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Abstract 31 

The accurate aerosol optical thickness is indispensable for estimating the radiative 32 

forcing of aerosols in the atmosphere.  Sun photometry is one of the most popular 33 

methods, which is simple and easy to use, but it should be noted that some errors due to 34 

forward scattering effect can be introduced in the observation of the direct normal 35 

irradiance. Consequently, the estimated optical thickness of aerosols can be under-36 

estimated even if the calibration constant is correct. This possibility depends on an optical 37 

geometry of the measuring instrument as well as aerosol characteristics.  This report 38 

assesses these effects by assuming several aerosol types and instrumental parameters 39 

quantitatively. 40 

Forward scattering ratio .fwd , which is defined as a ratio of the forward scattering part 41 

to the true direct normal irradiance (I), by I.obs = I(1+.fwd), is approximately proportional 42 

to the product of the optical thickness (.aer) and the single scattering albedo () of 43 

aerosols and the relative air mass (m), .fwd ≈ aerm. The coefficient  is a 44 

proportional constant which is dependent on the opening angle of the instrument as well 45 

as the optical characteristics of aerosols. The variation of  is tabulated for several 46 

aerosol types and opening angles. Then the error for the estimate of .aer  can be 47 

approximately expressed by  ≈ -aer . 48 

 49 
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1.  Introduction 52 

  Climate effects of particles suspended in the atmosphere have been studied by many 53 

researchers for a long time due to their importance (e.g., Charlson and Heintzenberg, 1995; 54 

Hobbs, 1993; IPCC, 2014). These effects consist of two major aspects, one is a direct effect 55 

and the other is an indirect effect, as well known. Recent focus of aerosol studies on the 56 

climate change has been mainly on the latter effects as these show a variety of mechanism 57 

in the atmosphere and are still not clear. On the other hand, the direct effect is easily 58 

understandable through the assessment of radiative effects, among which the following 59 

parameters: the optical characteristics i.e. the optical thickness (AOT), the single scattering 60 

albedo (SSA), and so on, are estimated by using a combination of the size distribution and 61 

the complex refractive index of the particles. Ground-observation networks for aerosol and 62 

cloud such as AERONET (https://aeronet.gsfc.nasa.gov) and SKYNET 63 

(http://atmos3.cr.chiba-u.jp/skynet/) have been introduced in parallel with satellite monitoring. 64 

These network observations can give detailed and useful information on aerosols worldwide. 65 

This information is based on the sky brightness measurements including the direct solar 66 

irradiance, e.g., Giles et al. (2019), and Kitakoga et al. (2014).  67 

The AOT has been estimated experimentally by sun photometry. This method is reliable 68 

and has a long history because of its ease of use (e.g., Voltz, 1974; Shaw, 1983).  A sun 69 

photometer has been designed and used in order to estimate it, as well as the water vapor 70 

and ozone amounts. The field of view (FOV) of the instrument is limited to an angle wide 71 
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enough to measure the attenuated irradiance from the solar disk. Grassl (1971) pointed out 72 

that the effect of circumsolar irradiance should be corrected when a photometer has a wider 73 

FOV. In another aspect, the instrument needs to follow the motion of the solar disk correctly. 74 

Regarding the accuracy of the AOT estimate, the smaller FOV is better, but a wider FOV is 75 

required for tracking the sun steadily.  This is a trade-off. For example, the WMO document 76 

(WMO, 2012) provides the FOV angle for an observation instrument such as a pyrheliometer, 77 

in order to minimize the effect of forward scattering.  Also the improved solar tracking 78 

technique can possibly make less forward scattering measurements for direct solar 79 

observations. 80 

In this report the effects of forward scattering for the AOT estimate using the sun 81 

photometry technique are discussed quantitatively and qualitatively.  82 

 83 

2.   Error by Forward Scattering 84 

The basic concept to estimate the AOT is simply to use the incoming direct solar irradiance 85 

(DNI) attenuated by aerosols at wavelengths without any gaseous absorption.  When such 86 

wavelengths are selected, the observed irradiance (Iobs) including forward scattering in the 87 

clear atmosphere can be converted to an apparent atmospheric optical thickness (app) of 88 

aerosol and molecular scattering. These parameters are a function of wavelength, but it is 89 

omitted to avoid complexity, hereafter. If the calibration constant of the used instrument 90 

assumes to be F0* including the calibration error, the observed DNI, Iobs can be expressed 91 
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by using the apparent optical thickness app;      92 

Iobs = F0*e-appm ,       (1) 93 

then,  94 

app =  + 1/m･ln(cal/(1+fwd)).  (2) 95 

The parameter of the distance between the Earth and the sun is also omitted in the equation. 96 

The variable m is the relative air mass corresponding to the solar position.  The true values 97 

of the calibration constant and the atmospheric optical thickness are F0 and  , respectively. 98 

The fwd in Eq.(2) is the ratio of the forward scattering part Ifwd in the Iobs to the true DNI and 99 

the cal  is the ratio of the actual calibration constant to the true one; 100 

Iobs = I + Ifwd     (3) 101 

       =I(1 + fwd) , 102 

and, 103 

F0*= cal F0. 104 

Then the difference () between the atmospheric optical thickness and the true value is 105 

expressed by the second term of the right-hand side of Eq. (2). 106 

Figure 1 shows the value of ln(cal/(1+fwd)) in Eq. (2), which equals the difference (m).  107 

Even if the calibration constant is correct (cal = 1), the forward scattering leads to an under-108 

estimation of the optical thickness, as expected.  In general, the erroneous calibration can 109 

produce both negative (under-estimation) and positive (over-estimation) effects.  Therefore, 110 

the line without error is apparently due to the cancellation of these effects.  Note that the 111 

Fig. 1 
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vertical axis of Fig. 1 is a logarithmically arbitrary unit (not correct logarithmic scale).  112 

The amount of actual forward scattering must be proportional to the scattering part of the 113 

optical thickness under the single scattering assumption, i.e., , when the scattering pattern 114 

is the same at varying AOTs.  However, since the pattern will change depending on the 115 

weighted ratio of each part of the Rayleigh and aerosol scattering, the forward scattering 116 

ratio can be approximately expressed as fwd ≈ aerm for fwd ≪ 1. So the logarithmic 117 

equation of the true DNI is approximately expressed, as follows: 118 

lnI ≈ ln F0* - (app+aer)m,   (4) 119 

and, if the calibration constant is correct, F0*=F0, 120 

app = - aer   121 

app ≈( - )     (5) 122 

The variable  in Eqs. (4) and (5) is a proportional coefficient, which will be dependent on 123 

the aerosol type and the instrumental geometry. Forward scattering can reduce the optical 124 

thickness by roughly (1- ), when the Rayleigh scattering by atmospheric molecules is 125 

negligible. Therefore, the underestimate of app is dependent on the atmospheric turbidity 126 

and the quality of aerosols of the observation day. 127 

 128 

2.1  Effect to instrument calibration 129 

When an instrument is calibrated using the Langley method, the forward scattering effects 130 

also appears in the DNI observation. A calibration constant estimated by the Langley method, 131 
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however, should not be affected under stable atmospheric conditions.  Even if the optical 132 

thickness has an error due to forward scattering, the Langley plot can produce the correct 133 

calibration constant F0, because fwd = 0 at m = 0, as shown in Fig. 2.  The broken lines in 134 

the figure depict slopes of the Langley plot used to estimate the calibration constant, of which 135 

slopes are the optical thicknesses, app and  respectively. The difference between lnIobs and 136 

lnI at a relative air mass m is equal to ln(1 + fwd).  137 

However, when the calibration is performed by comparing a sample instrument with a 138 

reference one at any optical thickness of the atmosphere, the scattering effect appears 139 

clearly, as follows: 140 

F0 = F0
ref (1+obs)/((1+ref).    (6) 141 

In Eq. (6), F0
ref and ref are the calibration constant and the forward scattering ratio of the 142 

reference instrument, respectively. 143 

 144 

2.2  Simulation by radiative transfer calculation 145 

To assess the quantitative effect of forward scattering in the DNI observation, the radiative 146 

transfer calculation is performed by using the SMARTS code developed by Gueymard 147 

(1995). The forward scattering effect by suspended particles is caused by two major sources, 148 

as described in the previous section. In the simulation, several typical cases for these 149 

parameters are assumed. 150 

The input geometry of an instrument can primarily affect the Ifwd in Eq. (3). The FOV is 151 

Table 1 

Fig. 2 
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defined by two parameters, the opening half angle () and the slant angle (Vignola et al., 152 

2012).  The simulation is performed by assuming three typical cases, as shown in Table 1.  153 

The biggest case is introduced for operational pyrheliometer (2=5.0), which is required by 154 

the WMO document (WMO, 2012), and the smaller case of 2 = 1.0 is used for sun/sky 155 

radiometers of the SKYNET observation (http://atmos3.cr.chiba-u.jp/skynet/).  An opening 156 

angle of 2 = 2.0 is assumed for collimating direct solar radiation when calibrating a spectral 157 

radiometer (pyranometer).  158 

Different types of aerosols can contribute differently to scattering, as it is well known (van 159 

de Hulst, 1981). In the assessment of quantitative and qualitative effects, three aerosol 160 

models are taken into consideration for the simulation, by selecting the “S&F Urban” and the 161 

“S&F Maritime” models by Shettle and Fenn (1979) and the “Desert-Max” model seen in the 162 

strong dust storms (Gueymard, Manual for SMARTS2.9.5: https://www.nrel.gov/grid/solar-163 

resource/smarts.html). The “S&F Urban” model is typical for a polluted atmosphere, which 164 

has secondary particles rich in the size distribution and a smaller single scattering albedo 165 

(SSA).  On the other hand, there are lots of coarse/natural particles in the “Maritime” model 166 

which are composed of very light absorptive particles (SSA is close to 1.)  The “Desert-Max” 167 

model might not be popular in a usual atmosphere, but it is one of the special cases with 168 

lots of coarse particles in the desert and its downwind regions.  These three models have 169 

unique optical characteristics, as shown in Fig. 3.  170 

Six steps of AOT for each model (aer : 0.01, 0.05, 0.1, 0.2, 0.5, 1.0 at 500 nm) are used 171 

Fig. 3 
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in the simulation.  Figure 3 shows the wavelength dependence of AOT (Fig. 3a) for each 172 

model with values of 0.2 and 1.0 at 500 nm.  The largest Angstrom Exponent (AE; ) is 173 

from the “S&F Urban” model, and the mid value is that of the “S&F Maritime” model. The 174 

“Desert-Max” model has  =0, which means that the AOT shows no wavelength dependence. 175 

Therefore, the coarse particles are relatively more abundant than in the other two models. 176 

The wavelength dependence of SSA are also shown in Fig. 3b.  The “S&F Maritime” model 177 

has a very weak absorption along the whole wavelength range compared with the other two 178 

models. An artificial bump in SSA at 500 nm is found for the “Desert-Max” model. The “Mid-179 

Latitude Summer” model (McClatchey et al., 1971) is used as an atmospheric model with a 180 

standard pressure of 1013.25 hPa at the surface. Other atmospheric parameters are shown 181 

in Table 2. The wavelengths for calculation range from 300 nm to 1100 nm for the effective 182 

region of scattering in the usual atmosphere. The solar position is also made to vary between 183 

three relative air masses, m=1.0 (solar zenith angle: sza=0 deg.), m=3.0 (sza=70.7 deg.) 184 

and m=5.0 (sza=78.8 deg.). 185 

 186 

3.  Results and Discussion 187 

The forward scattering ratios fwd are calculated for eleven models built in the SMARTS 188 

code to compare the differences between the aerosol models, as shown in Fig. 4. That figure 189 

presents only cases for a relative air mass (AM) m=5 and an opening angle (OA) 2=5.0 190 

deg. Each model has the same AOT of 0.2 at 500 nm. In Fig. 4a, the “S&F Maritime” shows 191 

Fig. 4 

Table 2 
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the biggest contribution of fwd (Ifwd/IDNI) among the eleven models. Regarding the difference 192 

in the Angstrom Exponent, the “Desert-Max” (Fig. 4c) is supposed to be the most effective, 193 

but the “S&F Maritime” is the largest due to its high SSA. The “Desert-Max” has also 194 

relatively larger values than that of the others except for the “SRA-Maritime”. The “S&F 195 

Urban” (Fig. 4a) does not have the lowest value, but it is applied due to its most popular type 196 

in the urbanized areas. The three models, “S&F Maritime”, “S&F Urban” and “Desert-Max”, 197 

are selected in the analysis.  The characteristics of eight models not selected in the 198 

simulation are also shown in the manual of the SMARTS code (Gueymard, Manual for 199 

SMARTS2.9.5: https://www.nrel.gov/grid/solar-resource/smarts.html). 200 

The dependency of fwd on the actual optical thickness for the line of sight to the sun is 201 

examined for eight wavelengths [315, 340, 400, 500, 675, 870, 940 and 1020 nm], which 202 

are used by the sky radiometer of the SKYNET observation network, including channels for 203 

the estimate of the ozone (315 nm) and water vapor (940 nm) amounts.  204 

While forward scattering by a single particle is not generally sensitive to the imaginary part 205 

of the refractive index, the actual amount of the forward scattering observed at the surface 206 

includes information of not only the total optical thickness but also the aerosol absorption, 207 

i.e., SSA, due to the attenuation effect of the DNI. Figure 5 shows an example of fwd for the 208 

“Desert-Max” model with an opening angle of 5.0 deg. These fwds are plotted for the 500 209 

nm wavelength as a function of the aerosol scattering optical thickness in line of sight (LOS), 210 

i.e, AOT*SSA*AM  (aer  m) in red squares. In the figure, the variation of AOT*AM (aer m) 211 

Fig. 5 



 10 

is shown in black dots as a reference. When the single scattering is dominant, these ratios 212 

should be basically proportional to the actual scattering optical thickness. And when the 213 

optical thickness is thinner, the linearity gets a little worse due to the relative increase of the 214 

Rayleigh scattering. However, the figure shows good proportionality. The equation of fwd ≈ 215 

aerm, is reasonable and the coefficient  is summarized in Table 3 for three models.   216 

Figures 6a-6c show the wavelength dependency of  and the opening angle dependency 217 

is seen in Figs. 6d-6f for the three different OAs. Figures 6a and 6d are for the “S&F Urban”, 218 

Fig. 6b and 6e for the “Desert-Max”, and Figs. 6c and 6f for the “S&F Maritime” model, 219 

respectively. The coefficient  is basically dependent on the opening angle of the instrument 220 

as well as the aerosol type (size distribution and refractive index of the aerosol). As expected, 221 

the wavelength dependency of the coefficient is influenced by the size distribution pattern, 222 

with the fine particle-rich distribution such as the “S&F Urban” model showing a weak 223 

dependency. In Fig. 6b (“Desert-Max”), the lines have no abnormal fluctuations around the 224 

500 nm-wavelength because the effect of the discontinuous SSA at 500 nm as shown in Fig. 225 

3b disappears by when SSA is taken as a variable. 226 

The relationship between the coefficient  and the Angstrom Exponent  is depicted in Fig. 227 

7. In the simulation, the AE is defined by using four wavelengths of 400, 500, 675 and 870 228 

nm. In general, a smaller  can give a larger  because of rich coarse-mode particles. The 229 

figure follows this trend except for models of “BD-C” and “BD-C1”, which have been 230 

proposed by Braslau and Dave (1973).  The AOTs of these two models have a unique 231 

Fig. 6 

Fig. 7 

Table 3 
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dependence on the wavelength, with peaks shown at 500 nm. The small coefficients s 232 

mean that smaller AOTs at wavelengths shorter than 500 nm can produce less forward 233 

scattering. Also the AE values seem to be smaller apparently due to the definition. 234 

From Table 3 and Fig. 6, the percentage error of the optical thickness estimation can be 235 

approximately found by ∆ ≈ -aer. Also from these points, it is important to determine the 236 

appropriate opening angle when a new instrument for DNI observation is designed. 237 

 238 

4.   Summary  239 

The error analysis in sun photometry has been performed with measurements of direct 240 

normal irradiance (DNI) including a forward scattering part as well as the true DNI. The error 241 

to be estimated in this analysis is discussed based on the contribution of the forward 242 

scattering to the optical thickness by assessing the forward scattering ratio fwd, to the true 243 

DNI [I], as defined by Iobs=I(1+fwd).   244 

The forward scattering effect can cause no erroneous calibration constant as estimated by 245 

using the Langley plot technique, despite the underestimate of the apparent optical 246 

thickness. However, when calibration is performed by comparing a sample instrument with 247 

a reference one, there would be a calibration error if both instruments have different opening 248 

angles. 249 

In the analysis, the amount of forward scattering is simulated by using the radiative 250 

transfer code (SMARTS 2.9.5) with three typical aerosol types: “S&F Urban”, “Desert-Max” 251 
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and “S& F Maritime” types at three opening angles of instrument. The forward scattering 252 

ratio is approximately proportional to the product of the aerosol scattering optical thickness 253 

and the relative air mass, fwd ≈ aerm. The coefficient  is a proportional constant which is 254 

dependent on the opening angle of the instrument and the optical characteristics of aerosols. 255 

The error is approximately expressed by ∆ ≈ -aer. 256 

 257 

 258 

 259 
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List of Figures 310 

 311 

Fig. 1  Difference (m) in the atmospheric optical thickness caused by the forward 312 

scattering and the erroneous calibration constant when the relative airmass of the solar 313 

position equals m.  The negative region in the figure means under-estimation of the 314 

optical thickness. 315 

 316 

Fig. 2  An example of Langley plot with forward scattering effects.  The apparent optical 317 

thickness .app is less steep than the true one  due to forward scattering, but the 318 

calibration constant lnF0. is equal to ln F*0. . 319 

 320 

Fig. 3  Optical characteristics of three aerosol models used in the simulation.  The left 321 

figure (a) shows the wavelength dependence of two AOTs of 0.2 and 1.0 at 500 nm.  322 

The right figure (b) is the same except for SSA. 323 

 324 

Fig. 4  Wavelength dependence of forward scattering ratio fwd = Ifwd/IDNI, as a function of 325 

wavelength in nm for eleven aerosol models (4a to 4c) built in the SMARTS2.9.5 code. 326 

The characteristics of each aerosol model are described in the manual 327 

(https://www.nrel.gov/grid/solar-resource/smarts.html). All the graphs are only for air 328 

https://www.nrel.gov/grid/solar-resource/smarts.html
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mass (AM) m=5 and opening angle (OA) 2=5 deg. Each model has the same aerosol 329 

optical thickness of 0.2 at 500 nm. 330 

 331 

Fig. 5  An example of the relationship between the scattering ratio fwd (=Ifwd/IDNI) and the 332 

aerosol (scattering) optical thickness in line of sight at 500 nm for the “Desert-Max” 333 

aerosol model. The optical geometry is for an opening angle of 5.0 deg. The red squares 334 

show a variation of fwd as a function of AOT*SSA*AM( aer**m ), and the black dots are 335 

the same except for a function of AOT*AM ( aer*m ) as a reference. 336 

 337 

Fig. 6 Wavelength dependence (6a to 6c) and opening angle dependence (6d to 6f) of a 338 

coefficient  for three aerosol models. 339 

 340 

Fig. 7  Relationship between the coefficient  and the Angstrom Exponent  for eleven 341 

aerosol models built in the SMARTS code with a wavelength of 500 nm and an opening 342 

angle of 5 deg. The red triangle, black dot and red star shown in the figure are for “S&F 343 

Urban”, “S&F Maritime” and “Desert-Max” model, respectively. Models “BD-C” and “BD-344 

C1” are overlapped. 345 

 346 

 347 
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Fig. 3  Optical characteristics of three aerosol models used in the simulation.  The left 364 

figure (a) shows the wavelength dependence of two AOTs of 0.2 and 1.0 at 500 nm.  365 

The right figure (b) is the same except for SSA. 366 

367 



 19 

 368 

 369 

Fig. 4  Wavelength dependence of forward scattering ratio fwd = Ifwd/IDNI, as a function of 370 

wavelength in nm for eleven aerosol models (4a to 4c) built in the SMARTS2.9.5 code. 371 

The characteristics of each aerosol model are described in the manual 372 

(https://www.nrel.gov/grid/solar-resource/smarts.html). All the graphs are only for air 373 

mass (AM) m=5 and opening angle (OA) 2=5 deg. Each model has the same aerosol 374 

optical thickness of 0.2 at 500 nm. 375 
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Fig. 5  An example of the relationship between the scattering ratio fwd (=Ifwd/IDNI) and the 379 

aerosol (scattering) optical thickness in line of sight at 500 nm for the “Desert-Max” 380 

aerosol model. The optical geometry is for an opening angle of 5.0 deg. The red squares 381 

show a variation of fwd as a function of AOT*SSA*AM( aer**m ), and the black dots are 382 

the same except for a function of AOT*AM ( aer*m ) as a reference. 383 
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 385 

Fig. 6 Wavelength dependence (6a to 6c) and opening angle dependence (6d to 6f) of a 386 

coefficient  for three aerosol models. 387 
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 389 

 390 

Fig. 7  Relationship between the coefficient  and the Angstrom Exponent  for eleven 391 

aerosol models built in the SMARTS code with a wavelength of 500 nm and an opening 392 

angle of 5 deg. The red triangle, black dot and red star shown in the figure are for “S&F 393 

Urban”, “S&F Maritime” and “Desert-Max” model, respectively. Models “BD-C” and “BD-394 

C1” are overlapped. 395 
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 425 

 426 

427 

Opening angle 
2  (deg) 

Slope 
angle 

Limiting 
angle 

Instrument (Example) 

5.0 1.0 4.0 
Operational pyrheliometer 

e.g., CHP-1(Kipp & Zonen), MS-54(EKO) 

2.0 0.4 1.6 
e.g., Collimation tube for calibration of spectral 

radiometer/pyranometer 

1.0(*) 0.2 0.8 
Sun photometer/Sky radiometer 

e.g., POM-02(PREDE),  
(*) 1.2 deg. for CE318 (CiMEL) 

Atmospheric 
Model 

 Surface 
reflectance 

Water 
vapor 

Carbon 
dioxide 

Ozone Other minors 

Mid Latitude 
Summer 

0.1 29.8mm 400 ppm 300 DU 
SMARTS2.9.5 
Default values 
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