem-phys.net/9/5813/2009/ Atmos. Chem. Phys., 9, 5823-2009


http://www.atmos-chem-phys.net/8/1249/2008/
http://www.atmos-chem-phys.net/7/5569/2007/

