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a b s t r a c t 

Global ultraviolet-B irradiance (UV-B, 280–315 nm) measurements made at the campus of the University 

of Córdoba, Argentina were analyzed to quantify the effects of ozone and aerosols on surface UV-B ery- 

themal irradiance (UVER). The measurements have been carried out with a YES Pyranometer during the 

period 20 0 0–2013. The effect of ozone and aerosols has been quantified by means of the Radiation Am- 

plification Factor (RAF) and by an aerosol factor (AF, analogous to RAF), respectively. The overall mean 

RAF under cloudless conditions was (1.2 ± 0.3) %, ranging from 0.67 to 2.10% depending on solar zenith 

angle (SZA) and on Aerosol Optical Depth (AOD). The RAF increased with the SZA with a clear trend. Sim- 

ilarly, the aerosol effect under almost-constant ozone and SZA showed that, on average, a 1% increase in 

AOD forced a decrease of (0.15 ± 0.04) % in the UVER, with a range of 0.06 to 0.27 and no defined trend 

as a function of the SZA. To analyze the effect of absorbing aerosols, an effective single scattering albedo 

(SSA) was determined by comparing the experimental UVER with calculations carried out with the TUV 

radiative transfer model. 

© 2017 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The ultraviolet (UV) solar range is the most energetic solar radi-

ation that reaches the Earth’s surface, and is involved in key pho-

tochemical reactions and photo biological processes that take place

in the atmosphere and the biosphere, respectively. This radiation

affects human health, damages aquatic life and plants, and affects

the conservation and durability of materials, in addition to impact-

ing on the global energy balance and climate change [44] . How-

ever, not all the effects are harmful, as solar radiation is also the

main factor for vitamin D synthesis, essential for bone and muscu-

loskeletal health [18] . To quantify all the UV effects, different action

spectra ( B ( λ)) are used, depending on the particular biological re-

sponse. McKinlay and Diffey [35] established the erythemal action

spectrum, which represents the spectral response of human skin to

sunburn (or erythema) for wavelengths between 280 and 400 nm.

The spectral incident irradiance ( I ( λ)) weighted with this spectrum
∗ Corresponding authors. 
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s called erythemal radiation (UVER) [9,47] , which is computed as:

V ER = ∫ B ( λ) I ( λ) dλ (1)

Due to the above mentioned effects, ultraviolet solar radiation

eaching the lower atmosphere and at the Earth’s surface has ex-

ensively been studied in the last decades. UVER levels at Earth’s

urface are controlled by geographic (latitude, longitude, altitude,

tc.) and atmospheric factors. Among the latter, the most impor-

ant are clouds, ozone and atmospheric aerosols. Other pollutants,

uch as SO 2 and NO 2 , can also affect the UVER levels but in a lesser

xtent. 

As in the case of UV-B irradiance (280–315 nm), the daily

ourse of the UVER at the surface (the bell shape) is driven by

he variation of the Solar Zenith Angle (SZA). During the day, the

hort term variability is mainly controlled by changes in the cloud

over [2,8] . For clear sky days, the Total Ozone Column (TOC) is

he main attenuating factor, being its influence highly wavelength

ependent, since the ozone absorption shows a steep increase at

avelengths shorter than 330 nm [5] . The impact of ozone deple-

ion on UVER values is frequently expressed by means of the Ra-

http://dx.doi.org/10.1016/j.jqsrt.2017.05.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
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iation Amplification Factor (RAF), defined as the percentage of in-

rease in UVER that would result from a 1% decrease in the TOC

34] . In this sense, RAF was proposed and it has become a widely

sed standard index during the last two decades. McKenzie et al.

34] found that an ozone reduction of 1% leads to a 1.25% increase

n UVER. Koepke et al. [24] showed that UVER dependence on TOC

aries with the SZA. In fact, Kim et al. [22] found RAF values in the

ange 1.32–1.62 for SZA between 30 ° and 60 ° at Seoul, Korea. 

The remaining important factor attenuating the UVER that

eaches the surface is the aerosol loading. While the relation be-

ween ozone and surface UVER appears to be well established, less

s known about the effects of aerosols. The effect of aerosols on

VER is complex owing to the variety of composition of material

hat may be present in the atmosphere, as well as its varying size

istribution and optical properties [46] . The largest reductions in

V irradiance are associated with dust and smoke plumes from

frica and South America [42] . The magnitude of the aerosol ef-

ect can be large (UV irradiance at the surface can be reduced by

ore than 50% [45] ) and highly variable, depending on the number

f particles and their physical and chemical properties [12] . 

An alternative approach to quantify the levels of UVER on the

urface of the planet is the UV Index (UVI). This simple and widely

sed parameter is an important resource to raise awareness and

arn the population about the risks of overexposure to the Sun

48] . This index has an open-ended scale and it is calculated multi-

lying the UVER by 40 m 

2 W 

–1 . The WHO together with the World

eteorological Organization (WMO), have established a universal

cale for UVI with five intervals: < 2 (low erythemal risk), 3–5

moderate), 6–7 (high), 8–10 (very high) and > 11 (extreme). It is

mportant to stand out that during intervals with extreme values,

n exposition to solar radiation of 2–4 min is enough to generate

edness and even burning of the skin (for individuals with skin

ype I). 

Systematic investigations on the temporal variation of UV-B ra-

iation and the influencing parameters in South America are still

parse [10,27] . In Córdoba, Argentina, Palancar and Toselli [38–

0] investigated the daily and seasonal behavior of UV-B and UVER

or the period November 1998- December 2002. However, and due

o the combined effect of all these parameters in controlling the

V-B levels, the precise determination of the role of the control-

ing parameters is quite difficult. 

In this study we investigated the impact of ozone and at-

ospheric aerosols on surface UVER at different SZA at Cordoba

ity, Argentina. Data analyzed included surface UVER measured by

V pyranometers from January 20 0 0 to December 2013 and the

erosol Optical Depth (AOD) retrieved by a nearby AERONET site

Cordoba-CETT). The Tropospheric Ultraviolet Visible (TUV) radia-

ive transfer model [28] was used to retrieve the single scattering

lbedo (SSA) from the AERONET AOD and the UV-B measurements.

he aim of this study is to evaluate the effects of the variability of

zone and aerosols on the surface erythemal ultraviolet irradiance,

overing a wide range of SZAs and for an extended period of time.

. Instrumentation, data modeling and methodology 

.1. Solar irradiance measurements 

Irradiance measurements were carried out by using a pyra-

ometer YES (Yankee Environmental System, Inc.) model UVB-1,

hich measures UV-B global irradiance (280–315 nm). The UVB-

 spectral response function is given elsewhere [38] . The uncer-

ainties in the irradiance measurements are mainly related to the

nstrument geometry and materials used to build it. Uncertainties

re intrinsic to the instrument measurement system (temperature

ontrol, transmittance and sensitivity of the different filters, co-

ine response, spectral response, etc.), which lead to a maximum
f 5% difference between two identical calibrated instruments as

escribed in the work of Dichter et al. [14] . At low Sun (large SZA),

he reflection in the horizontal receiving surface of the instrument

ecomes more important, leading to additional uncertainties. Thus,

ZA larger than 75 ° were not considered in this study. More details

bout uncertainties, calibration, and maintenance of the pyranome-

er can be found in López et al. [26] . Observations were recorded

s half a minute averages values. Cloudless conditions were peri-

dically assured by direct observers (3 to 5 times a day). Because

isible and infrared wavelengths are more sensitive to cloud pres-

nce, the daily course of total irradiance (30 0–30 0 0 nm), measured

ith a YES model TSP-700 pyranometer, was qualitatively used to

ouble check the cloudless condition at all times. The instruments

ere mounted on a wide-open area in the University Campus in

órdoba City, Argentina (31.4 ° S, 64.18 ° W), located southwest of

owntown, and were placed on a cement yard surrounded by low

uildings, trees, grass, paved streets and bare soil. 

.2. Data 

In order to evaluate the sensibility of UVER on ozone and

erosols, TOC and AOD (340 nm) data were required. TOC values

ere obtained daily by the Total Ozone Mapping Spectrometer

TOMS) instrument onboard Earth Probe spacecraft until 2005 and

y the Ozone Monitoring Instrument (OMI) onboard Aura space-

raft since 2006. The data were provided by the Ozone Process-

ng Team of the Goddard Space Flight Center of the National Aero-

autic and Space Administration (NASA, United States). AOD val-

es were taken from a nearby AERONET station (about 28 km away

rom the UVER measurement site). The AOD was measured with

 CIMEL Electronique 318A Sun photometer at the Cordoba-CETT

tation (31.52 ° S, 64.46 ° W). Since 1999, this AERONET station pro-

ided measurements of AOD at seven spectral bands (340, 380,

40, 500, 670, 870 and 1020 nm). The station was operating un-

il December 2010, when the photometer was deployed at another

egion away from Córdoba. A complete statistical characterization

f the aerosol optical parameters for all the operational years of

his station can be found in the comprehensive work of Olcese et

l. [37] . A detailed description of the instruments, data acquisition

rocedure, and calibration is given in Holben et al. [20,21] . An ac-

uracy assessment of the AERONET retrievals can be found in the

ork of Dubovik et al. [15] . Andrada et al. [3] confirmed that the

erosols present in this AERONET site have the same origin and

haracteristics as those present in the site where the UVER mea-

urements were carried out, i.e. they have a regional character and

llowed to directly consider the characteristic of local aerosols in

odel calculations. All AOD values used in this work were level

.0 version 2 and at 340 nm. Uncertainty in the AOD values at this

avelength was estimated to be 0.02 [16] . 

.3. UVER modeling 

The TUV model version 4.1 was used for all UVER calculations

28] . A sensitivity analysis was carried out using this model in or-

er to establish the best values for the most important parameters

or Córdoba City [39] . The final setup used in the model was as fol-

ows: the wavelength grid was built with 1 nm intervals between

80 and 315 nm; the surface albedo was assumed to be Lamber-

ian, wavelength independent, and with a constant value of 0.05

hroughout the year (there are no snowfalls in Córdoba City); the

xtraterrestrial irradiance values were taken from Van Hoosier et

l. [43] and Neckel and Labs [36] . An 8-stream discrete ordinate

ethod and cloudless sky conditions were used. To run the model

e used as input parameters the AOD from AERONET and the TOC

rom TOMS/OMI (as described in Section 2.2 ). 
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2.4. Methodology 

Changes in the UVER due to TOC variations were analyzed at

different SZA using RAF. The RAFs are unitless coefficients used to

estimate the effects of the reduction in the ozone column on the

incident UVER. The effect of the O 3 changes depends on the spec-

tral overlap between the action spectrum and the irradiance. It is

called an amplification factor because if the ozone changes, even

larger changes in UVER can occur. For small changes in the TOC (a

few percent) the effects can be described by a simple proportion-

ality, i.e. the percent rule (e.g. [7,29] ): 

RAF = −�U V ER/U V ER 

�T OC/T OC 
(2)

However, as the effect of ozone on UVER is not linear, the per-

cent rule fails for larger changes in TOC. In these cases it is better

to integrate the power law [30,33] which leads to: 

V ER ∼ TO C 

−RAF (3)

or 

RAF = −� ln ( UV ER ) 

�ln ( T OC ) 
, (4)

where �ln(TOC) is the difference between the natural logarithms

of two TOCs and �ln(UVER) is the difference of the natural loga-

rithms of the corresponding irradiances. Thus, in this work, RAFs

have been calculated with this more generally applicable power

law formulation. Mathematically, the RAF is simply the slope of

the regression line on a log-log plot. A physical interpretation of

the RAF (for action spectra decaying exponentially) would be the

ratio of the action spectrum decay rate to the O 3 absorption cross

section decay rate [33] . 

To quantify the effects of aerosols on UVER we plotted UVER

vs. AOD for different 14-DU-wide intervals of TOC (252 ± 7, 267 ± 7,

282 ± 7, 297 ± 7, and 312 ± 7 DU) and at SZA between 10 ° and 70 °
in intervals of 2 ° (plots not shown). For each SZA we fit these data

to three different functions: linear, power (i.e. analogous to RAF),

and exponential decay. Here, it should be kept in mind that be-

cause of the variation along the year of the TOC, the SZA (with

a minimum of 55 ° during winter time), and the AOD, not all the

combinations had enough data points to fit a curve. For most of

the available combinations the r 2 coefficient values for the three

functions were similar. For example, the average (for all the TOC

ranges) r 2 coefficients at SZA (51 ± 1) ° were 0.77, 0.78, and 0.79 for

linear, power and exponential functions, respectively. These results

are probably related to the large dispersion shown in the plots

and also to the small variability in the AOD at Córdoba, where the

maximum values at 340 nm are around 0.7 but the average is just

0.17 ± 0.07 [37] . With these restrictions in mind, and as the differ-

ences in the r 2 coefficients were negligible, we decided to use the

power function, which has the form: 

V ER = A ( AOD ) 
B (5)

or 

l n ( UV ER ) = B l n ( AOD ) + ln A (6)

where A and B are fitting parameters. As Eq. (5) is analogous to

the power law, this allows us to compare the relative effects of

ozone or aerosols on UVER in a similar way. Thus, the fitting pa-

rameter B, from now on named Aerosol Factor (AF), is analogous

to RAF, i.e. it is the slope of the plot of ln(UVER) vs. ln(AOD). How-

ever, it should be noted that expression 5 is just a fit of the re-

lation between broadband erythemal measurements and its corre-

sponding AOD at given SZAs and TOCs. We are not just replacing

TOC by AOD in the RAF definition, as RAF was derived using dif-

ferent considerations. This can be seen in the work of Micheletti
t al. [33] , where a simple analytic expression for RAF is derived

see the Appendix in that work). Among the used approximations,

erosols are considered inside a tropospheric factor, T trop (together

ith Rayleigh scattering and clouds), which is assumed to be inde-

endent of wavelength in the UV range. This is supported by the

act that, compared to ozone, aerosol optical depth in the UV-B

ange has a much weaker dependence with wavelength. 

. Results and discussion 

This section is organized as follows: in Section 3.1 we present

he daily and annual cycle of UVER for all the years of the cam-

aign together with a discussion of the Ultraviolet Index (UVI) val-

es reached along the measurement period. Section 3.2 presents

he dependence of UVER on TOC and Section 3.3 presents the de-

endence of UVER on AOD. 

.1. UVER levels 

.1.1. Daily cycle 

UVER was analyzed for the period January 20 0 0 to December

013. In Córdoba City, the daily variation of UVER is mainly con-

rolled by the SZA, cloudiness and aerosol loading, as the ozone

oncentration usually exhibits small day-to-day variations [40] . 

Fig. 1 shows the daily variation of experimental and modeled

VER for three selected days under different conditions: (a) clear

ky (cloudless sky and no aerosol loading) (31 Oct 2001); (b)

loudless sky with a moderate aerosol loading (27 Oct 2009); (c)

loudless sky with a high aerosol loading (19 Sep 2001). In the

hree cases model calculations are for clear sky conditions. 

As can be seen in Fig. 1 (a) for a clear sky day, the evolution

f UVER along the day is given only by the SZA. In addition, it is

mportant to note the very good agreement between experimental

nd calculated values, which were found to be better than ±5% for

ZA < 50 ° and ±10% for SZA between 50 ° and 70 ° for clear sky days

40] . For that reason, when a noticeable difference between exper-

mental and modeled values is observed, this difference can be at-

ributed to the specific meteorological conditions of the particular

ay. That is the case of aerosol loaded days, as is shown in Fig.

 (b) and (c) where a clear reduction of the experimental UVER, in

elation to a modeled clear sky day, is observed. For 19 Sep 2001,

he attenuation has a mean value of 20% and reaches up to 37%

t low Sun (average AOD = 0.7). The small variations observed in

odel calculations (e.g. panels a and b) are known numerical in-

tabilities coming out from the 8-stream calculation [41] . However,

hey affect neither the analysis nor the results of the present work.

.1.2. Annual cycle 

The annual and inter-annual variability of UVER is determined

y the different meteorological situations, along with the annual

ariation of TOC. Fig. 2 (a) shows the experimental and calculated

VER values at solar noon (between 13:00 and 13:31 h, local time)

or the complete considered period. We chose the solar noon (i.e.

he time of the day with the maximum UVER) because of the po-

entially harmful effects of high UVER levels. The absence of data

uring 20 04–20 05 was due to problems in the measurement site

hich prevent to conduct the UVER measurements. The observed

ispersion of the data can be attributed to the specific atmospheric

onditions of each day and at that time showing the effects of me-

eorology on the agreement against the clear sky model. For the

onsidered period, UVER experimental values vary from a mini-

um of 0.03 W m 

–2 to a maximum of 0.38 W m 

–2 with a mean

alue of 0.19 W m 

–2 . Fig. 2 (b) shows the ratio between experimen-

al and the clear sky calculated values. Values < 1 are attributed to

he presence of aerosols or clouds that attenuate the experimen-

al UVER, while values > 1 are due to cloud enhancement events
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Fig. 1. Daily course of experimental and calculated (TUV) UVER (280–315 nm) at 

Córdoba for cloudless days and a) no aerosols, b) moderate aerosol load and c) high 

aerosol load. Model calculations are for clear sky conditions. 
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Fig. 2. (a) UVER (280–315 nm) at solar noon during the 20 0 0–2013 campaign. 

Measurements (YES UVB-1) and clear sky model calculations (TUV). (b) Measure- 

ment/model ratio. 

Fig. 3. Annual variation of UVER (280–315 nm, as monthly averages of all years) 

and UVI (at solar noon) at Córdoba. Errors bars correspond to one standard devia- 

tion. 
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broken clouds) or due to the expected agreement between mea-

urements and calculations. This agreement was shown to be bet-

er than 5% for SZA less than 50 ° and better than 10% for ZSA less

han 70 ° for clear sky days [40] . 

Fig. 3 shows the monthly means of UVER at the solar noon for

he whole period. As seen, the maximum value is observed in Jan-

ary, even though the minimum in the SZA variation is in Decem-

er. This is due to the TOC variation, which shows a maximum

round September and then decreases to its minimum around

pril, shifting the maximum in radiation from December to Jan-

ary. The annual and interannual variation of TOC (as monthly

verages) at Córdoba during the campaign period (20 0 0–2013) is
hown in Fig. 4 . As seen in Fig. 3 , the minimum UVER value is ob-

erved in June. In average, typical winter values are only about 9–

7% of the summer values. The differences between summer and

inter for each year (derived from the maximum and minimum

VER measurements, respectively) are shown in Table 1 . The val-

es suggest small changes between consecutive years. However, as

he period is not long enough (less than 15 years) and a gap is

resent, it is not possible to define a trend. 

As mentioned before, a related variable to quantify the levels

f UVER at the surface is the UV Index, which can be calculated

rom the UVER experimental values. However, UVI under clear sky

onditions can also be calculated by using the formula 

V I ∼ 12 . 5 μo 
2 . 42 

(
T OC 

300 

)−1 . 23 

(7) 

here μo is the cosine of the SZA. In this formula, proposed by

adronich [31] , the TOC (in DU) is divided by 300, which was ar-

itrarily chosen as the reference condition. Instead, we used 282

U, as it is the average of the TOC values for the days used in this

ork (see Fig. 4 ). The annual variation of the experimental and cal-

ulated (through Eq. (7) ) UVI at the solar noon is shown in Fig. 3 .
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Table 1 

Summer-Winter differences in UVER (280–315 nm) for all the years in the campaign. 

Year 20 0 0 2001 2002 2006 2007 2008 2009 2010 2011 2012 2013 

Difference (W m 

–2 ) 0.329 0.320 0.316 0.307 0.295 0.264 0.275 0.273 0.331 0.306 0.266 

Fig. 4. Annual and inter annual variation (as monthly averages) of the total ozone 

column at Córdoba during the measurement campaign. The horizontal line shows 

the average of TOC values for the days used in this work (282 DU). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Effect of TOC variation on UVER (280–315 nm) for different AOD and SZA 

ranges. UVER values are for cloudless days. RAF values, calculated from the slopes, 

are also shown. All slopes have r 2 values larger than 0.5. 

Fig. 6. Dependence of RAF with the SZA at all AOD. 
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Here, it is important to highlight that the formula was developed

for cloudless and unpolluted conditions and our experimental mea-

surements reflect all the sky conditions. This is probably the rea-

son of the small underestimations and overestimations observed

for high and low UVI values, respectively. Even though, and de-

spite the simplicity of Eq. (7) , results observed in this figure show,

at a glance, a general reasonable agreement along the whole year

and for all the SZA and TOC used in this work (SZA between 8 °
and 55 ° and TOCs between 232 DU and 355 DU). As in the UVER

case, the relatively large standard deviation is mostly due to the

effect of clouds. As UVI is calculated from UVER, both plots in Fig.

3 follow the same pattern. From November to March, UVI in Cór-

doba was found to be in the extreme range (greater than 11). It is

in its minimum (around 3) during winter time (June–August) and

reaches the level high (7–9) during spring and fall time (October-

November and April-May, respectively). 

3.2. Dependence of UVER on TOC 

RAF coefficient is defined considering that all the factors affect-

ing the UVER, except TOC, remain constant. This situation can be

easily considered in model calculations but it is far away from re-

ality as aerosols are almost always present, limiting seriously the

number of clear sky experimental data. Madronich [29] points out

that some atmospheric factors, such as cloud cover, surface albedo,

elevation, and aerosols, among others, have small effects on RAFs,

as they change all wavelengths in a similar proportion. Thus, in

our work, the RAFs were calculated (from measurements) for AOD

varying from 0 to 0.6 in 0.1 intervals and SZAs from 10 ° to 70 o in

2 o intervals. The range of total ozone values included in the RAF

calculation was from 260 to 325 DU, because these are the val-

ues usually present in the region (see Fig. 4 ). As an example, Fig. 5

shows the relationship between ln(UVER) and ln(TOC) (i.e. Eq. (4) )

for cloudless days, at several SZAs and in two AOD ranges (0.1–0.2

and 0.2–0.3). As it was mentioned before, although AOD in Cór-
oba can reach values up to 0.7, there are not enough episodes to

erform a valid analysis with the highest values. The slopes of the

ines were calculated to estimate the RAFs. The goodness of a fit

s given by the coefficient of determination (r 2 ) which had to be

igher than 0.5 to be accepted. 

All the calculated RAFs are shown as a function of SZA in Fig.

 . When more than one RAF value was available for each SZA, the

verage was calculated. The average RAFs for cloudless skies lie in

he range from 0.67 to 2.10 depending on AOD and SZA. Results

ound in the literature about the behavior of RAF as a function

f SZA are ambiguous. While model calculations show a decrease

ith the increasing SZA (which is the expected result, e.g. [33] )

everal other works have shown the opposite trend when using

xperimental measurements. Unfortunately, in none of these works

he reasons of these findings are analyzed or explained [6,13,19,34] .
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Fig. 7. Effect of aerosols (AOD) on UVER (280–315 nm) for different TOC, at two SSA 

ranges and SZA = (51 ± 1) °. UVER values are for cloudless days. The Aerosol Factor 

values (AF), calculated from the slopes, are also shown. All slopes have r 2 values 

larger than 0.5. 

Fig. 8. Dependence of Aerosol Factor (AF) with the SZA for all the SSA values (0.6–

0.99) and all the TOC values. 

s  

i  

l  

c  

i  

w

 

t  

(  

b  

U  

s

4

3  

a  

c

s recognized in [29] , even the power rule has serious limitations,

s it is an oversimplified representation of several and complex at-

ospheric processes, some of them wavelength dependent. In our

ase, the results show a clear increase of RAF with the increas-

ng SZA. Although we did not find a conclusive explanation, either,

hese results could be related to relatively systematic changes in

tmospheric factors along the day (e.g. aerosol loading and prop-

rties or ozone distribution aloft) and or uncertainties in experi-

ental measurements (TOC, broadband UV-B irradiance or approx-

mate conversion factors provided by the manufacturer). Here, we

iscarded the uncertainties caused when the longest wavelengths

f the action spectrum are neglected (usually in the UV-A range) as

e are using only the UV-B range. The overall mean RAF showed

hat 1% decrease of total ozone forces an increase of (1.2 ± 0.3) %

n the UVER. This mean RAF is comparable with the values re-

orted by the other works [4,13,17,22,25] . The variations depend-

ng on SZA and on AOD could be attributed to scattering/absorbing

ffects of aerosols. 

.3. Dependence of UVER on AOD 

To analyze the effects of aerosols on UVER we used Eq. (6) ,

hich is analogous to Eq. (4) . As mentioned in Section 2.4 , plots of

VER vs AOD presented a large dispersion, which was associated to

ariations in the SSA of the aerosols. Therefore, to understand how

hese optical property influences AF, the slopes have been evalu-

ted according to the SSA in two intervals (0.8–0.89 and 0.9–0.99)

nd at different SZA and TOC. In a previous work we found that

he site is affected by a mixture of at least two types of aerosols

urban and mineral) which are present along the year in different

ombinations [1] . Therefore, to fit the results to a straight line, the

ffect for that particular combination (AOD and SSA) needed to be

onsidered. Thus, for every SZA interval the results are separated

ccording to the SSA value. 

As the SSA at 340 nm is not provided by AERONET, we esti-

ated the aerosol SSA using a simple method (e.g. [11,32] ). First,

nother set of UVER model calculations was performed incorporat-

ng the aerosol optical properties taken from AERONET in the TUV

odel (AOD and asymmetry parameter (g) set to 0.66). Andrada et

l. [3] showed that this g value is appropriate to describe the local

erosols in the UV-B range. Each calculation is repeated for differ-

nt SSA varying from 0.6 to 0.99 (with 0.01 resolution). This range

as chosen following the SSA values determined by AERONET at

40 nm for Córdoba region [37] . Then, every calculation was com-

ared with the corresponding experimental value. The selected SSA

alue was that which makes the difference closer to zero, provided

his difference is less than 5%. This threshold value was chosen as a

unction of the model-measurement agreement shown in Palancar

nd Toselli [40] . 

Fig. 7 shows the effect of aerosols on the surface UVER for a

xed SZA interval, (51 ± 1) o , different TOCs, and discriminated in

wo ranges of SSA (0.8–0.89 and 0.9–0.99). In this way, the effects

f absorption and scattering by aerosols are also considered. Sim-

lar plots were performed for SZA varying between 10 ° and 70 °
not shown). The slopes of the plots (i.e. the AF) ranged from 0.06

o 0.27 under the given experimental conditions. The correlations

re well described by a linear relationship as in the total ozone

ase, with an average slope and standard deviation of 0.15 ± 0.04

or cloudless days. All the r 2 of the curves presented in this fig-

re show statistically significant correlation between ln(UVER) and

n(AOD) at almost constant SZAs and TOC. As expected, the result

hows that the effect of aerosols is generally larger when SSA is

maller; that is, absorbing aerosols have larger effect on the reduc-

ion of surface erythemal UV-B radiation than scattering aerosols. 

Another important observation is that there is no clear trend

s a function of the SZA as shown in Fig. 8 . At first sight this re-
ult seems surprising because dependence with the cosine of SZA

s expected. However, this result is in agreement with other pub-

ished works. Kim et al. [23] determined that the parameter named

loudless sky AOD RAF varies in the range of 0.18 to 0.37 depend-

ng on total ozone and SZA with a mean value of 0.23. In that

ork, the AOD RAF values were almost independent of the SZA. 

In our work, the impact of aerosols on UVER was 10–15% of

he ozone effect. Although AOD effect is smaller than ozone effect

quantified by RAF parameter), aerosol properties (e.g. SSA) should

e taken into consideration for better understanding the surface

VER changes and their effects on the atmosphere and the bio-

phere. 

. Concluding remarks 

In this work, we used the UV-B erythemal irradiance (280–

15 nm) measured at Córdoba City, Argentina during 20 0 0–2013 to

nalyze and quantify the effects of the variability in the total ozone

olumn and aerosols as a function of SZA. 
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The effect of ozone on UVER was assessed based on RAF cal-

culations. The RAF under cloudless conditions suggests that a 1%

decrease in the total ozone forces, in average, an increase of

(1.2 ± 0.3)% in the UVER irradiance with a range of 0.67 to 2.10%

depending on SZAs (10–70 °) and on AODs ( < 0.6). The RAFs for

cloudless sky cases show increasing values with the SZA. This pat-

tern is opposite to what it is expected from model calculations but

similar to results of other previous experimental studies. This situ-

ation highlights the need of more studies to determine the reasons

of this disagreement. The effect of aerosols on UVER was first an-

alyzed by fitting the plots of UVER vs. AOD to different functions.

As the power function was selected, plots of ln(UVER) vs. ln(AOD)

were build for different TOCs, SSAs and SZAs using the slopes of

these plots (named Aerosol Factor, AF) to quantify the aerosol ef-

fect. Similarly to the analysis for RAFs, the results showed that un-

der cloudless conditions a 1% increase of AOD forces a decrease of

only (0.15 ± 0.04) % in the UVER, with the values ranging from 0.06

to 0.27%, depending on SZA, TOC and SSA. It was also found that

absorbing aerosols (SSA between 0.8 and 0.89) have larger effects

than scattering aerosols (SSA between 0.9 and 0.99). The AF ap-

pears to be almost independent on SZAs. The effect of aerosols is

small compared to the effect of ozone but AOD can vary largely in

a short period of time. The sensitivities of UVER irradiance due to

the AOD variations are, in the mean, weaker by 6.6 times to those

due to total ozone changes. 

Although the observed O 3 and aerosol effects show a good

agreement with other works, the calculated values should be con-

sidered valid only for Córdoba as it is widely recognized that dif-

ferent conditions (particularly TOC and SZA) can lead to different

coefficients. 
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