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ABSTRACT 

A study has been carried out to assess the discrepancies between computed and observed aerosol 

scattering and backscattering properties in t he a tmosphere. T he goa ls were: (1 ) to analyze t he 

uncertainty associated with computed optical properties w hen s pherical an d s pheroid 

approximations are used and (2) to estimate nephelometry errors due to angular t runcation and 

non-Lambertian illumination of the light source in terms of size range, particle shape and aerosol 

chemical compounds. Mie and T-matrix theories were used for computing light optical properties 

for spherical and spheroid particles, respectively, from observed particle size distributions. The 

scattering coefficient of the fine mode was not much influenced by the particle shape. However, 

computed backscattering values u nderestimated the obs erved v alues by ~ 15%. For t he co arse 

mode t he s pheroidal a pproximation yields better r esults t han that f or s pherical particles, 

especially f or backscattering properties. Even after a pplying t he s pheroidal a pproximation, 

computed s cattering a nd backscattering values w ithin the coarse m ode underestimated the 

observed values by ∼49% and ∼11%, respectively. The angular correction most widely used to 

correct t he n ephelometer d ata was di scussed t o e xplore i ts unc ertainty. In the case o f t he 

scattering p roperties w ithin the coarse m ode the c hange of  t he c omputed opt ical pa rameter i s 

∼+8% and for t he scattering an d backscattering values w ithin the fine m ode it is lo wer th an 

∼±4% f or s pherical and s pheroid p articles. Additionally, i f t he s pheroid p articles ar e u sed t o 

evaluate t he aerosol opt ical pr operties, t he c orrection m ust be  reconsidered with th e aim of 

reducing the uncertainty found for scattering within the coarse mode. This is recommended for 

sites with desert dust influence, then the deviation of the computed scattering can be up to 13%. 

 

Keywords: atmospheric aerosol, spheroidal particles, spherical particles, aerosol microphysical 

properties, aerosol optical properties 
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1. INTRODUCTION 

Natural a nd a nthropogenic pa rticles i n t he at mosphere al ter t he E arth’s e nergy b udget and are 

drivers o f cl imate ch ange. A qu antification o f e nergy f luxes vi a radiative f orcing can be 

estimated b ased o n either in-situ observations, r emote s ensing, o r computations by n umerical 

models which represent the aerosol-radiation interaction (IPCC, 2014). A full description of the 

interaction of the solar radiation in the atmosphere, within reach of modern theories, is possible. 

The process is described via the radiative transfer equation; algorithms for solving the radiative 

transfer exist, but the more precise computing resources are needed. With respect to the input, a 

full de scription of  t he a erosol opt ical pr operties in 3 di mensions is needed and i s usually not  

available, which calls for restricting assumptions.   

 

Real aerosol particles r arely exhibit spherical shapes, but rather have more complex geometry. 

Some examples of non-spherical particles are volcanic ash, desert dust and sea salt particles. Mie 

theory (Mie, 1908)  yields opt ical pr operties f or t he c ase o f homogeneous s pheres. F or non -

spherical particles a number of  l ight scattering theories have been developed (Mishchenko and 

Travis., 1998; Dubovick et al., 2002). In studying theoretical scattering properties of atmospheric 

particles, which al ways ar e polydispersed, t wo i mportant f acts s hould b e c onsidered: (a) the 

particle’s non-sphericity, which is known to have a great impact on the large uncertainties in the 

Earth’s climate (Kahnert et al., 2007; Raisanen et al., 2013) and (b) uncertainties associated with 

instruments for m easuring m icrophysical a nd o ptical a erosol pr operties, w hich a lso de pend on 

particle shape (Anderson and Ogren, 1998; Müller et al., 2011). 

 

Regarding the unc ertainty of opt ical pr operties due t o s pherical a nd non -spherical 

approximations, in t his pa per w e s hall pr esent e xamples s imulating particle s cattering and 

backscattering properties f rom obs erved p article s ize di stributions, w hich a re c ompared with 

observational opt ical da ta. T his analysis i s performed for d ifferent s ize r anges: p articles w ith 
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diameters lower than 1 µm (fine mode) and those with diameters within (1-10) µm (coarse mode). 

The relationship between computed and observed optical data will be described from two points 

of view: (a) analyzing the computed properties when spherical and non-spherical approximations 

are c onsidered, and ( b) c onsidering different a erosol sources distinguishing data influenced b y 

desert dust and non-desert dust.  

 

Regarding uncertainties associated with instrumentation, we shall present an investigation of the 

TSI’s integrating nephelometer (Model 3563), an instrument widely used to measure the aerosol 

scattering an d backscattering properties (Anderson e t a l., 1998;  Müller e t a l., 2011) . Ideally it 

should integrate light scattered by the particles in a volume of  air over a  full 0º - 180º angular 

range. All these directions are required for accurately study the aerosol scattering properties. In 

reality th e lig ht s cattered in  th e n ear-forward ( 0º t o 7º)  a nd ne ar-backward di rections ( 170º t o 

180º) di rections c annot be  m easured, c ausing a s ystematic u ncertainty o f th e in tegrating 

nephelometry t echnique. This l imitation i s c ommonly know n a s t he angular t runcation e rror. 

Additionally, th e illu mination f unction o f th e n ephelometer lig ht s ource d eviates little  f rom a  

Lambertian radiant emission (Anderson et al., 1996), meaning that the angular illumination of the 

particles is almost a sine-function. One of the most popular corrections for both deviations (non-

Lambertian illu mination a nd the a ngular t runcation) was pr esented b y Anderson a nd Ogren 

(1998), and its uncertainty is analyzed in our work. In the following sections, the term ‘angular 

correction’ c omprises b oth c orrections and th e te rm ‘ angular s ensitivities’ is  r elated to  th e 

illumination and angular truncation functions, which have been applied on the Mie and T-matrix 

codes. 

 

The paper is organized as follows: Section 2 describes the experimental devices used to measure 

the light scattering and backscattering properties and the particle number s ize distribution. The 

methodologies applied t o t he computation of  o ptical pr operties us ing t he Mie model an d T -
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matrix method are shown in Section 3,  as well as the definition of  the angular correction. The 

results are reported in Section 4. In Section 4.1., the analysis of the spherical and non-spherical 

approximations is carried out and compared to observational data. The uncertainty study on the 

angular co rrection i s gi ven i n S ection 4.2. T hese latter analyses are p resented in te rms o f 

different aerosol sources, which were classified into desert and non-desert dust air mass origins.    

 

 

2. EXPERIMENTAL DEVICE 

'El A renosillo' A tmospheric S ounding S tation i s s ituated i n a  pr otected r ural e nvironment 

(Doñana National Park), in South-western Spain (37.l°N, 6.7°W, 40 m a.s.l.), on the coast of the 

Atlantic Ocean and close to the North African coast. This observatory submits data to the World 

Ozone a nd U ltraviolet Radiation D ata C entre ( WOUDC) a nd W orld D ata C entre f or A erosols 

(WDCA) of  t he G lobal Atmosphere W atch ( GAW) pr ogram at the W orld Meteorological 

Organization (WMO). The monitoring, retrieval and reporting procedures are standardized by the 

WMO quality assurance methodology. More information regarding this observatory is available 

in several references (e.g. Prats et al., 2008; Córdoba-Jabonero et al., 2011; Guerrero-Rascado et 

al., 2011; Anton et al., 2012; Adame et al., 2014; Sorribas et al., 2011; 2015a; 2015b). 

 

The mu lti-instrumental s tudy o f aerosol p roperties w as c arried o ut at E l A renosillo S tation 

(Southwest Spain) from May to September 2009. The sub-micron and super-micron particle size 

distributions were assumed to be (D<1 µm) and (1 µm <D<10 µm), respectively. The interval of 

the dr y a mbient s ub-micron s ize di stribution w as m onitored b y a  S canning M obility P article 

Sizer (SMPS) (Electrostatic Classifier TSI Mod. 3080 a nd a Condensation Particle Counter TSI 

Mod. 3776) . The S MPS d ataset w as co rrected f or l osses cau sed b y d iffusion p rocesses and 

multiple charges inside the instrument. The uncertainties of  the measured s ize distributions are 

assumed t o be  ±10% f rom 20 t o 200 nm  w hile a bove t his s ize r ange i t i ncreases t o 30%  
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(Wiedensohler et al., 2012). The dry ambient super-micron s ize distributions within (1-10) µm 

were monitored b y an Aerodynamic Particle S izer (APS) (TSI Mod. 3321) in summing mode. 

The A PS e rror due  t o particle de nsity hi gher t han 1 g c m-3 was corrected us ing t he S tokes 

particle de nsity correction ( Wang a nd W alter, 1987) . The unc ertainty of  t he A PS i s 

approximately ±10%. The sampling system efficiency was calculated according to Willeke and 

Baron (1993) and was 98% for the [0.0165-1] µm particle mobility diameter range and ranged 

from 98% for 1 µm to 50 % for 10 µm. Sample flows for SMPS and APS were dried to RH< 30% 

using a Nafion dryer (Perma Pure Inc., Toms River, N) by supplying under-pressured dry air to 

the sheath of the dryer. AIM software (version 9.0.0., T SI INC., St Paul., MN, USA) was used 

for S MPS a nd A PS o utput da ta r eduction a nd a nalysis. The Q -assumption describes t he 

dependence of  t he a erodynamic vol ume s ize di stribution on t he pa rticle density a nd t he s hape 

factor (more details in Sorribas et al., 2015a). It  was used to convert the aerodynamic diameter 

measured by the APS system to the mobility diameter to make comparable the SMPS and APS 

data.  

   

An integrating nephelometer (TSI Mod. 3563)  w as used for t he integrated scattering (σsp) and 

backscattering (σbsp) particle measurements, m easuring the s cattered lig ht through ba ndpass 

filters at th e 450 nm , 550 nm  a nd 700 nm  wavelengths with a  b andwidth of  40 nm  ( all 

wavelengths). This n ephelometer works under t he f ramework of  t he N OAA/ESRL a erosol 

Network ( http://www.esrl.noaa.gov/gmd/aero/net/arn/index.html), w here the m easurements a re 

corrected f or know n i nstrumental non -idealities ( e.g., A nderson a nd O gren, 1998) . The 

uncertainties of the m easured scattering and b ack-scattering are assumed t o b e ±10%. A s pan 

check of the nephelometer was carried out every week using CO2 and dry-filtered air, and a zero 

signal w as m easured every h our. A s witched i mpactor s ystem pr ovided the size-segregated 

aerosol light scattering. The nephelometer measured the light scattering by aerosols smaller than 

10-µm a erodynamic di ameter t hrough t he us e of a  T hermo P M10 i nlet l ocated o utside th e 
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laboratory. Every 5 min, a valve was opened or closed to measure the alternating sub-micron (D 

< 1  µm) and sub-plus-super-micron (D < 10 µm) s ize ranges. When the valve was c losed, the 

aerosol passed t hrough an i mpactor ha ving 1-µm aer odynamic c ut-point. In t his s tudy, onl y 

datasets w ith r elative h umidity v alues lo wer th an 6 0 %  w ere u sed. In t his w ay the r elative 

humidity had a mean value of 48±8 %. The uncertainty on the optical parameters due to changes 

in RH inside the nephelometer i s higher than in the SMPS and APS measurements and it was 

estimated to be less than +5% at RH=60% (Sorribas et al., 2015a). 

 

 

3. METHODOLOGY 

The EBCM, or  T-matrix (Mishchenko, 1991) theory has been used to calculate l ight scattering 

properties for non-spherical particles. Both incident and scattered electric fields can be expanded 

in ve ctor s pherical w ave f unctions. Incident a nd s cattered expansion f ield c oefficients c an b e 

related by means o f a t ransition (T) matrix, whose elements depend on the particle s ize, shape 

and or ientation. In t he c ase of  r andomly o riented, a xially s ymmetric pa rticles, t he T -matrix is  

calculated for the natural reference f rame (z-axis a long the particle symmetry axis) and results 

are then averaged for all particle orientations. In order to model non-spherical particles, they will 

be represented as a collection of scatterers with a symmetry plane (e.g. spheroids). 

 

The use of T-matrix data in collections of polydisperse particles can be cumbersome and t ime-

consuming.  To alleviate this problem, light-scattering properties can be approximated as a sum 

of kernel functions K (Dubovik et al., 2006): 
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Kernel functions depend on t he index o f r efraction (m), size (xp) and shape (ei) parameters. A 

pre-calculated set of kernel functions (“BETA” database) was shown in (Quirantes et al., 2010; 

2011) and i t was already used i n p revious s tudies ( Quirantes e t al., 20 12; V alenzuela et a l., 

2012a; 2012b; 2012c)  

In the present study, particles are modelled as prolate and oblate spheroids with an eccentricity 

parameter ε and an axial ratio e (long-to-short axis ratio): ε=e for oblate spheroids, and ε=1/e for 

prolate spheroids. Previous studies (i.e. Hill et al., 1984; Mishchenko et al., 1997) modelled light 

scattering properties of real and non-spherical atmospheric aerosols by a particle distribution of 

prolate a nd obl ate s pheroids (50% i n vol ume) w ith a n a xial r atio e =  1.8. This m odel 

configuration w ill be  also us ed i n our  w ork. About t he s ize p arameter, xp is a  d imensionless 

parameter, which is evaluated by x = kr, where r value is the radius of the equal-volume sphere 

and k va lue is the wavenumber, k = 2π/λ, being λ the wavelength. In the cases where particles 

can be assumed to be spherical, Mie theory has been used (Mie, 1908). On the other hand, in our 

computations ( spherical a nd s pheroid approximations) t he ne phelometer nonidealities - 

wavelength and angular sensitivities - (Anderson et al., 1996) are considered.   

 

The integrating nephelometer is the instrument most widely used to measure the light scattering 

by aerosols. As the integrating nephelometer is included as part of the instrumental setup in the 

aerosol pr ogram of  t he W orld M eteorological O rganization ( WMO), a n effort t o i mprove t he 

accurate measurement of total scattering was carried out over the last few decades (e.g. Bond et 

al., 2009;  M assoli e t a l., 2009 ). An i mportant me asurement limitation o f the n ephelometer 

instrument, the angular truncation e rror, i s t hat light s cattered a t angles s maller t han ~ 7º and 

larger than ~170º i s neglected. Additionally, a s econd limita tion is  the non-Lambertian radiant 

emission of the nephelometer light source. The deviation in the measured scattering produced by 

both angular deviations is lower than 10% within the fine mode, increasing up to 20% within the 

coarse mode. For backscattering there is no dependence on particle size, and the error is less than 
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10% (Anderson e t al., 1 996). Other authors f ound higher de viations, e.g., H eintzenberg e t al. 

(2006), who showed that for size distributions of geometric mean diameters up to 2 µm, up 35% 

of t he s cattered l ight i s not measured due  to angular deviations. Taking into account that h igh 

uncertainty levels are to be expected if the integrating nephelometer has a  poorly characterized 

angular truncation response, a co rrection factor was developed to reduce such errors (Anderson 

and Ogren, 1998). The truncation correction, Cts, is defined as, 

 

)(
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,
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where σsp,Mie is th e tr ue p article s cattering c omputed by M ie theory an d σsp,neph is th e p article 

scattering m easured b y t he n ephelometer. The angular s cattering v aries with p article s ize and 

therefore the angular correction also depends on particle diameter. The optical parameter related 

to both the wavelength dependence of  scattering and the average particle s ize is  the Ångström 

exponent (å) for scattering.   
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Based on t he calculated Ångström exponent, the angular correction is evaluated as Cts=(a+b·å),  

as Table 1 s hows. The pairs of wavelength values used to calculate the Ångström exponent are 

(450-550) nm, (450-700) nm and (550-700) nm to correct σsp(450 nm), σsp(550 nm) and σsp(700 

nm) respectively. 

 

In the case of backscattering, the angular correction is assumed to be independent of particle size, 

with values of 0.981, 0.982 and 0.985 at 450, 550 and 700 nm wavelengths, respectively.  
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This widely used correction has been studied previously in terms of its impact on ot her aerosol 

parameters. For example, Bond e t a l. (2009) showed that using of t his a ngular c orrection, 

absorption, s ingle-scattering a lbedo a nd ne gative f orcing is overestimated by about ( 1-5)%. In 

Massoli e t a l. (2009), a higher overestimation was found f or a single-scattering al bedo va lues 

higher than 0.7, concluding that this is mostly due to the higher real part of the refractive index of 

the absorbing material.  

 

 

4. RESULTS 

 

4.1. Shape approximations in the computed optical properties 

To cl arify the differences b etween t he u se o f s pherical and non -spherical models in c losure 

studies, observed σsp and σbsp were compared with computed values using both shapes. In this 

section, computed and observed optical properties were compared with the light scattered in the 

(7º-170º) angle r ange. The co mputed p roperties w ere c alculated u sing t he w avelength an d 

angular sensitivities (Anderson et al., 1996). The Anderson and Ogren, (1998) correction was not 

applied on t he observed properties. Using the SMPS-APS measured number s ize di stributions, 

Mie and T -matrix Methods were used t o calculate the optical p roperties ( σsp and σbsp) a t 

wavelengths of 450 nm, 550 nm and 700 nm. In the present work, the comments refer to the 550 

nm wavelength, although all wavelengths are shown in the Figures. The σsp value was calculated 

with hourly averages of the SMPS-APS data and refractive index (m) values of 1.482 and 1.527 

were estimated fo r fine and c oarse m odes, r espectively. The calculation of m  w as p erformed 

using the vol ume-weighted m ethod ( Hand a nd K reidenweis, 2002 ) and experimental ch emical 

compounds i nformation. M ore d etails ab out t he r efractive i ndices used fo r the p article 

composition are given in Sorribas et al. (2015a).  
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For p articles w ith D  <  1 µm (fine mode), F igures 1a compare t he c omputed a nd obs erved 

scattering coefficients and Figures 1b compare the backscattering values at 450 nm, 550 nm and 

700 nm . Results s uggest a  s trong c orrelation be tween computed a nd obs erved va lues for 

spherical (black dots) and spheroidal (red dots) particles and, hence, good agreement between the 

optical and microphysical a erosol pr operties. High co rrelation co efficients (R=0.91-0.97) w ere 

found f or a ll w avelengths. The largest difference b etween t he observed and c alculated opt ical 

properties by spherical particles is associated with the slope of the fit, in the range of 0.87-0.96 

for scattering and 0.73-0.87 for backscattering. Therefore, while the computed scattering values 

lie w ithin ∼ ±10% of  t he uncertainties of  t he obs erved s cattering (see S ection 2 ), an 

underestimation of  t he c omputed backscattering values i s evident. The lo west s lopes o f the f it 

were for the largest wavelengths. On t he ot her ha nd, t he scattering pr operties f or spheroid 

particles decrease the slope by about 3% compared to the slope for spherical particles, while for 

backscattering there are no differences. For this reason, for use in climate models the assumption 

of ei ther spherical or  s pheroidal pa rticles f or f ine pa rticles w ould not  c ause a  c hange i n t he 

observed findings.  

 

For p articles w ith 1  µm < D  < 1 0 µm ( coarse mode), a co mparison b etween cal culated an d 

observed s cattering va lues i s shown in Figures 1c, and Figures 1d compare t he backscattering 

values at the three wavelengths. Good correlation is observed, but the correlation coefficient (R) 

ranged from 0.72 to 0.85 and is lower than for the fine mode. The Mie theory computations for 

spherical particles underestimate the scattering coefficients by 54% (slope of the fit with a value 

of 0.46) at 550 nm. The backscattering value underestimation of about 53% at 550 nm is similar 

than that of  scattering. In both scattering and backscattering, the underestimation becomes less 

important with increasing wavelength. Previous ground-based scattering closure studies showed 

that the d ifferences between observed and computed values (coarse mode) can be  a ttributed to 

the effect of non-spherical particles (e.g., Marshall et al., 2007; Chen et al., 2011). In our work, 
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this ef fect is analyzed b y computation of  t he T -matrix M ethod. The c omputed s cattering a nd 

backscattering values assuming spheroidal particles still underestimate the observed values, but 

with b etter r esults. Thus, the unde restimations of  σsp and σbsp at 5 50 n m ar e 49% a nd 1 1% 

(slopes of  t he fit w ith va lues o f 0. 51 and 0.8 9), r espectively. Therefore, t he s pheroid 

approximation has greater impact on backscattering than on scattering within the coarse mode. In 

general, u nderestimation of  s cattering a nd backscattering by s pheroidal particles becomes less 

important with increasing wavelength, similar to the case of spherical particles.     

 

Ideally, m odel p articles s hould b e r epresentative for the r eal ( observed) p articles i n al l 

characteristics relevant for scattering and backscattering, and therefore the slope of the fit should 

be 1. However, ev en a fter applying the s pheroids a pproximation, t he computed opt ical 

parameters underestimate the obs erved p roperties w ithin t he c oarse m ode. If t he i nherent 

limitations o f mo delling s cattering a nd backscattering methods are n eglected, t his 

underestimation may b e d ue t o uncertainty i n particle modelling either (i) spheroid geometry 

(axial ratio) (Klaver et al., 2011) or (ii) particle composition (refractive index) (Lindqvist et al., 

2014), as well as uncertainty in the particle size distribution measurement.  

 

Taking into account the fact that dust particles can be modelled as spheroids in shape (Yang et al., 

2007), a particular study of model errors in both spherical and spheroidal particles is carried out. 

Two d ifferent cases of the c losure s tudy for t he m icrophysical-optical properties h ave b een 

selected: the observations with influences of desert dust particles and those without this aerosol 

type. The classification method is reported in Sorribas et al. (2015a).  

 

Table 2 shows t he s lope of  t he f its be tween t he c omputed a nd obs erved s cattering a nd 

backscattering properties for spherical and spheroid particles and the classification of non-desert 

and desert dust observations. The correlation coefficient (R) (not show in Table 2) ranges from 
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0.85 to 0.96 w ithin t he fine mode and from 0.7 0 to 0.83 within t he coarse mode, evincing an 

agreement between the computed and observational data.  

 

For particles with D < 1  µm, the differences fo r σsp and σbsp considering desert dus t and non-

desert d ust ar e n ot l arge, thus a llowing t o c onclude t hat the assumption of  e ither spherical o r 

spheroidal shapes within climate mo dels for de sert dus t and non -desert d ust cases would not  

cause a change in the observed findings. 

 

For particles with 1 µm < D  < 1 0 µm (coarse mode), the aerosol scattering and backscattering 

properties f or bot h d esert a nd non d esert dus t cases are be tter c omputed us ing t he s pheroid 

approximation, since the s lope of  t he f it i s c loser t o 1 f or s pheroidal particles. This could be  

caused by the usual particle shape within this s ize range, which is irregular with more angular 

and sharper edges (e.g. Pachauri et al., 2013).  

 

The e ffect of  t he s pheroid a pproximation on scattering an d backscattering w ithin t he coarse 

mode w as m ore di stinct f or de sert dus t a erosol than f or non-desert d ays, es pecially f or b ack-

scattering. For example, Table 2 shows, for desert dust days and spherical particles, a slope of the 

fit of 0.49 (underestimation with a value of 51%) and 1.03 (overestimation of 3%) in the case of 

spheroidal p articles. This r epresents a d ifference o f 54% be tween bot h a pproximations. T his 

difference fo r n on-desert dus t da ys w as l ower w ith a  va lue of  36%. The e xplanation for s uch 

different be haviour m ost pr obably r esides i n t he f act t hat t he de sert dus t a erosol pa rticles are 

more irregular than other coarse-mode aerosol particles at El Arenosillo, such as marine aerosols 

and secondary inorganic compounds (Sorribas et al, 2015a). Such chemical compounds are more 

spherical a nd t he s cattering pr operties c omputed b y s pheroidal approximation f it l ess t han f or 

desert dust compounds 
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Additionally, during d esert dus t da ys, t he reduction of t he computed backscattering 

underestimation was higher than the computed scattering underestimation. Therefore, the effect 

of the spheroid approximation was more severe on backscattering properties than on s cattering 

properties. This can  b e ex plained because backscattering is mo re s ensitive to  p article s hape 

(Bohren and S ingham, 1991) . A contributing factor for nephelometer measurements i s that the 

scattering contains the backscattering data and hence, the scattering is also sensitive to particle 

shape, but less than the backscattering process. 

 

4.2. Angular correction study 

The angular correction proposed by Anderson and Ogren, (1998) is discussed in this section to 

explore i ts uncertainty in t erms of  s ize range and aerosol chemical compounds. The computed 

and observed σsp and σbsp values were compared under the assumption of light scattered over the 

full (0º-180º) a ngular range, c onsidering the un certainty in  th e lig ht s cattering measurement 

within th e ( 0º-7º) a nd ( 170º-180º) a ngular ranges. As i n Section 4.1. , w ith s imilar r efractive 

index values (m), the SMPS-APS number size distributions were used to compute the scattering 

coefficient by means of Mie and T-matrix theories at wavelengths 450 nm, 550 nm and 700 nm. 

Figure 1 represents the observed versus computed scattering and backscattering values within the 

(7º-90º) and ( 90º-170º) angular ranges, considering t he ne phelometer w avelength a nd a ngular 

sensitivities on t he c omputed pr operties. Figure 2 shows si milar data f or t he f ull ( 0º-180º) 

angular range (without nephelometer sensitivities on c omputed properties), while the Anderson 

and Ogren, (1998) correction was applied on t he observed properties. The differences between 

Figures 1 a nd 2 make it possible t o a nalyse the uncertainty of t he a ngular c orrection for 

Anderson and Ogren, (1998). The main findings are: 

 

For particles with D < 1 µm (fine mode):   
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(1) Scattering coefficient: c omparing Figures 1 a.2 and 2a .2 (at 550 nm ), there i s n o high 

variation in  th e s lope o f th e f it for s phere p articles. No d ifferences w ere also s een for 

spheroid pa rticles. T herefore, fo r all w avelengths c onsidered, it can b e concluded t hat t he 

angular correction underestimates the observed scattering for both spherical and spheroidal 

approximations by less than 3%.  

 

(2) Backscattering: t he co rrection yields an ove restimation a bout 4% fo r t he backscattering 

properties for spherical and spheroid particles. This is shown by the comparison between the 

slope of the fits in Figures 1b and 2b.  

 

For particles with 1 µm < D < 10 µm (coarse mode):  

 

(3) Scattering coefficient: c omparison of  F igures 1 c.2 a nd 2c .2 s hows t hat f or s pherical and 

spheroidal particles the angular correction overestimates the observed scattering by 8%. Then 

the er ror d iscussed f or p article s cattering w ithin t he co arse m ode i s higher t han the er ror 

observed for scattering and backscattering within the fine mode.  

 

(4) Backscattering: the slope of the fit varied from 0.47 (Figure 1d.2) to 0.49 (Figure 2d.2) for 

the spherical approximation, meaning an overestimation of the angular correction by 2%. For 

the spheroidal a pproximation t he slope o f th e f it are s imilar. T herefore, t he co mputed 

scattering and backscattering did not vary when de angular correction was applied.  

 

All this information means that the angular correction proposed by Anderson and Ogren, (1998) 

can be  applied with an e rror lower than -3% in σsp(D<1 µm), +4% in σbsp(D<1 µm) and +8% 

σsp(1 µm<D<10 µm) f or s pherical a nd s pheroids pa rticles. In cas e o f the backscattering 

properties w ithin t he co arse m ode, t he er rors d iscussed ar e +2% for bot h s phere and zero for 
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spheroidal pa rticles. When t he un certainty of t he a ngular correction f actors f or s pherical 

particle provided by Anderson and Ogren is compared to our results, the largest differences are 

found in the scattering of the particles within the coarse mode. While the uncertainty is 28% at 

550 nm  i n A nderson a nd O gren, ( 1998), i t i s onl y 8%  i n our  s tudy. Discrepancies can  b e 

attributed t o t he di fferences i n s ize a nd composition pa rameters, as Anderson a nd O gren, 

(1998) used a broad range of refractive index values and coarse mode populations with a larger 

value of the modal diameter, as well as a fixed value of the fine/coarse mode particle ratio. 

 

Table 3 shows t he s lope of  t he f its be tween t he c omputed a nd obs erved s cattering a nd 

backscattering properties, for spherical and spheroidal particles and whether the classification of 

the non-desert and desert dust observations is considered. The computed and observed σsp and 

σbsp were compared when the light was scattered at (0º-180º) angular range. The uncertainty in 

the lig ht s cattering me asurement w ithin th e ( 0º-7º) a nd ( 170º-180º) a ngular ranges w as 

considered. The correlation coefficient (R) (not show in Table 3) ranges from 0.85 to 0.96 within 

the fine mode and from 0.69 to 0.83 within the coarse mode, evincing an agreement between the 

computed and observational data. 

 

The comparison of Tables 2 and 3 shows that, for the coarse mode, when the angular correction 

is a pplied unde r t he spherical an d spheroidal s hape a ssumptions, t he d eviation i n scattering is 

considerably larger during desert dust days with a value of ~13% (e.g. for scattering, difference 

between 0.56 (Table 2) and 0.69 (Table 3)). The other optical parameters show a deviation lower 

than 6% . Higher un certainties f or de sert dus t a erosol c ould be  related to t he unc ertainty i n 

modelling the spheroid geometry (axial ratio) and the particle composition (refractive index).  

 

 

5. CONCLUSIONS 
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The uncertainty i n s tudying t he aerosol s cattering pr ocess i n t he atmosphere du e t o t he non -

spherical nature of  particles h as b een investigated. T he goa ls ha ve be en t o a nalyze t he e rror 

associated with: (1 ) the computed s cattering a nd backscattering properties w hen s pherical an d 

spheroid approximations are used and (2) the observed scattering using nephelometers due to the 

angular e rror. Mie theory an d the T-matrix m ethod ha ve be en applied to c ompute opt ical 

properties for spherical and spheroidal particles, using observed particle size distributions. The 

computed scattering and backscattering properties were represented versus the observed optical 

data for both fine and coarse modes, and the slope of each fit was analyzed.  

 

For spherical a nd non -spherical p articles t he computations show t hat t he scattering and 

backscattering coefficients are little in fluenced b y the s hape o f th e p articles in  th e f ine mo de. 

Additionally, the computed backscattering values at 550 nm  underestimate the observed values 

by ∼15%. By co ntrast, the d ata i ndicate t hat the s pheroidal approximation f inds better r esults 

than t he s pherical particles assumption within t he c oarse m ode, particularly for backscattering 

properties. Nonetheless, e ven a fter a pplying t he s pheroidal a pproximation, t he c omputed 

scattering and backscattering values at 550 nm  are underestimated 49% and 11%, respectively. 

This is mainly attributed to the characteristics (axial ratio and refractive index) used in this study 

for modelling the particle, and the uncertainty in the particle size distribution measurements. It 

was also concluded that scattering and backscattering within coarse mode are better computed 

for s pheroidal approximation dur ing days with de sert dus t present. T he e xplanation for t his 

conclusion r esides i n the f act that de sert dus t a erosol particles are m ore i rregular t han o ther 

aerosol in El Arenosillo. Additionally, backscattering was more sensitive to particle shape than 

was scattering during desert dust days. 

 

The angular correction proposed by Anderson and Ogren, (1998) was also examined to explore 

its uncertainty depending size range and particle shape. In conclusion for particles within the fine 
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mode, t he a ngular correction u nderestimates the obs erved s cattering for bot h spherical an d 

spheroidal approximations by less than ∼3%. On the other hand an overestimation of about ∼4% 

for the backscattering properties was found. For particles within the coarse mode, the uncertainty 

for s cattering is  about 8% . By co ntrast, i n cas e of t he backscattering properties, there i s no 

influence of the angular correction.  

 

Additionally, if s pheroidal particles a re u sed t o ev aluate t he aerosol optical p roperties, t he 

correction pr oposed b y Anderson and O gren, (1998) m ust be  re-evaluated with the a im of 

reducing the uncertainty found when being applied for scattering within the coarse mode. This 

recommendation is for sites under the influence of desert dust aerosol, since the deviation from 

the computed scattering and backscattering values increases up to 13% for desert dust aerosol. 
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TABLES 

Table 1. C onstants us ed t o e stimate t he a ngular t runcation c orrection f or a n i ntegrated 

nephelometer (Anderson and Ogren, 1998). 

 λ = 450 nm λ = 550 nm λ = 700 nm 

 a b a b a b 

D < 10 µm 1.365 -0.156 1.337 -0.138 1.297 -0.113 

D < 1 µm 1.165 -0.460 1.152 -0.044 1.120 -0.035 
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Table 2 - The slope of the closure assessment fit of the scattering (σsp) and backscattering (σbsp) 

distributions a t 450 nm , 550 nm  a nd 700 nm , w ithin t he f ine and c oarse m odes: obs erved vs . 

computed by the Mie Theory (spheres) and T-matrix Method (spheroids) during non-desert days 

and desert days. The observed optical parameters were calculated using the spectral and angular 

sensitivities of the nephelometer. The computed optical parameters were considered without the 

angular correction. 

 Non-Desert Desert 

Size range 
Optical 

Property 
Wavelength Spheres Spheroids Spheres Spheroids 

Fine 

Mode 

σsp 

450 nm 0.92 0.89 0.97 0.93 

550 nm 0.88 0.85 0.93 0.90 

700 nm 0.83 0.80 0.89 0.87 

σbsp 

450 nm 0.86 0.85 0.89 0.88 

550 nm 0.86 0.85 0.90 0.89 

700 nm 0.72 0.71 0.75 0.75 

Coarse 

Mode 

σsp 

450 nm 0.41 0.46 0.47 0.57 

550 nm 0.44 0.48 0.50 0.56 

700 nm 0.50 0.53 0.56 0.61 

σbsp 

450 nm 0.38 0.77 0.41 1.01 

550 nm 0.46 0.82 0.49 1.03 

700 nm 0.49 0.78 0.53 0.97 
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Table 3 - The slope of the closure assessment fit of the scattering (σsp) and backscattering (σbsp) 

distributions a t 450 nm , 550 nm  a nd 700 nm , w ithin t he f ine a nd c oarse m odes: obs erved vs . 

computed by Mie Theory (spheres) and the T-matrix Method (spheroids) during non-desert days 

and desert days. The computed optical parameters were calculated in (0º-180º) angle range and 

observed parameters were considered with the angular correction. 

 

 Non-Desert Desert 

Size range 
Optical 

Property 
Wavelength Spheres Spheroids Spheres Spheroids 

Fine 

Mode 

σsp 

450 nm 0.94 0.91 0.98 0.95 

550 nm 0.90 0.87 0.95 0.92 

700 nm 0.83 0.81 0.89 0.87 

σbsp 

450 nm 0.89 0.87 0.92 0.90 

550 nm 0.90 0.87 0.94 0.92 

700 nm 0.74 0.73 0.78 0.77 

Coarse 

Mode 

σsp 

450 nm 0.47 0.53 0.59 0.72 

550 nm 0.49 0.54 0.63 0.69 

700 nm 0.54 0.58 0.70 0.74 

σbsp 

450 nm 0.40 0.76 0.43 0.99 

550 nm 0.48 0.81 0.52 1.01 

700 nm 0.51 0.77 0.56 0.97 
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Figure 1 - A closure assessment of the optical data obtained with the integrating nephelometer: 
observed vs. computed scattering (Figures a and c) and backscattering (Figures b and d) by Mie 
Theory (black points) and the T-matrix (red points). The computations are based on f ine (Da<1 
µm) and coarse size range (1 µm <Da<10 µm) at 450, 550 and 700 nm. The 1:1 line is the dashed 
line. In each panel, the size range, the nephelometer wavelength, the refractive index, the slopes 
of the fits and the R correlation coefficient are shown. The fit for spheres is in light blue and that 
for spheroids is in dark blue. The observed optical parameters were calculated using the spectral 
and angular sensitivities of the nephelometer. The computed optical parameters were considered 
without the angular correction. 
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Figure 2 - A closure assessment of the optical data obtained with the integrating nephelometer: 
observed vs. computed scattering (Figures a and c) and backscattering (Figures b and d) by Mie 
Theory (black points) and the T-matrix (red points). The computations are based on f ine (Da<1 
µm) and coarse size range (1 µm <Da<10 µm) at 450, 550 and 700 nm. The 1:1 line is the dashed 
line. In each panel, the size range, the nephelometer wavelength, the refractive index, the slopes 
of the fits and the R correlation coefficient are shown. The fit for spheres is in light blue and that 
for spheroids is in dark blue. The computed optical parameters were calculated in (0º-180º) angle 
range and observed parameters were considered with the angular correction. 
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