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Abstract

Urban air pollution absorbs and scatters solar ultraviolet (UV) radiation, and thus has
a potentially large effect on tropospheric photochemical rates. We present the first de-
tailed comparison between UV actinic fluxes (AF) measured in highly polluted condi-
tions and simulated with the Tropospheric Ultraviolet-Visible (TUV) model. Measure-
ments were made during the MILAGRO campaign near Mexico City in March 2006, at
a ground-based station near Mexico City (the T1 supersite) and from the NSF/NCAR
C-130 aircraft. At the surface, measured AF values are typically smaller than the model
by up to 25 % in the morning, 10 % at noon, and 40 % in the afternoon, for pollution-
free and cloud-free conditions. When measurements of PBL height, NO, concentration
and aerosols optical properties are included in the model, the agreement improves to
within £10 % in the morning and afternoon, and +3 % at noon. Based on daily aver-
ages, aerosols account for 67 % and NO, for 25 % of AF reductions observed at the
surface. Several overpasses from the C-130 aircraft provided the opportunity to exam-
ine the AF perturbations aloft, and also show better agreement with the model when
aerosol and NO,, effects are included above and below the flight altitude. TUV model
simulations show that the vertical structure of the actinic flux is sensitive to the choice
of the aerosol single scattering albedo (SSA) at UV wavelengths. Typically, aerosols
enhance AF above the PBL and reduce AF near the surface. However, for highly scat-
tering aerosols (SSA > 0.95), enhancements can penetrate well into the PBL, while
for strongly absorbing aerosols (SSA < 0.6) reductions in AF are computed in the free
troposphere as well as in the PBL. Additional measurements of the SSA at these wave-
lengths are needed to better constrain the effect of aerosols on the vertical structure of
the AF.
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1 Introduction

Urban and regional photochemical smog is reasonably well understood as a byproduct
of reactions between volatile organic compounds (VOCs) and nitrogen oxides (NO,)
under solar ultraviolet (UV) radiation (Haagen-Smit et al., 1953; Finlayson-Pitts and
Pitts, 1999). Changes in emissions of VOCs and NO, affect both the timing and in-
tensity of smog episodes, with specific responses depending on whether the chemical
regime is NO, -limited, VOC-limited, or NO,-inhibited (Dimitriades, 1972; Sillman, 1999;
Kleinman, 2005; Stephens et al., 2008). Regardless of the VOC-NO, regime, smog
chemistry is photon-limited and therefore always sensitive to changes in the UV radia-
tion field. In polluted regions these radiation changes can be caused by the products of
smog chemistry, especially ozone (O3), nitrogen dioxide (NO,), and aerosol particles.
Thus an interesting feedback exists by which photochemical smog production depends
on the UV radiation, but can also modify it. Whether the net effect is an increase or
decrease in photochemistry depends on the relative importance of scattering and ab-
sorption by these secondary pollutants and their vertical distributions. Solar photons
(hv) initiate and sustain smog photochemistry by breaking relatively stable molecules
into much more reactive fragments, i.e. the photolysis of nitrogen dioxide (NO,)

NO, + hv(41 < 420nm) —- NO + O (R1)

This reaction accounts for most of the ozone in the lower atmosphere, as it is followed
by
0+0,+M— 03 +M. (R2)

The photolysis frequency, J, is given by

J =/F(/1)a(/1)q>(/1)d/1 (1)

where F (1) is the spectral actinic flux (AF) at wavelength A, (1) is the absorption cross
section of the target molecule, and ¢(1) is the quantum yield of specific photo-products.
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The spectral actinic flux is defined as the number of photons incident on a sphere, per
unit time and wavelength, per unit cross-sectional area of the sphere, i.e., integrating
radiation from all directions with equal weight,

F(2) =//L(/1,6,(p) sin6doédg (2)

where L(A,0,¢) is the spectral radiance from angular directions 8,¢ (Madronich,
1987). The direct solar beam can be a large component of the AF, but diffuse radiation
is always important due to the large cross sections for molecular (Rayleigh) scattering
at UV wavelengths, scattering by aerosols and clouds, and reflections from the ground.

Aerosols usually attenuate UV radiation reaching the surface, resulting in lower ac-
tinic fluxes and photolysis frequencies (Leighton, 1961; Demerjian et al., 1980; Lefer
et al,, 2003; Flynn et al., 2010; Li et al., 2011). Other pollutants, such as NO,, may also
reduce the actinic flux through direct absorption. However, aerosols in the planetary
boundary layer (PBL) also back-scatter incident solar radiation and effectively increase
photolysis frequencies above the PBL. Within the PBL, the situation is more complex
as aerosols can increase or decrease actinic fluxes, depending on the precise height
and aerosol optical properties. For example, Dickerson et al. (1997) found that for the
Eastern US, sulfate aerosols, which primarily scatter UV wavelengths, cause an over-
all increase in PBL actinic fluxes and thus increase regional O3 by 10-20 ppb. How-
ever, Castro et al. (2001) reached the opposite conclusion for Mexico City, where UV-
absorbing aerosols reduce PBL actinic fluxes, slowing photochemistry and reducing O
maxima by 20-50 ppb. Such changes in O; due to aerosol-induced UV perturbations
are comparable to or larger than O5 reductions currently practical with VOC and NO,
emission regulations. The aerosol-induced AF perturbations have been characterized
by many modeling studies under different conditions (e.g. Michelangeli et al., 1992; He
and Carmichael, 1999; Jacobson, 1998; Liao et al., 1999; Yang and Levy, 2004) and
have been parameterized in chemistry-transport models such as WRF-Chem (Grell
et al., 2005), CMAQ (Byun and Ching, 1999), CAMx (ENVIRON, 2010), and MOZART
(Tie et al., 2005). Quantitative comparisons between measured and simulated AF in
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the presence of aerosols are fewer, but generally show good agreement from ground
stations (Frih et al., 2003) and from aircraft (Kelley et al., 1995; Volz-Thomas et al.,
1996; Meloni et al., 2003), although discrepancies at high dust loading were also noted
(Junkermann et al., 2002). No detailed comparisons of observed and modeled AF are
available for highly polluted urban conditions.

Here, we report measurements of spectral actinic fluxes made at a surface station
(T1) on the northern edge of Mexico City during the March 2006 MILAGRO field cam-
paign (Molina et al., 2010), as well as measurements made from the NSF/NCAR C-130
aircraft during several overpasses of the T1 site. A radiative transfer model is used to
estimate the relative contributions of NO, and aerosols, and to characterize the vertical
structure of the UV perturbations. Section 2 describes instruments and measurements
used in this work. Section 3 describes the radiative transfer model and Sect. 4 the
discussion and results. Conclusions are given in Sect. 5.

2 Measurements

Surface measurements were made during March 2006 at the T1 supersite (Universidad
Tecnologica de Tecamac, State of Mexico) of the MILAGRO field campaign. This site
is located near the northern edge of Mexico City, at 19.70°N, 98.98°W, 2270 m a.s.l.
Measurements at this site are expected to represent a mixture of episodes of cleaner
background air, fresh emissions, and intensely polluted plumes immediately downwind
of the city. The measurements used in this study are from cloudless days (5, 6, 7, 12,
and 13 March) which were identified by visual inspection of radiation measurements
and all-sky images. Radiosonde, profiler, and lidar measurements were used by Shaw
et al. (2007) to determine the evolution of the boundary layer height (see Fig. 1a) as it
grows from a nominal overnight value of a few tens of meters to well over 3000 m by
mid-afternoon.

The minimum, maximum, and average NO, concentrations used in this work are
shown in Fig. 1b. They were measured at the T1 site by Laser Induced Fluorescence
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and corrected for 6 % additional NO, fluorescence quenching by H,O. The minimum
and maximum measured values were 1.4 and 65.1 parts per billion by volume (ppbv),
respectively. A detailed description of the instrument and technique for LIF detection of
NO, was given by Day et al. (2002) and Thornton et al. (2000). Measurements of NO,
at T1 were made on 14 different days (16 to 30 March), although not for the cloudless
days used in this work. Thus, 30 min averages were calculated along each day and the
half-hour averages of all days were used to create one average NO, diurnal profile,
which was used as model input. Additional NO, measurements, shown in Fig. 1b, were
obtained by other two instruments. The first one was a dual-laser Aerodyne Tunable In-
frared Laser Differential Absorption Spectrometer (TILDAS) with estimated uncertainty
of 8 % (Kolb et al., 2004; Herndon et al., 2007; Dunlea et al., 2007; Wood et al., 2009)
deployed 19-22 March at T1 from the Aerodyne Mobile Laboratory. The second instru-
ment was the NCAR 4-channel chemiluminescence instrument mounted aboard the
C-130 aircraft. In this case NO, was measured as NO following photolytic conversion
of NO,, with a time response of about 3s due to the residence time in the photolysis
cell. The overall estimated uncertainty of the 1s values for NO, is +(15 + 10 % of the
mixing ratio) pptv (DeCarlo et al., 2008).

The C-130 aircraft flew over the T1 site for a few minutes on 8, 10, 18, 22, and 29
March 2006 during mid to late afternoon local time. An overpass was defined when the
C-130 was less than 10km from T1. For these overpasses the minimum, maximum,
and average aircraft heights were 0.5km, 2.7 km, and 1.6 km a.g.l. (AGL), respectively.
The PBL depths on these days were individually assessed to assure that the flying
altitudes during the overpasses were well within this layer. No systematic trend of NO,
concentrations with altitude (within the PBL) was observed, and horizontal variability
was large even during the short overpass times, suggesting the importance of local
sources or short-range transport.

Aerosol optical properties were obtained from the AErosol RObotic NETwork
(AERONET, Holben et al.,, 2001) station deployed at the T1 site during the cam-
paign (T1_MAX_MEX, http://aeronet.gsfc.nasa.gov). A CIMEL Electronique 318N
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sunphotometer measured direct sun radiance every 15 min at 340, 380, 440, 500, 675,
870, and 1020 nm. We used aerosol optical depth at 340 nm (AOD340), single scatter-
ing albedo (SSA441) at 441 nm (the shortest wavelength for which SSA retrievals are
available), the asymmetry factor (g441) at 441 nm, and the Angstrém coefficient (a,
340-440 nm). The AOD340, g441, and a values used in this work are level 2.0, which
means that the quality of the data is assured through pre and post field calibrations,
automatic cloud cleaning, and manual inspection. As no level 2.0 data were available
for SSA441, we used level 1.5 values (cloud-screened) for this parameter. No aerosol
data were available for 5 March and therefore we used monthly averages for this day.
These averages were obtained using all the days for which aerosol data were available
in the period 6—31 March. Figure 1c shows the hourly variation of the AOD340 for 6, 7,
12, and 13 March together with the minimum, maximum, and monthly averaged values.
Open symbols show interpolations. As g441, SSA441, and «a values were very sparse,
the daily averages of the available data were used for the corresponding day.

Actinic flux was measured with three NCAR Scanning Actinic Flux Spectroradiome-
ters (SAFS). One was deployed on the ground at T1 while two were mounted on the
C-130 aircraft in order to measure the upwelling and downwelling actinic fluxes aloft.
Time synchronization hardware and software assured simultaneous readings at each
wavelength. A complete description of the instruments, calibration procedures and in-
stallation on the aircraft is given by Shetter and Muller (1999) and Shetter et al. (2003).
Briefly, each SAFS collects radiation between 282 and 422 nm from one hemisphere
(2msr). The monochromator was stepped in 1 nm intervals and the acquisition time for
each spectrum was about 9s. The gratings have a ruling of 2400 lines/mm and the
entrance and the exit slit widths are fixed to 0.6 mm, resulting in a bandpass (FWHM)
of 1.0 nm. Wavelengths between 282 and 288 nm were used to estimate the electronic
noise background on a scan by scan basis, since no photons with wavelengths shorter
than 290 nm penetrate the atmosphere to the altitude range used in this campaign.
In addition, the signal from these wavelengths was used to determine the stray light
contribution from visible wavelengths, and apply this correction to all wavelengths. The
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accuracy of the measurements is estimated to be 6 % in the UV-B and 5 % in the vis-
ible (including drift during the campaign) while the optical angular responses of the
instruments are +3 % for solar zenith angles less than 80°.

Total and diffuse voltages were measured at the T1 site using United States Depart-
ment of Agriculture (USDA) UV-B Monitoring Program UV-Multifilter Rotating Shadow-
band Radiometers (UV-MFRSR) (http://uvb.nrel.colostate.edu/UVB/index.jsf, Bigelow
et al., 1998). Direct voltages were computed by subtracting total and diffuse measure-
ments. Measured voltages were converted to irradiance using the Langley calibration
method as described in Corr et al. (2009) for the seven UV wavelengths of the UV-
MFRSR (2nm FWHM): 300, 305, 311, 317, 325, 332, and 368 nm.

3 Radiative transfer model

Simulations of the ultraviolet radiation field were done with the TUV model v.5
(Madronich, 1987; Madronich and Flocke, 1998), for cloudless conditions. The model
uses the extraterrestrial solar spectral irradiance (200—1000nm by 0.01 nm steps,
Chance and Kurucz, 2010) and computes its propagation through the atmosphere tak-
ing into account multiple scattering and the absorption and scattering due to gases
and particles. Both Rayleigh and Mie scattering are considered. The atmosphere was
divided in 500 equally spaced 10m layers up to 5km AGL to allow high vertical reso-
lution within the PBL, and in 73 equally spaced 1 km layers from 5 km to 78 km AGL.
All layers have homogeneous composition, temperature, and pressure according to the
United States Standard Atmosphere (NOAA, NASA, USAF, 1976). A 4-stream discrete
ordinate method (Stamnes et al., 1988) was used and a pseudo-spherical correction
was applied to account for Earth’s curvature (Petropaviovskikh, 1995). The calcula-
tions were carried out at each wavelength from 330 to 420 nm with a resolution of 1 nm
to exactly match the resolution of the SAFS instruments. Wavelengths shorter than
330 nm were not considered to avoid possible uncertainties introduced by the total O
column values, and to better isolate the effects of NO, and aerosols on actinic fluxes.
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In this way, an uncertainty of £25 % in the ozone column only introduces an error less
than £0.5 % in the actinic flux calculations. Total ozone column values were taken from
TOMS satellite archives (http://jwocky.gsfc.nasa.gov) and then, the USSA O4 profile
was scaled to the TOMS values. Aerosol optical parameters SSA and g were consid-
ered wavelength independent. The surface albedo was assumed to be Lambertian and
wavelength dependent. Based on the values used in the study by Corr et al. (2009)
(which, in turn, is based on the works of Madronich et al., 2007 and Coddington et al.,
2008) we used a linear variation of surface albedo from 0.024 at 330 nm to 0.085 at
400 nm. For wavelengths larger than 400 nm a constant value equal to 0.085 was used.
The molecular absorption cross section of NO, was taken from the JPL 2006 recom-
mendations (JPL, 2006).

The model considers both NO, and aerosols as well mixed in the PBL and negli-
gible above it. Tethered balloon observations at the T1 site support the first approxi-
mation, since they show uniform vertical profiles of ozone and particles from surface
up to 700 m AGL (Greenberg et al., 2009). The second approximation is probably less
valid because significant amounts of aerosols could be present in the residual layers
and free troposphere above the PBL, as seen on 9 March 2006 (see Fig. 3 of Shaw
et al., 2007). The large optical depths observed in the morning (Fig. 1c), when the PBL
is still rather shallow, also suggest a role for aerosols aloft. While the model can handle
arbitrary vertical distributions of pollutants, our choice to limit these to the PBL is for
simplicity of interpretation, and recognizing that the more relevant vertical coordinate is
optical depth rather than geometric altitude. For aircraft-based measurements, a criti-
cal uncertainty is the optical depth remaining above the aircraft, compared to the total
measured from the surface by AERONET.
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4 Results and discussion
4.1 Actinic flux at surface

Figure 2 shows the ratios between the actinic flux observations and model calculations
at the surface for four cloudless days. Different calculations are shown for clear-sky
conditions, and for polluted cases including only NO,, only aerosols, and both NO,
and aerosols. For the latter case, we show results using the SSA441, as well as the
ultraviolet SSA estimated by Corr et al. (2009) for the morning measurements (see
below for additional discussion of the SSA). The clear-sky model overestimates obser-
vations by up to 25 % early in the morning, 10 % at noon and 40 % late in the afternoon.
Absorption by NO, typically accounts for about one quarter of these differences, but
can become more significant in the afternoon hours (after 16:30 when the PBL height
reaches or is very close to its maximum) accounting occasionally for up to 77 % of the
observed differences. This is because, although the NO, concentrations at 16:30 LT
are similar to those in the morning (around 09:00 LT), the PBL height is between 4 and
9 times higher, as is therefore the column of NO,. The concentrations of NO, reach
daytime maxima of 10-15ppb (see Fig. 1) near noon, and the corresponding reduc-
tions in UV radiation are also discernible in Fig. 2.

Figure 3 shows the differences in daily-integrated actinic fluxes between observa-
tions and model calculations and also summarizes the relative contributions of NO,
and aerosols to these differences for each analyzed day. Aerosols account for the larger
portion (about three quarters) of the effect of pollutants on the UV radiation field. With
their inclusion in the model, agreements with observations are consistently better than
+10 % in the morning and in the afternoon, improving to +£3 % at noon. Absorption by
NO, reduces the actinic flux by a few percent, several times smaller than the reduction
caused by aerosols. Generally, the effect of the NO, and aerosols together is slightly
larger than the sum of the individual effects. The simple sum explains on average 92 %
of the observed differences, while when both are included in the model they account for
the 95 %. This is because aerosol scattering increases the path length of the photons
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and therefore the probability to be absorbed by the NO,. The remaining unexplained
percentages (other contributions) are attributed to many factors such as the inherent
model and experimental uncertainties, the usage of the SSA at 441 nm, the neglect of
a diurnal trend in the used SSA values, the usage of average NO, concentrations, the
assumption of a well-mixed PBL, etc. Still, note that the largest of these unexplained
percentages (18.5 % on 13 March) actually represents only a 2.2 % difference between
measurements and model calculations.

Despite the good overall agreement, the measured/modeled ratios (Fig. 2) show
some residual deviations from unity and some trends through the day (e.g. lower val-
ues in the morning of 7 and 12 March). These discrepancies appear to be related
to our use in the model of the aerosol SSA determined at 441 nm from AERONET
(0.89, 0.86, 0.86, 0.89, and 0.89 for 5, 6, 7, 12, and 13 March, respectively). Con-
siderably lower UV-specific values of the SSA at T1 were recently reported by Corr
et al. (2009) for 12 March (0.75-0.83 at 368 nm and 0.78-0.82 at 332nm) and 13
March 2006 (0.73-0.79 at 368 nm and 0.74—-0.78 at 332nm). Lower UV value of the
SSA for UV wavelengths was also suggested by Barnard et al. (2008) based on spectral
irradiance measurements made in Mexico City in 2006. Furthermore, Paredes-Miranda
et al. (2009) showed that minimum SSA values (at 532 nm) are found in the early morn-
ing and increased markedly until the early afternoon, possibly due to the condensation
of secondary organic materials on light-absorbing soot particles. To explore the effect
of these uncertainties, we performed simulations using average UV SSAs values from
Corr et al. (2009) for the morning hours of 12 March (0.80) and 13 March (0.76). As
seen in Figs. 2 and 3, the use of the lower UV SSA gives additional improvement in the
comparisons between model and morning observations.

4.2 Irradiance at surface

Actinic flux is the radiative quantity needed to calculate photolysis frequencies, al-

though the irradiance incident on a horizontal surface is the quantity most often

measured. Thus, we also examined the effects of NO, and aerosols on irradiance.
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Figure 4a shows the daily course of the measured and calculated (clear-sky and pol-
luted) total irradiance at surface at 368 nm for 13 March 2006. Calculations before
noon were carried out using the Corr et al. (2009) SSA value (0.76, specific for this
day and wavelength) while calculations in the afternoon were carried out by using the
AERONET SSA441 value (0.89). For comparison, actinic flux measurements and cal-
culations at 368 nm are also included in this figure. Figure 4b shows the correspond-
ing ratios between measurements and calculations, together with the SZA variation
through the day. The agreement is generally better for irradiance than actinic flux, since
the cosine-weighting of the former makes it less sensitive to lateral radiation that can
be difficult to fully characterize. Note that at low sun (large SZA), aerosols have a much
larger impact (attenuation) on actinic flux than on irradiance. When aerosols and NO,
are included in the model, both irradiance and actinic flux show much better agree-
ment with measurements. Quantitatively, the daily averaged ratio goes from 0.8 + 0.1
(clear-sky) to 0.98 + 0.05 (polluted) for actinic flux and from 0.84 + 0.07 (clear-sky) to
0.98 £ 0.03 (polluted) for irradiance. We again conclude that the lower SSA reported
by Corr et al. (2009), about 0.7-0.8, results in better agreement between model and
observations of both irradiance and actinic flux in the morning hours.

4.3 Vertical dependence of actinic flux

Overpasses of the T1 site by the C-130 aircraft allow for comparison of actinic fluxes
measured simultaneously at the surface and aloft. Figure 5 shows the daily course of
the integrated actinic flux at the surface for one overpass day, 10 March 2006. Orange
diamonds show the period in which C-130 flew for a few minutes over T1. As in the
previous calculations, the AERONET SSA (0.84) was used during the afternoon and
a lower one (0.80) during the morning. This figure shows the large effect of the aerosols
and NO, during this day and also the good agreement between model and measure-
ments at the surface. The asymmetry observed between morning and afternoon values
is simulated well by the model, and is attributed to the afternoon increase in the optical
columns of aerosol and NO,. Reductions observed in the periods 10:00-11:30 LT and
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12:30-16:00 LT are due to clouds (mostly cirrus clouds, as observed in the sky cam-
era at surface and aircraft cameras). Figure 6 shows spectral actinic fluxes at the T1
surface site and also at an altitude of 1.4km AGL (downwelling and upwelling) during
a C-130 overpass. The good agreement (0.96 + 0.08) in the upwelling actinic flux over
the entire spectral range supports the selected wavelength variation for the model’s
surface albedo. For the downwelling actinic flux the average spectral agreement at this
time was 1.03 £ 0.04 at surface and 1.0 £ 0.2 from the C-130. Note the strong reduc-
tion observed in the downwelling actinic flux over an altitude difference of only 1.4 km.
A shift in wavelength registration, by about one nm, is evident in the upward-facing air-
craft SAFS instrument (downwelling radiation) compared to the other two instruments
and the TUV model (see Fig. 6). However, when integrated over a wavelength range
(330—420 nm) the error introduced by this shift is minor, but increases the overall error
estimate.

Figure 7 shows the upwelling, downwelling, and total actinic flux ratios between air-
craft observations and model calculations for a brief period during the overpass of 10
March. Results for both clear-sky and polluted (NO, +aerosols, SSA = 0.84) model cal-
culations are shown. PBL and aircraft altitudes at these times were 3km and 1.4 km,
respectively. The ratio of observations to clear-sky model for upwelling, downwelling,
and total actinic flux is 1.04+0.03, 0.72+0.01, and 0.75+0.01, respectively. When NO,
and aerosols are included the ratios improve to 0.96+0.03, 0.96+0.02, and 0.96+0.01,
respectively. Including all the measurements for this day (54 points) the agreements for
the upwelling, downwelling, and total actinic fluxes are 0.99 + 0.06, 0.96 £ 0.04, and
0.96 £ 0.04, respectively. These results show the model ability to predict the actinic
flux in altitude under polluted conditions. They also support the previous assumption of
a well-mixed PBL and the use of surface measurements of NO, and aerosols as model
inputs.

The vertical structure of the AF can become increasingly complex in the presence
of aerosols, and while the aircraft measurements do provide some indications, a more
complete picture is provided by the model. Figure 8a—c show the variation of the ratios
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of polluted (only aerosols) to clear-sky actinic flux calculated for 10, 18, and 29 March
2006 at all altitudes below 6 km (AGL) (SSA=0.8). The color code shows the reduc-
tions (blue) and enhancements (red) produced by aerosols as predicted by the model.
The C-130 overpass observations are represented by circles at flight altitude, while
surface measurements are shown by triangles (both colored according to their ratio to
clear-sky TUV). Figure 8 shows that, compared to clear-sky conditions, actinic fluxes
are suppressed in the lower part of the PBL, but are enhanced above it. The enhance-
ments persist into the upper troposphere, and range from a few percent during high sun
hours, to more than 20 % just above the shallow morning inversion layer. Surface radi-
ation in the midday is reduced by 10-20 %, but reductions can reach 40-60 % at low
sun conditions. Observations, both from C-130 and surface, suggest slightly stronger
reductions (as also expected from Fig. 7), but are generally in agreement within 10 %
(one color step in the figure).

The apparently complex effects of aerosols on the diurnal and vertical distribution
of actinic flux, seen in Fig. 8, can be explained by sensitivity studies with the model,
summarized in Fig. 9. The model held constant both the AOD and the PBL height, only
the PBL height, or only the AOD (panels a, b, and c, respectively). Absorption by NO,
was neglected. Figure 9a shows that the relative effect of aerosols is greatest at low
sun, for both reduction in the PBL and enhancement above it. This is consistent with
a basic principle of radiation which states that the reflectivity of a medium (be it aerosol
or cloud) increases with the angle of incidence. The diurnal increase in AOD (panel b)
leads to larger effects in the afternoon than in the morning. If diurnal growth of the PBL
is allowed (panel c) with constant AOD, the pattern of enhancements and reductions
follows the PBL height, being more compressed in the morning and stretched vertically
in the afternoon. The combined effect of the diurnal cycle of solar zenith angle, PBL
height, and aerosol AOD is shown in Fig. 9¢, and is essentially identical to the results
for the overpass on 10 March shown in Fig. 8a.

Finally, we wish to emphasize the importance of accurate determinations of the SSA
by contrasting actinic flux distributions in which the SSA was changed from its model
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value of 0.8 (panel e) to either 0.6 or 0.95 (panels d and f, respectively). With the
smaller value (panel d), reductions are seen not only in the PBL but at all altitudes
above it, because the absorption by aerosol reduces actinic fluxes up-scattered from
the PBL or reflected from the ground. In contrast, a higher SSA (0.95, panel f) enhances
actinic fluxes not only above the PBL, but also well below its top, and in some cases
almost all the way to the surface. Thus, what may be perceived from surface-based
measurements as a reduction may actually be an enhancement when integrated over
the entire PBL.

5 Summary and concluding remarks

Actinic fluxes over the wavelength range 330-420 nm measured during MILAGRO
were compared with TUV model calculations. Relative to model results for hypothetical
pollution-free (clear-sky) conditions, measurements show reductions in surface actinic
fluxes of 25 % in the morning, 10 % at noon and 40 % in the afternoon. When measured
aerosol optical properties and NO, concentrations are used as inputs to the model, the
reductions are simulated quite well, with average residual discrepancies of less than
5 %. For irradiance measurements at the surface (368 nm) the daily average measure-
ment/model ratio (13 March) was 0.98 + 0.03. The agreement is better when the lower
SSAs measured by Corr et al. (2009) are used rather than the 441 nm AERONET
value, at least during the morning. These levels of agreement are comparable to those
found in previous studies (e.g. Volz-Thomas et al., 1996; Balis et al., 2002; Frih et al.,
2003; Meloni et al., 2003; Palancar et al., 2011) under less polluted conditions, and
are remarkable considering the number of assumptions used in the model, particularly
regarding aerosol optical depth, single scattering albedo and asymmetry factor, all of
which are complex functions of wavelength, temperature, humidity, and other state vari-
ables. The ability to predict cloud-free AF with better than 5 % accuracy when aerosol
optical properties are reasonably well known means that, in these cases, the uncer-
tainties in photolysis frequencies are dominated by uncertainties in molecular spectra
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and quantum yields (e.g. Sander et al., 2011) rather than knowledge of the radiation
field.

Specifically for Mexico City, Castro et al. (1997, 2001) reported reductions of 20—
30 % in actinometrically measured NO, photolysis frequencies at urban surface sites in
1994. The smaller effects found here (10—15 % reductions at high sun) stem from both
the more suburban location of the T1 site, and a general decrease in aerosol loading
over 1994-2006 (Parrish et al., 2011). Li et al. (2011) used the WRF-Chem model to
simulate the evolution of aerosol and their effect on photolysis coefficients in the city.
Although the absolute agreement with measured actinic fluxes in those simulations
was not at the < 5% accuracy level found here (where observed optical properties
were used as input), they find many similar features, e.g. the stronger effects at low
sun, and overall reductions in surface ozone of 5-15 %. Taken together, these studies
show that the radiative impacts of aerosols and NO, are significant and need to be
quantified accurately under various real or hypothetical scenarios, as prudent when
considering regulations that might alter aerosol optics and so unintentionally influence
photochemical ozone production.

The net effect of the photochemistry depends on the actinic flux integrated over
the photochemically active volume, which in this situation is the polluted PBL in the
vicinity of Mexico City. As we showed, the altitude dependence here is complex, can be
either an overall enhancement or a net reduction, and is very sensitive to the aerosol
SSA at wavelengths below 400 nm. Routine measurements (e.g. AERONET) of the
SSA are available only at visible wavelengths, and do not accurately represent the
SSA at UV wavelengths, which recent studies (Barnard et al., 2008; Marley et al.,
2009; Corr et al., 2009) suggest to be considerably lower (more absorptive). In Mexico
City, this enhanced absorption at shorter wavelengths may be attributed to absorption
by secondary organic aerosols produced in the vigorous photochemical environment
of the urban area and/or local sources of strong spectrally absorbing aerosols (e.qg.
biomass burning). Recent SSA measurements during winter time in Reno, Nevada
(39.5°N, 119.8 °W) show the opposite trend in that slower photochemical environment,
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with SSA at UV wavelengths larger (less absorptive) than at visible wavelengths for
both polluted and clean days (Gyawali et al., 2012). Better experimental determinations
of the SSA at UV wavelengths are needed to provide a more accurate assessment of
the vertical distribution, and vertical integral, of the actinic flux within and above the
boundary layer.
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Fig. 1. Diurnal variation at T1 site of (a) PBL altitude above ground level (AGL) (color symbols
correspond to the cloudless days); (b) NO, concentration measured by a stationary instrument
(6—31 March), a co-located Aerodyne mobile laboratory (19—22 March), and from the C-130 air-
craft overpasses (8, 10, 18, 22, and 29 March); (¢) aerosol optical depth at 340 nm (AERONET,
6—-31 March) (open symbols correspond to interpolations).
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Fig. 3. Percentage difference between observations and clear-sky model calculations of the
daily-integrated actinic flux. Different colors correspond to the contribution of NO,, aerosols,
and other sources to these differences. Dotted (green) lines show the effect of including both
NO, and aerosols in the model. Dashed lines (red) show the results when SSA is corrected.
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Fig. 4. (a) Daily course of the irradiance and actinic flux at 368 nm for 13 March: measurements
and model calculations (clear-sky and polluted). (b) The corresponding measurement/model
ratios and the solar zenith angle (SZA) variation during this day. Dashed horizontal line corre-

sponds to measurement/model ratio equal to 1.
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Fig. 6. Spectral variation of the measured and calculated actinic flux at surface and at 1.4km
(AGL) (downwelling and upwelling) for 10 March 2006 at 16:13 LT. PBL altitude at this moment
was 3km (AGL). Note the apparent wavelength offset in the experimental downwelling (C-130)
actinic flux.
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Fig. 7. Upwelling, downwelling, and total actinic flux ratios between the aircraft measurements
and model calculations (clear sky and polluted) for 10 March. During this period aircraft alti-
tude was 1.4km (AGL) and PBL altitude 3km (AGL). Dashed horizontal line corresponds to
measurement/model ratio equal to 1.
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Fig. 8. Hourly variation of the ratios between polluted (only aerosols) and clear-sky total actinic
flux model calculations for 10, 18, and 29 March 2006 at all altitudes below 6 km (AGL). Circles
represent ratios between C-130 observations and clear-sky model calculations. Triangles rep-
resent ratios between surface observations and clear-sky model calculations. Red tones show
enhancements while blue tones show reductions with respect to clear-sky AF.
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Fig. 9. Hourly variation of the ratios between polluted (only aerosols) and clear-sky total ac-
tinic flux model calculations for 10 March 2006 at all altitudes below 6 km (AGL). (a) con-
stant AOD340; (b) constant PBL altitude; (¢) constant AOD340 and PBL altitude; (d) SSA=0.6;

(e) SSA=0.8; (f) SSA=0.95.
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