
Reply to Referee 1 comment 

 

The authors thank the referee for a through reading of the manuscript and helpful 

comments. We have responded to the all comments, namely. 

 

The changes to meet your comments are marked with yellow or blue background in 

the revised manuscript. 

 

 

1. Since I did not know about SKYRAD.PACK before reading this paper, I had to 

look it up in order to understand what you mean. I think this is not a good feature in 

an abstract, so you may want to spend at least a couple of words to explain what 

SKYRAD.PACK is. For example, you may say something like “We then compared 

the optical properties retrieved with the SKYLIDAR algorithm to those produced 

with the more established scheme SKYRAD.PACK”. 

 

I just noticed that in my remark N.1 about SKYRAD.PACK I forgot to mention 

explicitly that it was relative to the abstract. Perhaps it was already clear from 

the content of my remark, but just to be sure I prefer to say that explicitly. 

 

Ans.) We have revised the sentence (P1, L22). 

 

 

2. P2, L15. By Mie lidar you mean the basic, conventional lidar, right? 

 

Ans.) Yes. We have changed “Mie lidar” to “conventional elastic backscatter lidar” 

(P2, L15). 

 

 

3. P4, L6. “langley method” -> “Langley method”. 

 

Ans.) We have corrected it (P4, L6). 

 

 

4. P4, L15. It may be worthwhile to remind the reader that cosଶሺߠ଴ሻ and sinଶሺߠ଴ሻ 

in the expression of the scattering angle appear because we are in the almucantar 



plane, where ߠ ൌ  .଴ߠ

 

Ans.) We have modified Eqs (1) and (2), Fig 2, and the sentence after Eq. (2) (P4, 

L13-18). 

 

 

5. P5, L26. I do not agree on the fact that your algorithm is a maximum likelihood 

method, because you have a priori constraints and the pdf you maximize is an a 

posteriori one. Therefore it would be more proper to say that your algorithm is a 

maximum a posteriori (MAP) scheme. I am aware that other papers about aerosol 

retrievals claim that the method you present is maximum likelihood, but if one 

wants to keep consistency with standard statistical terminology (which I think 

would be a good thing) I am almost certain that it is not. To the best of my 

knowledge, maximum likelihood methods seek the maximum of ܲ൫ܡ௠௘௔|ܡሺܠሻ൯, 

which is different from ܲሺܡሺܠሻ|ܡ௠௘௔ሻ (Lehmann and Casella, 1998; Robert, 2007), 

and usually need a sample of independent and identically distributed realizations of 

the observation vector ܡ௠௘௔, which are rarely available in remote sensing, unless 

you repeat the measurement of the full vector ܡ௠௘௔ multiple times under identical 

conditions and use all the repeated measurements to build a joint pdf that you later 

maximize with respect to ܠ. This remark may seem pedantic, but the difference 

between MAP and maximum likelihood has some remarkable consequences. For 

instance, maximum likelihood estimates are invariant to reparameterizations (i.e., 

if ܠ଴ is the optimal estimate of ܠ then ݃ሺܠ଴ሻ is the optimal estimate of ݃ሺܠሻ for 

any bijective function ݃), whereas MAP estimates are not. MAP estimates are 

numerically equal to maximum likelihood if a flat (improper) prior is used, but of 

course being numerically equal does not mean that they are the same thing. 

 

Ans.) The formulation in the step 2 retrieval is just that of the MAP scheme. We 

agree to your comments. In the atmospheric remote sensing, it is difficult to obtain 

the solution without any prior information. The MAP scheme considers the prior 

information basically, but the method of the maximum likelihood does not. We have 

revised the formulation as the MAP scheme in the revised manuscript. However, 

the smoothness constraint in the step 1 retrieval could not be formulated from 

ሺܠ െ ௔܅ୟሻ்ሺܠ
ଶሻିଵሺܠ െ  ୟሻ. We introduced the smoothness constraint as a virtualܠ

measurement by considering the constraint as being of the same nature as a 

measurement (Dubovik and King, 2000) (P8, L11-23). These changes are marked 



with blue background. The equations in the revised manuscript are changed, but 

they are numerically equal to previous ones and all the results are not changed. 

 

Dubovik, O., and King, M. D. (2000), A flexible inversion algorithm for retrieval of 

aerosol optical properties from sun and sky radiance measurements, J. Geophys. 

Res., 105, D16, 20673-20696. 

 

 

6. P6, L6. If ܅ is the covariance matrix then its diagonal elements are the squares 

of the standard errors in the measurements (not the errors themselves) and in 

equation (4) you should replace ܅ଶwith ܅. If, instead, the diagonal elements of ܅ 

are the errors then it is correct to keep ܅ଶin eq. (4) but you should say that ܅ଶ 

(not ܅) is the covariance matrix. 

 

Ans.) We have adopted that ܅ଶ is the covariance matrix in the revised manuscript. 

(P6, L10-12). 

 

 

7. P6, L15 and eq. (5) and (6). I do not find the notation very clear. Wouldn’t it be 

better to just say that ܡ௠௘௔ contains ߬௘௫௧
௠௘௔ at all wavelengths, Iܫ௠௘௔ at all 

wavelengths and scattering angles and ߜ௔௩௘௠௘௔ at 532 nm? Or, if you want to use an 

equation, you may use the more established notation 

௠௘௔ܡ ൌ ሾ߬௘௫௧
௠௘௔ሺߣሻ,⋯⋯ , ߬௘௫௧

௠௘௔ሺߣሻ, ,߆௠௘௔ሺܫ ⋯⋯,ሻߣ , ,߆௠௘௔ሺܫ ,ሻߣ  nmሻሿ	௔௩௘௠௘௔ሺ532ߜ

or you can summarize the content of the vector in a table. Similarly, in eq. (6) 

wouldn’t it be clearer if you just state that x contains real and imaginary part of 

refractive index at all SKYR wavelengths plus all the other parameters? 

 

Ans.) We deleted the equations and just described the contents of the vectors x and y 

in the revised manuscript (P6, L19-22). 

 

 

8. P9, equations. Again, the notation of the formulas looks a bit confusing to me. The 

suggestions I would give you are similar to those given in the previous point. 

 

Ans.) Same as the above answer (P9, L10-15). 

 



 

9. P11, eq.(21). ܅ and ܅ୟ should be uppercase. Please re-check whether there 

should be ܅ଶ or ܅ depending on the choice you make about the meaning of ܅ 

(see point 6). 

 

Ans.) We have checked it. We did not need any modifications. 

 

 

10. P12, L24. “In actuality” -> “Actually” or “Eventually”. 

 

Ans.) We have corrected it (P13, L8). 

 

 

11. P13, L27. It is not clear to me what does “the broadband wavelength regions of 

solar radiation” mean. 

 

Ans.) We have revised it as “the solar wavelength region” (P13, L11). 

 

 

12. P13, L28. "The wavelengths of the optical properties" -> "The wavelengths at 

which the optical properties . . . are obtained". 

 

Ans.) We have corrected it (P13, L11-12). 

 

 

13. P14, L2. Which kind of interpolation did you use to compute the refractive index 

between 532 and 1064 nm? I guess linear is enough for the real part, but what about 

the imaginary part? 

 

Ans.) We used the linear interpolation in the log-log plane. We have added this 

explanation (P13, L13). 

 

 

14. P15, L2. “other than” -> “except” (it sounds clearer). 

 

Ans.) We have corrected it (P14, L15). 



 

 

15. P15, L3. Is the size distribution only retrieved at 540 and 3540 m? Is that 

enough to call that a “profile of the aerosol size distribution”? Furthermore, you 

assume a bimodal lognormal size distribution and – if I understood correctly – you 

fit mode radii and widths for the entire column in step 1, whereas in step 2 you keep 

those values fixed but update ܥଵ and ܥଶ per layer. Then, I guess, your estimate of 

the aerosol size distribution profile is controlled by these two parameters, right? 

Wouldn’t it be more informative to compare and plot the profiles of ܥଵሺݖሻ and 

 ?ሻݖଶሺܥ

 

Ans.) It is difficult to calculate the vertical profiles of “true”	ܥଵ and ܥଶ because 

more than three aerosol components are mixed externally in the sensitivity tests 

(see Table 1). 

We showed the size distributions at only two altitudes, but we selected the 

representative altitudes for the transported and background aerosols. We think that 

is enough to call a “profile of the aerosol size distribution”. 

 

 

16. P15, L7. “plotted” -> “shows”; “the aerosol optical thickness of” -> "an aerosol 

optical thickness of". 

 

Ans.) We have corrected them (P14, L1, 14, and 20, ). 

 

 

17. P15, L8-9. You say the profiles of the refractive index were not estimated well, 

but doesn’t that only apply to the imaginary part? You may want to specify that. 

 

Ans.) We have revised the sentence (P14, L21-22). 

 

 

18. P19, L21. SKR -> SKYR ? 

 

Ans.) We have corrected the misprint (P19, L4). 
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Abstract. The SKYLIDAR algorithm was developed to estimate vertical profiles of aerosol optical properties from sky 

radiometer (SKYNET) and lidar (AD-Net) measurements. The solar heating rate was also estimated from the SKYLIDAR 

retrievals. The algorithm consists of two retrieval steps: (1) columnar properties are retrieved from the sky radiometer 

measurements and the vertically mean depolarization ratio obtained from the lidar measurements, and (2) vertical profiles are 10 

retrieved from the lidar measurements and the results of the first step. The derived parameters are the vertical profiles of the 

size distribution, refractive index (real and imaginary parts), extinction coefficient, single-scattering albedo, and asymmetry 

factor. Sensitivity tests were conducted by applying the SKYLIDAR algorithm to the simulated sky radiometer and lidar data 

for vertical profiles of three different aerosols, continental average, transported dust, and pollution aerosols. The vertical 

profiles of the size distribution, extinction coefficient, and asymmetry factor were well estimated in all cases. The vertical 15 

profiles of the refractive index and single-scattering albedo of transported dust were well estimated but not those of 

transported pollution aerosol. To demonstrate the performance and validity of the SKYLIDAR algorithm, we applied the 

SKYLIDAR algorithm to the actual measurements at Tsukuba, Japan. The detailed vertical structures of the aerosol optical 

properties and solar heating rate of transported dust and smoke were investigated. Examination of the relationship between 

the solar heating rate and the aerosol optical properties showed that the vertical profile of the asymmetry factor played an 20 

important role in creating vertical variation in the solar heating rate. We then compared the columnar optical properties 

retrieved with the SKYLIDAR algorithm to those produced with the more established scheme SKYRAD.PACK, and the 

surface solar irradiance calculated from the SKYLIDAR retrievals was compared with pyranometer measurement. The 

results showed good agreements: The columnar values of the SKYLIDAR retrievals agreed with reliable SKYRAD.PACK 

retrievals, and the SKYLIDAR retrievals were sufficiently accurate to evaluate the surface solar irradiance. 25 
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1 Introduction 

Aerosols significantly affect the Earth’s radiation budget by scattering and absorbing incoming solar radiation (direct effect) 

and by modifying cloud droplet size and number density (indirect effect). In addition, solar heating of absorbing aerosols 

such as black carbon or dust affects the vertical profile of the temperature and the cloud cover (semi-direct effect; Hansen et 

al., 1997). To better understand these effects, it is essential to investigate the spatial and temporal variability of the 5 

microphysical and optical properties of aerosols, in particular, the vertical profiles of aerosol optical properties and solar 

heating of aerosols. The semi-direct effect depends on the vertical profiles of aerosols relative to cloud height (Koch and Del 

Genio, 2010). Under cloudless conditions, the vertical profile of solar heating of aerosols affects the evolution of the 

atmospheric boundary layer (Yu et al., 2002; Tsunematsu et al, 2006). 

To evaluate solar heating of aerosols, vertical profiles of the extinction coefficient (loading), single-scattering albedo (ratio 10 

of scattering to scattering + absorption), and the phase function (or asymmetry factor, i.e., the asymmetry of forward and 

backward scattering) are necessary. The columnar properties of these parameters, but never their vertical profiles,  are 

routinely obtained by observational networks of sun-sky-scanning multi-wavelength photometers, such as AERONET 

(Holben et al., 1998) and SKYNET (Takamura and Nakajima, 2004; Nakajima et al., 2007). Active remote sensing by 

conventional elastic backscatter lidar (MIEL) can provide vertical profiles of the extinction coefficient if the value of the 15 

extinction-to-backscatter ratio is assumed, but not those of the single-scattering albedo and phase function. Particle 

extinction and backscatter coefficients can be obtained by using Raman lidar (Ansman et al., 1992) and high-spectra-

resolution lidar (HSRL; Shipley et al., 1983) measurements without any assumptions being necessary, and several studies 

have developed methods for estimating the vertical profiles of the aerosol size distribution and the real and imaginary parts 

of the refractive index from multi-wavelength Raman lidar data (Müller et al., 1999a, 1999b, 2000; Böckmann, 2001; 20 

Veselovskii et al., 2002). Then, on the basis of single-scattering theory, the extinction coefficient, single-scattering albedo, 

and phase function can be calculated from the size distribution and refractive index. 

Synergistic algorithms that relate sun-sky-scanning photometer and MIEL data have been developed. The LiRIC (Lidar-

Radiometer Inversion Code) algorithm (Chaikovsky et al., 2012; Wagner et al., 2013) uses the size distribution and 

refractive index of AERONET retrievals and estimates the vertical profiles of the fine and coarse modes of the size 25 

distribution from lidar data. Lopatin et al. (2013) developed the GARRLiC (Generalized Aerosol Retrieval from Radiometer 

and Lidar Combined data) algorithm by extending the LiRIC algorithm. GARRLiC separately estimates the columnar values 

of the refractive indices of the fine and coarse modes. Cuesta et al. (2008) developed the LidAlm (Lidar and Almucantar) 

algorithm, which estimates the vertical profiles after decomposing the AERONET size distribution into multiple log-normal 

modes. These algorithms provide good estimates of the aerosol vertical profiles from the lidar measurements, based on the 30 

AERONET retrievals. 
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SKYNET and AD-Net (Sugimoto et al., 2005) are dense observational networks of the sun-sky-scanning multi-wavelengths 

photometer (sky radiometer; SKYR) and MIEL, respectively, in the East Asian region, which is one of the world’s major 

sources of dust and anthropogenic aerosols. The synergetic algorithms are useful for observing such aerosols. We developed 

a new algorithm, called SKYLIDAR, to estimate the vertical profiles of aerosol optical properties from the combination of 

SKYR and MIEL measurements. Similar to the above-mentioned synergetic algorithms, we assumed a bimodal size 5 

distribution but we challenged to estimate the vertical profile of the refractive index, which are sensitive to lidar 

measurements and necessary for determining single-scattering albedo and asymmetry factor. In addition, we estimated the 

solar heating rate from the SKYLIDAR retrievals.  

The National Institute for Environment Studies (NIES) is developing the HSRL at 355 and 532 nm for updating AD-Net 

(Liu et al., 1999, 2002; Nishizawa et al., 2012). For the future SYNET and AD-Net networks, we designed the SKYLIDAR 10 

algorithm so that it could be applied to both MIEL and HSRL measurements, and the algorithm was tested using the 

simulated HSRL data in this study. 

We describe the SKYR, MIEL, and HSRL measurements, the SKYLIDAR algorithm, and the procedure for calculating the 

solar heating rate in Sect. 2. In Sect. 3, we evaluate the performance of the SKYLIDAR algorithm by sensitivity tests 

performed with simulated SKYR, MIEL, and HSRL data for three different vertical profiles of aerosols. In Sect. 4, we apply 15 

the algorithm to actual SKYR and MIEL measurements obtained at Tsukuba, Japan, estimating the optical properties and the 

solar heating rate of transported dust and smoke. We also compare the columnar optical properties of the SKYLIDAR 

retrievals during 2012 and 2013 with SKYRAD.PACK retrievals, and we compare surface solar irradiances calculated from 

the SKYLIDAR retrievals with those measured by pyranometer. In Sect. 5, we summarize the results. 

2 Method 20 

The SKYLIDAR algorithm uses the solar direct and diffuse radiations measured by the sun photometer SKYR in the 

SKYNET and the attenuated backscatter coefficient and the total depolarization ratio by the lidar MIEL in the AD-Net. In 

addition, the algorithm can be applicable to the lidar HSRL, which being developed by the NIES. The details of these 

instruments are described in the beginning of this section. 

The SKYLIDAR algorithm (Fig. 1) consists of two retrieval steps. In step 1 (Fig. 1a), the columnar microphysical and 25 

optical properties of aerosols are estimated from SKYR measurements and the vertically mean depolarization ratio obtained 

from MIEL measurements. In step 2 (Fig. 1b), the vertical profiles of the microphysical and optical properties are estimated 

from MIEL (and HSRL) measurements and the columnar properties obtained in step 1. 
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2.1 SKYLIDAR algorithm 

2.1.1 Sky radiometer and Lidar measurements 

The SKYR (Prede Co., Ltd, Tokyo, Japan), deployed in the SKYNET, is a scanning photometer that measures direct solar 

radiation and the angular distributions of the diffuse radiation in solar almucantar or principal plane geometries at 

wavelengths of 315, 340, 380, 400, 500, 675, 870, 940, 1020, 1627, and 2200 nm. Aerosol optical thickness is obtained from 5 

the direct solar radiation measurement by using a calibration constant determined by the improved Langley method 

(Nakajima et al., 1996; Tanaka et al., 1986). Diffuse radiance is obtained from the measured diffuse radiation and the field of 

view (solid view angle), which is determined by scanning the distribution of radiation around the solar disk (Nakajima et al., 

1996). Our algorithm uses aerosol optical thickness ߬௘௫௧ሺߣሻ and the diffuse radiance normalized by the direct solar radiation 

,߆ሺܫ  in the solar almucantar geometry (Fig. 2). The normalized diffuse radiance 10 ߆ and at scattering angle ߣ ሻ at wavelengthߣ

,߆ሺܫ  ሻ is defined asߣ

 

,߆ሺܫ    ሻߣ ≡ ,ߠሺܫ ߶, ሻߣ ൌ
ி೏೔೑ሺఏ,థ,ఒሻ

ி೏೔ೝሺఒሻ௠∆ఆሺఒሻ
,      (1) 

 

   cos߆ ൌ cosߠcosߠ଴ ൅ sinߠsinߠ଴cosሺ߶ െ ߶଴ሻ,     (2) 15 

 

where ߠ଴ and ߶଴ are the solar zenith and azimuth angles, ߠ and ߶ are the observation zenith and azimuth angles, ߠ ൌ  ଴ inߠ

the solar almucantar plane, ܨௗ௜௙ሺߠ, ߶, ݉ ,ሻ is the diffuse radiation in the solar almucantar geometryߣ ൌ ଴ߠݏ݋ܿ/1  is the 

optical air mass, ∆ߗሺߣሻ is solid view angle, and ܨௗ௜௥ሺߣሻ is the direct solar radiation. The wavelength ߣ used in the algorithm 

is 340, 380, 400, 500, 675, 870, and 1020 nm.  The scattering angle ߆ used in the algorithm is 3, 4, 5, 7, 10, 15, 20, 25, 30, 20 

40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, and 160º in the solar almucantar plane. Note that the maximum value of 

the scattering angle depends on the solar zenith angle. 

Diffuse radiances scanned in the almucantar geometry are suitable for estimating columnar properties because the effect of 

the aerosol vertical profile to diffuse radiances on the almucantar plane is weak (Torres et al., 2013). Because the SKYR 

measures both direct and diffuse radiation with the same detector, the calibration constant cancels out by normalizing diffuse 25 

radiance to direct radiation, and the calibration uncertainty is neglected in ܫሺ߆,  .ሻߣ

The SKYLIDAR algorithm can be applied to both MIEL and HSRL measurements developed by NIES. We use the 

attenuated backscatter coefficients for total (particulate + molecular) scattering at 532 and 1064 nm, and the total 
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depolarization ratio at 532 nm in MIEL measurements. These data are routinely calibrated (Shimizu et al., 2004, 2010). The 

HSRL measurements are the attenuated backscatter coefficients for molecular scattering at 355 and 532 nm. 

The lidar signals from near the surface contain errors owing to the incomplete overlap between the transmitted laser beams 

and the receiver field of view. We therefore excluded the original MIEL and HSRL data from below the altitude of 300 m 

and used data extrapolated linearly from measurements obtained above 300 m in the algorithm. 5 

In many lidar retrievals, the attenuated backscatter coefficient is normalized by the attenuated backscatter coefficient at a 

reference altitude, where aerosol is neglected. However, the reference altitude is usually high and the reference attenuated 

backscatter coefficient is influenced by the large noise. Therefore, we normalized the attenuated backscatter coefficients for 

total and molecular scattering by their vertical means from the surface to top of aerosol layer. The top altitude is determined 

by the empirically determined threshold of the MIEL backscatter signal at 1064 nm. Because the random noise included in 10 

the vertically mean attenuated backscatter coefficient is expected to be much smaller than particulate + molecular backscatter, 

the calibration constant of the attenuated backscatter coefficient cancels out. 

Thus, the SKYLIDAR algorithm can be applied to the SKYR data (߬௘௫௧ሺߣሻ, ܫሺ߆,  ሻ) and the following three data sets ofߣ

MIEL and HSRL: 

(Type 1) ߚெூாሺߣ, ,ߣሺߜ and 1064 nm, and 532 = ߣ ሻ atݖ  nm, 15 532 = ߣ ሻ atݖ

(Type 2) ߚெூாሺߣ, ,ߣሺߜ ,and 1064 nm 532 = ߣ ሻ atݖ ,ߣோ஺௒ሺߚ nm, and 532 = ߣ ሻ atݖ  ,nm 532 = ߣ ሻ atݖ

 (Type 3) ߚெூாሺߣ, ,ߣሺߜ ,and 1064 nm ,532 ,355 = ߣ ሻ atݖ ,ߣோ஺௒ሺߚ nm, and 532 = ߣ ሻ atݖ  ,and 532 nm 355 = ߣ ሻ atݖ

where ݖ is altitude, ߣ is wavelength, ߚெூாሺߣ,  ሻ is the normalized attenuated backscatter coefficient for total scattering andݖ

,ߣሺߜ ,ߣோ஺௒ሺߚ ሻ is the total depolarization ratio, andݖ  ሻ is the normalized attenuated backscatter coefficient for molecularݖ

scattering. Type 1 data set is only MIEL measurements, and Type 2 and 3 data sets include HSRL measurements. 20 

2.1.2 Step 1 

The columnar properties of aerosols are estimated from the SKYR measurements ( ߬௘௫௧
௠௘௔ሺߣሻ ,߆௠௘௔ሺܫ , ሻߣ ) and the 

depolarization ratio averaged from the surface to the top of the aerosol layer (ߜ௔௩௘௠௘௔ሺ532	nmሻ). The aerosol parameters to be 

estimated are the real and imaginary parts of the refractive index at SKYR wavelengths, the volume size distribution, and the 

volume ratio of non-spherical particles to total particles in the coarse mode. 25 

Our algorithm estimates the aerosol parameters, based on the maximum a posteriori (MAP) scheme. The aerosol parameters 

for the best fit to all of the measurements and a priori information are obtained by maximizing the posterior probability 

density function (PDF): 
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ܲሺܡ|ܠ௠௘௔ሻ ൌ ܲሺܡ௠௘௔|ܠሻܲሺܠሻ ܲሺܡ௠௘௔ሻ⁄ ,        (3) 

where vector ܡ௠௘௔ describes the measurements, vector ܠ describes the aerosol parameters to be estimated, ܲሺܡ௠௘௔|ܠሻ is the 

conditional PDF of ܡ௠௘௔ given ܠ, ܲሺܠሻ is the prior PDF of ܠ, and ܲሺܡ௠௘௔ሻ is the prior PDF of ܡ௠௘௔. Since ܲሺܡ௠௘௔ሻ does 

not depend on ܠ, the PDF to be maximized is	ܲሺܡ௠௘௔|ܠሻܲሺܠሻ. Assuming the normal distribution, ܲሺܡ௠௘௔|ܠሻܲሺܠሻ is defined 

as 5 

 

 ܲሺܡ௠௘௔|ܠሻܲሺܠሻ ∝ exp	ሾെ
ଵ

ଶ
൫ܡ௠௘௔ െ ሻ൯ܠሺܡ

்
ሺ܅ଶሻିଵ൫ܡ௠௘௔ െ  ሻ൯ܠሺܡ

 െ
ଵ

ଶ
ሺܠ െ ௔܅ୟሻ்ሺܠ

ଶሻିଵሺܠ െ  ୟሻሿ,         (4)ܠ

 

where vector ܡሺܠሻ comprise the values corresponding to ܡ௠௘௔ calculated from ܠ by the forward model, and matrix ܅૛ is the 10 

covariance matrix of ܡ and is assumed to be diagonal in this study. The diagonal elements of ܅ are the standard errors in the 

measurements. The vector ܠ௔ comprises the a priori value of ܠ, and matrix ܅௔  is the associated covariance matrix. The 

maximum of Eq. (4) is obtained by minimizing the objective function, 

 

 ݂ሺܠሻ ൌ
ଵ

ଶ
ሺܡ௠௘௔ െ ௠௘௔ܡଶሻିଵሺ܅ሻሻ்ሺܠሺܡ െ ሻሻܠሺܡ ൅

ଵ

ଶ
ሺܠ െ ௔܅ୟሻ்ሺܠ

ଶሻିଵሺܠ െ  ୟሻ.   (5) 15ܠ

 

We search for the best ܠ, which minimizes ݂ሺܠሻ, by iterations of the Gauss-Newton method with a line search, ܠ୧ାଵ ൌ ୧ܠ ൅

 .This minimization procedure is described in Sects 2.1.4 and 2.1.5 .(in Fig. 1 ”ܠ Update“) ௜܌௝ߙ

In step 1, the vector ܡ௠௘௔  consists of ߬௘௫௧
௠௘௔ሺߣሻ at SKYR wavelengths,  ܫ௠௘௔ሺ߆,  ሻ at SKYR wavelengths and scatteringߣ

angles, and ߜ௔௩௘௠௘௔ at 532 nm. Vector ܠ describes the aerosol parameters and consists of the real and imaginary parts of the 20 

refractive index at SKYR wavelengths (݊ሺߣሻ and ݇ሺߣሻ), and the parameters for the size distribution (ܥଵ, ܥଶ, ݎ௠,ଵ, ݎ௠,ଶ, ݏଵ, ݏଶ, 

and ߝ). We assumed the following bi-modal lognormal size distribution, 

 

 
ௗ௏ሺ௥ሻ

ௗ୪୬௥
ൌ ∑ ௗ௏೔ሺ௥ሻ

ௗ୪୬௥
ଶ
௜ୀଵ ൌ ∑ ஼೔

√ଶగ௦೔
exp ൤െ

ଵ

ଶ
ቀ
୪୬௥ି୪୬௥೘,೔

௦೔
ቁ
ଶ
൨ଶ

௜ୀଵ ,      (6) 

 25 



7 

 

where ܥ௜, ݎ௠,௜, and ݏ௜ are volume, radius, and width, respectively of the fine (i = 1) and coarse (i = 2) modes. ߝ is the volume 

ratio of non-spherical particles to total particles in the coarse mode. 

We constructed the forward models ܡሺܠሻ to calculate ߬௘௫௧ሺߣሻ, ܫሺ߆,  ௔௩௘ሺ532nmሻ from the above-mentioned aerosolߜ ሻ, andߣ

parameters. The optical properties of aerosols were calculated by a method similar to that of  Lopatin et al. (2013) as 

follows: 5 

 

 ߬೐ೣ೟
ೞ೎ೌ
ሺߣሻ ൌ ∑ ௗ௏భሺ௥ೖሻ

ௗ୪୬௥
೐ೣ೟ܭ
ೞ೎ೌ

ௌ ሺߣ, ݊, ݇, ௞ሻ௞ݎ ൅ ∑ ሺ1 െ ሻߝ
ௗ௏మሺ௥ೖሻ

ௗ୪୬௥
೐ೣ೟ܭ
ೞ೎ೌ

ௌ ሺߣ, ݊, ݇, ௞ሻ௞ݎ  

 ൅∑ ߝ
ௗ௏మሺ௥ೖሻ

ௗ୪୬௥
௘௫௧/௦௖௔ܭ
ேௌ ሺߣ, ݊, ݇, ௞ሻ௞ݎ ,          (7) 

 

 ߬௦௖௔ሺߣሻ ௜ܲ௜ሺ߆, ሻߣ ൌ ∑ ௗ௏భሺ௥ೖሻ

ௗ୪୬௥
௜௜ܭ
ௌሺ߆, ,ߣ ݊, ݇,  ௞ሻ௞10ݎ

 ൅∑ ሺ1 െ ሻߝ
ௗ௏మሺ௥ೖሻ

ௗ୪୬௥
௜௜ܭ
ௌሺ߆, ,ߣ ݊, ݇, ௞ሻ௞ݎ ൅ ∑ ߝ

ௗ௏మሺ௥ೖሻ

ௗ୪୬௥
௜௜ܭ
ேௌሺ߆, ,ߣ ݊, ݇, ௞ሻ௞ݎ ,     (8) 

 

where ߬௘௫௧/௦௖௔ሺߣሻ denotes the optical thickness for extinction and scattering, and ߬௦௖௔ሺߣሻ ௜ܲ௜ሺ߆,  ሻ denotes the directionalߣ

scattering corresponding to the scattering matrix elements ௜ܲ௜ሺ߆, ௌ⋯ܭ .ሻߣ  and ܭ⋯ேௌ are the kernels of extinction and scattering 

properties for spherical and non-spherical particles, respectively. The kernel for spherical particles was constructed by using 15 

Mie theory. The kernel for non-spherical particles was constructed by using the data table of Dubovik et al. (2006), which 

assumes randomly oriented polydisperse spheroids with a fixed aspect ratio distribution for mineral dust. 

,߆ሺܫ  ሻ is computed by the radiative transfer code in the SKYRAD.PACK ver. 4.2 (Nakajima et al., 1996). Although onlyߣ

one atmospheric layer is considered by SKYRAD.PACK, we assumed that the atmosphere consists of two layers. The 

bottom layer includes aerosols, and its top altitude ݖ௠௔௫ is determined by lidar measurement. The upper layer is aerosol-free. 20 

The Rayleigh scattering is calculated by the method of Bucholtz (1995). The vertical ozone profile is approximated by the 

formula of Green (1964), and the ozone absorption coefficient is adopted from the LOWTRAN 7 database (Kneizys et al., 

1988). 

 ሻ is calculated asߣ௔௩௘ሺߜ

 25 

ሻߣ௔௩௘ሺߜ  ൌ ൬
ఉ೘ሺఒሻఋ೘ሺఒሻ

ଵାఋ೘ሺఒሻ
൅

ఉ೛ሺఒሻఋ೛ ሺఒሻ

ଵାఋ೛ ሺఒሻ
൰ ൬

ఉ೘ሺఒሻ

ଵାఋ೘ሺఒሻ
൅

ఉ೛ሺఒሻ

ଵାఋ೛ ሺఒሻ
൰൘ ,      (9) 
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ሻߣ௣/௠ሺߚ  ൌ ߬௦௖௔,௣/௠ሺߣሻ ଵܲଵ,௣/௠൫180°,  ൯,        (10)ߣ

 

ሻߣ௣/௠ሺߜ  ൌ
ଵି௉మమ,೛/೘൫ଵ଼଴°,ఒ൯/௉భభ,೛/೘൫ଵ଼଴°,ఒ൯

ଵା௉మమ,೛/೘൫ଵ଼଴°,ఒ൯/௉భభ,೛/೘൫ଵ଼଴°,ఒ൯
,        (11) 

 5 

where ߚ௣/௠ሺߣሻ, ߜ௣/௠ሺߣሻ, and ߬௦௖௔,௣/௠ሺߣሻ are the backscatter coefficient, the depolarization ratio, and the scattering optical 

thickness, respectively, for particulate (p) and molecular (m) scattering in the bottom aerosol layer. 

The first term of Eq. (5) is calculated by using the above-mentioned ܡ௠௘௔ and ܡሺܠሻ. The values of the diagonal matrix ܅ are 

the measurement errors, which were assumed to be 0.01 for ߬௘௫௧
௠௘௔ሺߣ ൒ 500nmሻ and 0.02 for ߬௘௫௧

௠௘௔ሺߣ ൏ 500nmሻ, 5 % for 

,߆௠௘௔ሺܫ  nmሻ. 10	௔௩௘௠௘௔ሺ532ߜ ሻ, and 20 % forߣ

To reduce the effects of measurement errors on retrievals, Dubovik and King (2000) restricted the spectral variability of the 

refractive index by limiting the length of the derivatives of the refractive index with respect to the wavelength. They 

considered this a priori smoothness constraint as being of the same nature as a measurement and incorporated the 

smoothness constraint into their retrieval scheme. We adopted this consideration and introduced the smoothness constraint 

for the real and imaginary parts of the refractive index. The first derivatives of the refractive index with respect to the 15 

wavelengths are defined as 

 

ሻ࢞ୟሺܡ  ൌ ቀ
୪୬௡ሺఒభሻି୪୬௡ሺఒమሻ

୪୬ఒభି୪୬ఒమ
⋯

୪୬௡ሺఒలሻି୪୬௡ሺఒళሻ

୪୬ఒలି୪୬ఒళ

୪୬௞ሺఒభሻି୪୬௞ሺఒమሻ

୪୬ఒభି୪୬ఒమ
⋯

୪୬௞ሺఒలሻି୪୬௞ሺఒళሻ

୪୬ఒలି୪୬ఒళ
ቁ.   (12) 

 

 ሻ is zero. The values entered in the weight 20࢞ୟሺܡ ௠௘௔ corresponding toܡ  ሻ, and the value ofܠሺܡ ሻ is incorporated into࢞ୟሺܡ

matrix ܅ were 0.2 for the real part and 1.25 for the imaginary part. These values are used in the AERONET retrieval 

(Dubovik and King, 2000) for constraining the spectral variability of the refractive index to some practically reasonable 

ranges. 

In the step 1, ܲሺܠሻ is assumed to be uniform, and the second term of Eq. (5) is ignored. The objective function (Eq. (5)) is 

minimized by the procedures described in Sects 2.1.4 and 2.1.5, and the columnar properties of the real and imaginary parts 25 

of the refractive index (݊௦ଵሺߣሻ and ݇௦ଵሺߣሻ) at SKYR wavelengths, the size distribution (ܥଵ,ଶ
௦ଵ ଵ,ଶݎ ,

௦ଵ, and ݏଵ,ଶ
௦ଵ ), and the volume 

ratio of non-spherical particles to total particles in the coarse mode (ߝ௦ଵ) are optimized. The aerosol optical thickness 
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(߬௘௫௧
௦ଵ ሺߣሻ) and single-scattering albedo (߱଴

௦ଵሺߣሻ) at SKYR wavelengths are calculated with Equations (6) to (8). ݊௦ଵሺߣሻ, 

݇௦ଵሺߣሻ, ߬௘௫௧
௦ଵ ሺߣሻ, and ߱଴

௦ଵሺߣሻ at MIEL wavelengths are calculated by interpolation and extrapolation. These step 1 results are 

input to step 2 (see Figs. 1a and b). 

2.1.3 Step 2 

The vertical profiles of the refractive index at MIEL wavelengths, the size distribution, and the volume ratio of the non-5 

spherical particles to total particles in the coarse mode are optimized to MIEL (and HSRL) measurements and the columnar 

properties obtained in step 1 by the same strategy. The final outputs of the extinction coefficients, single-scattering albedo, 

and asymmetry factor at MIEL wavelengths are calculated from the optimized aerosol parameters. 

The columnar properties input from step 1 are the aerosol optical thickness ߬௘௫௧
௦ଵ ሺߣሻ and the single-scattering albedo ߱଴

௦ଵሺߣሻ 

at MIEL wavelengths. The MIEL and HSRL measurements are three data sets described in Sect. 2.1.1. ܡ௠௘௔ for Type 1 data 10 

set consists of ߬௘௫௧
௦ଵ ሺߣሻ and ߱଴

௦ଵሺߣሻ at MIEL wavelengths, and the vertical profiles of ߚெூா
௠௘௔ሺߣ, ,ߣ௠௘௔ሺߜ ሻ andݖ  ሻ at MIELݖ

wavelengths. ܡ௠௘௔ for Type 2 and 3 data sets consist of ߬௘௫௧
௦ଵ ሺߣሻ and ߱଴

௦ଵሺߣሻ at MIEL wavelengths, and the vertical profiles 

of ߚெூா
௠௘௔ሺߣ, ,ߣ௠௘௔ሺߜ ሻ andݖ ோ஺௒ߚ ሻ at MIEL wavelengths andݖ

௠௘௔ሺߣ,  contains ܠ ሻ at HSRL wavelengths. The aerosol parameterݖ

the vertical profiles of the real and imaginary parts of the refractive index at MIEL wavelengths (݊ሺߣ, ,ߣሻ and ݇ሺݖ  ሻ), andݖ

the size distribution parameters (ܥଵሺݖሻ, ܥଶሺݖሻ, and ߝሺݖሻ).The bi-modal size distribution (Eq. (6)) is also used in step 2, but 15 

the mode radii and the widths of the fine and coarse modes are fixed by the columnar values obtained in step 1 (ݎଵ,ଶ
௦ଵ, and ݏଵ,ଶ

௦ଵ ). 

In the forward model ܡሺܠሻ of step 2, the aerosol optical properties at each altitude are calculated with Equations (6) to (8), 

but note that the extinction/scattering coefficients are calculated. 

The normalized attenuated backscatter coefficients for total and molecular scattering are calculated by the lidar equations, 

 20 

,ߣெூாሺߚ  ሻݖ ൌ ቀߚ௠ሺߣ, ሻݖ ൅ ,ߣ௣ሺߚ  ሻቁݖ

 exp ቀെ2׬ ௘௫௧,௣ߪ ቀߣ, ቁ′ݖ ൅ ௘௫௧,௠ߪ ቀߣ, ′ݖቁ݀′ݖ
௭
଴ ቁ ሻൗߣெூா,௔௩௘ሺߚ ,     (13) 

 

,ߣோ஺௒ሺߚ  ሻݖ ൌ ,ߣ௠ሺߚ ሻexpݖ ቀെ2׬ ௘௫௧,௣ߪ ቀߣ, ቁ′ݖ ൅ ௘௫௧,௠ߪ ቀߣ, ′ݖቁ݀′ݖ
௭
଴ ቁ ሻൗߣோ஺௒,௔௩௘ሺߚ ,    

             (14) 25 
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where ߪ௘௫௧,௣/௠  are the extinction coefficients for particulate (p) and molecular (m) scattering, and ߚெூா,௔௩௘ሺߣሻ  and 

ሻߣோ஺௒,௔௩௘ሺߚ  are the vertical means of the calculated attenuated backscatter coefficients. The total depolarization ratio 

,ߣሺߜ)  .ሻ) at each altitude is calculated with Eqs. (9) to (11)ݖ

The first term of Eq. (5) is calculated with the above-mentioned ܡ௠௘௔ and ܡሺܠሻ. The values of the diagonal matrix ܅ were 

assumed to be 0.01 for ߬௘௫௧
௦ଵ ሺߣ ൒ 532݊݉ሻ, 0.02 for ߬௘௫௧

௦ଵ ሺߣ ൏ 532݊݉ሻ, 0.05 for ߱଴
௦ଵሺߣሻ, 10 % for ߚெூா

௠௘௔ሺߣ,  ሻ, 15 % for 5ݖ

ோ஺௒ߚ
௠௘௔ሺߣ, ,ߣ௠௘௔ሺߜ ሻ, and 20 % forݖ  .ሻݖ

In step 2, the number of estimated parameters is larger than the number of measurements, so the lidar measurements would 

be insufficient for retrieving unique solutions of the refractive index even if the columnar properties obtained in step 1 are 

added to ܡ௠௘௔. Therefore, we gave a priori constraints to the real and imaginary parts of the refractive index using the step 1 

results ݇௦ଵሺߣሻ and ߬௘௫௧
௦ଵ ሺߣሻ. Assuming the log-normal PDF for ܲሺܠሻ, the second term of Eq. (5) is replaced by 10 

ଵ

ଶ
ሺln࢔ െ ln࢔ୟ௦ଵሻ்ሺ܅௔

ଶሻିଵሺln࢔ െ ln࢔ୟ௦ଵሻ ൅
ଵ

ଶ
ሺln࢑ െ ln࢑ୟ௦ଵሻ்ሺ܅௔

ଶሻିଵሺln࢑ െ ln࢑ୟ௦ଵሻ.   (15) 

The matrix ܅ୟ, which determines the strength of the constraints, is assumed to be diagonal and the values are obtained by a 

method similar to that of Dubovik and King (2000). The possible variability ranges of the refractive index for aerosols are 

from 1.33 to 1.6 for the real part, and from 0.0005 to 0.5 for the imaginary part. We considered these intervals to be 68 % 

confidence intervals, ሾln݊௦ଵ െΔ݊, ln݊௦ଵ ൅Δ݊] and [ln݇௦ଵ െΔ݇, ln݇௦ଵ ൅Δ݇], and determined the weight values as 15 

 

 Wୟ ൌ ൜
0.5ሺln݊௠௔௫ െ ln݊௠௜௡ሻ, for	real	part
0.5ሺln݇௠௔௫ െ ln݇௠௜௡ሻ, for	imaginary	part

.      (16) 

 

The objective function is minimized by the procedures described in Sects 2.1.4 and 2.1.5, and the vertical profiles of the real 

and imaginary parts of the refractive index (݊ሺߣ, ,ߣሻ, ݇ሺݖ  and 20 ,(ሻݖଶሺܥ ,ሻݖଵሺܥ) ሻ) at MIEL wavelengths, the size distributionݖ

the volume ratio of non-spherical particles to total particles in the coarse mode (ߝሺݖሻ) are optimized. Finally, the vertical 

profiles of the refractive index, size distribution (
ௗ௏ሺ௥,௭ሻ

ௗ୪୬௥
), extinction coefficients (ߪ௘௫௧ሺߣ, ሻݖ ), single-scattering albedo 

(߱଴ ሺߣ, ,ߣሻ), and asymmetry parameter (݃ሺݖ  ሻ) are output. The wavelengths of these optical properties are 532 and 1064 nmݖ

for Type 1 and 2 data sets, and 355, 532, 1064 nm for Type 3 data set. 
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2.1.4 Minimization procedure 

In both steps 1 and 2, ܠ was optimized to ܡ௠௘௔ by finding the minimum of ݂ሺܠሻ in ܠ space. We employed the Gauss-Newton 

method to search for the minimum. The Gauss-Newton method searches for the minimum by iteratively updating ܠ, and it is 

usually combined with a line search method (Nocedal and Wright, 2006). In this procedure (Fig. 1c), ܠ is updated by 

௜ାଵܠ ൌ ௜ܠ ൅  ௝ is a positive parameter 5ߙ ௜ direction, and܌ space decreases in the vector ܠ ሻ in theܠ௜, where the value of ݂ሺ܌௝ߙ

that minimizes ݂ሺܠሻ in direction ܌௜. ܌௜ is determined by the Gauss-Newton method in the outer-loop, and ߙ௝ is determined 

by a line search in the inner loop. ܌௜ is obtained by solving the normal equation, 

 

 ሾ۸ሺܠ௜ሻ்ሺܟଶሻିଵ۸ሺܠ௜ሻ ൅ ሺܟୟ
ଶሻିଵሿ܌௜ ൌ ۸ሺܠ௜ሻ்ሺܟଶሻିଵሺܡ୫ୣୟ െ  ௜ሻሻܠሺܡ

 ൅ሺܟୟ
ଶሻିଵሺܠ௜ െ  ୟሻ,          (17) 10ܠ

 

where ۸ሺܠ௜ሻ is the Jacobi matrix and is calculated as the first derivatives of ܡሺܠ௜ሻ in the near vicinity of ܠ௜. We solved this 

normal equation by Singular Value Decomposition (Press et al., 1992). After ܌௜ is determined, ߙ௝ is searched for by the 

iteration of ߙ௝ାଵ ൌ  ௝ is iteratively decreased until theߙ .is set to 0.5 ߟ ௝ is 1.0, and the value ofߙ ௝. The initial value ofߙߟ

Armijo condition is satisfied, 15 

 

 ݂൫ܠ௜ ൅ ௜൯܌௝ߙ ൑ ݂ሺܠ௜ሻ ൅ ௜, 0܌௜ሻ்ܠሺ݂׏௝ߙߛ ൏ ߛ ൏ 1,       (18) 

 

where ߛ is an arbitrary constant that we set to 0.001. This line search inhibits unstable oscillation in the Gauss-Newton 

method by limiting the length of ‖ܠ௜ାଵെܠ௜‖; as a result monotonic and stable convergence is obtained. 20 

2.1.5 Logarithmic transformation 

In our minimization problem, the number of elements in ܠ is on the order of 102 in step 2. Furthermore, the elements in ܠ and 

 have different units and values that vary over a wide range of magnitude. Under these conditions, there are too many ܡ

iterations of the Gauss-Newton method, and convergence cannot be obtained. It is therefore necessary to make the 

convergence efficient. Dubovik and King (2000) developed a logarithmic transformation technique for ܡ and ܠ by which 25 

݂ሺܠሻ becomes dimensionless, because the term ܡሺܠሻ െ  ௠௘௔ሻ. This makes it simpleܡ/ሻܠሺܡ௠௘௔ in Eq. (5) is expressed as lnሺܡ
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to operate simultaneously with ܡ that has different units and values. Furthermore, the logarithmic transformation prevents ܠ 

from assuming a negative value. We developed more effective transformation techniques. ݕ is transformed as 

 

 Y ൌ lnሺݕ െ  ௠௜௡ሻ,          (19)ݕ

 5 

where ݕ௠௜௡ is a possible minimum value of ݕ. When the aerosol load is small, the attenuated backscatter coefficient and 

depolarization ratio measurements can have negative values because of the large random noise. Although the logarithmic 

transformation of Dubovik and King (2000) cannot be applied to negative values, Eq. (19) can. 

 is transformed by ݔ

 10 

 X ൌ ln ቀ
௫ି௫೘೔೙

௫೘ೌೣି௫
ቁ,           (20) 

 

where ݔ௠௜௡ and ݔ௠௔௫ are minimum and maximum possible values of ݔ, respectively. This equation can be inverted as 

 

ݔ  ൌ
௫೘೔೙ା௫೘ೌೣୣ୶୮ሺଡ଼ሻ

ଵାୣ୶୮ሺଡ଼ሻ
.          (21) 15 

 

The value of ݔ is sometimes limited for physical or numerical reasons. For example, for rapid computation, we usually 

construct a look-up table of optical properties with minimum and maximum values of the refractive index. If the refractive 

index exceeds its maximum or minimum values in the retrieval process, then the optical properties cannot be calculated and 

the retrieval process stops. The transformation by Eq. (20) prevents ݔ from exceeding its minimum or maximum limitations. 20 

Furthermore, because X and Y are dimensionless, it is simpler to deal with the multiple parameters simultaneously. The 

transformations of the real and imaginary parts of the refractive index by Eq. (20) are illustrated in Fig. 3. Although the 

magnitude of each part varies over a different wide range, the magnitudes of the transformed values vary over the same 

range. However, the value of ݔ െ ௠௔௫ݔ ௠௜௡ orݔ െ  ݔ sometimes become zero owing to a rounding error when the value of ݔ

is close to ݔ௠௜௡ or ݔ௠௔௫. In this case, Eq. (20) cannot be calculated. Therefore, Eq. (20) should be computed carefully. 25 

By applying the above transformations, the problem of searching for the minimum value of ݂ሺܠሻ in ܠ space becomes a 

search for the minimum in dimensionless ܆ space. This transformation has a scaling effect. In minimization problems, the 
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convergence rate of an algorithm becomes more rapid if the problem is well scaled (Nocedal and Wright, 2006). An example 

of poor scaling is the function, ݂ሺݔଵ, ଶሻݔ ൌ 10ଵ଴ݔଵଶ ൅  ଶ. Ifݔ ଵ but not sensitive toݔ ଶ, which is sensitive to small changes inݔ

we define a new variable ଵܺ ൌ 10ହݔଵ and minimize the function in terms of ଵܺ and ݔଶ, the optimum values of ଵܺ and ݔଶ can 

be found more rapidly. The condition number, which is a measure of the scaling, is defined as the ratio of the maximum to 

the minimum singular value of matrix ሾ۸ሺܠ௜ሻ்ሺܟଶሻିଵ۸ሺܠ௜ሻ ൅ ሺܟୟ
ଶሻିଵሿ of Eq. (17) in this study. If the condition number is 5 

close to 1, the problem is well scaled. The condition number for step 2 in this study is on the order of 1019 for the case 

without any transformations, 104 when the logarithmic transformation of Dubovik and King (2000) is applied, and 102 when 

our transformations are applied. Actually, no step 2 results can be obtained unless transformations are applied. 

2.2 Solar heating rate 

The vertical profiles of the solar heating rate are calculated from the vertical profiles of the extinction coefficient, single-10 

scattering albedo, and phase function in the solar wavelength region by using the radiative transfer model. However, the 

wavelengths at which the optical properties obtained by the SKYLIDAR algorithm are 532 and 1064 nm for Type 1 data set. 

We calculated the refractive index between 532 and 1064 nm by the linear interpolation in a log-log plane. For wavelengths 

less than 532 nm and greater than 1064 nm, the refractive index at 532 and 1064 nm were used. The extinction coefficient, 

single-scattering albedo, and phase function in the broadband wavelength regions were calculated from the linearly estimated 15 

refractive index and the size distribution. The radiative transfer calculation was performed with our developed code (Asano 

and Shiobara, 1989; Nishizawa et al., 2004; Kudo et al., 2011). The solar spectrum between 300 and 3000 nm was divided 

into 54 intervals. Gaseous absorption by water vapor, carbon dioxide, oxygen, and ozone were included in the radiative 

transfer model. 

3 Sensitivity tests using simulated data 20 

To evaluate the performance of the SKYLIDAR algorithm, we conducted sensitivity tests using simulated SKYR, MIEL, 

and HSRL data (Type 1 to 3 data sets). Three aerosol vertical profile patterns were used for the simulation: (1) continental 

average, (2) continental average + transported dust in the upper air, and (3) continental average + transported pollution 

aerosol in the upper air. The microphysical and optical properties, and the vertical profiles of the continental average, 

transported dust, and transported pollution aerosols are summarized in Table 1. The continental average was defined as an 25 

external mixture of water-soluble particles, soot particles, and insoluble particles (Hess et al., 1999). The pollution aerosol in 

this sensitivity test was defined as an external mixture of water-soluble and soot particles. The kernels of the non-spherical 

particles described in Sect. 2.1.2 were used for calculating the optical properties of the insoluble and dust particles. The 

sensitivity tests were conducted for aerosol optical thickness of 0.05, 0.1, 0.3, 0.5, 0.8, and 1.2 at 500 nm. 
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Figure 4 illustrates the retrieval results from the simulated data for the continental average aerosol with an aerosol optical 

thickness of 0.05 at 500nm. The retrieval results with and without HSRL data were the same. The estimated real and 

imaginary parts of the refractive index were almost constant, and no vertical variations were estimated. Although the coarse 

mode of the size distribution was overestimated at low altitudes, overall the vertical profiles of the size distribution were 

estimated well. The vertical profiles of the extinction coefficients, the single-scattering albedo, and the asymmetry factor 5 

were also reproduced well. 

We also conducted sensitivity tests using simulated data with random errors to investigate the performance of the algorithm 

under more realistic conditions. The given random errors were 2 % for direct solar radiation, 3 % for diffuse sky radiances, 

5 % for the attenuated backscatter coefficient for total scattering, 10 % for the attenuated backscatter coefficient for 

molecular scattering, and 15 % for the total depolarization ratio. Figure 5 illustrates the retrieval results from the simulated 10 

data for the continental average aerosol, but the simulated data includes random errors. The vertical profile of the extinction 

coefficient was estimated well. However, the estimated single-scattering albedo and asymmetry factor exhibited large 

oscillations, so their vertical profiles were not clear. 

Figure 6 presents the retrieval results from the simulated data for the transported dust with an aerosol optical thickness of 0.5 

at 500 nm. The vertical profiles of the refractive index, except the real part at 355 and 532 nm, were well estimated. The 15 

vertical profiles of the size distributions were also estimated well. The vertical profiles of the extinction coefficients, the 

single-scattering albedo, and the asymmetry factor were reproduced well. Figure 7 is the retrieval results from the simulated 

data with random errors. There were small oscillations in the vertical profiles of all the retrievals but the results were almost 

same as those in Fig. 6. 

Figure 8 showed the retrieval results from the simulated data for the transported pollution aerosol with an aerosol optical 20 

thickness of 0.3 at 500nm. The vertical profiles of the size distribution and the real part of the refractive index were 

estimated well, but the vertical profile of the imaginary part of the refractive index was not. In this test, the large values of 

the imaginary part of the refractive index and the small values of the single-scattering albedo at upper altitudes were 

important characteristics that were not reproduced even when HSRL data was used in the retrieval. Figure 9 is the retrieval 

results from the simulated data with random errors. All the vertical profiles had small oscillations but were almost same as 25 

those in Fig. 8. 

Overall in these tests, our algorithm estimated well the vertical profiles of the size distribution. Therefore, the vertical 

profiles of the extinction coefficient and the asymmetry factor were reproduced well. The vertical profiles of the refractive 

index and the single-scattering albedo of transported dust were also estimated well, but not those of transported pollution 

aerosol. These characteristics were consistently observed regardless of the aerosol optical thickness value of the simulated 30 

data. 
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The retrieval results obtained with and without HSRL data did not differ. The advantage of HSRL data is that particle 

backscatter and extinction coefficients are obtained separately. Manipulating the MIEL data together with the aerosol optical 

thickness would have an effect similar to the addition of HSRL data. In this regard, our algorithm cannot utilize HSRL data; 

thus further development of the algorithm is necessary. 

The random errors had a large influence when the aerosol optical thickness was small (Fig. 5). The estimated single-5 

scattering albedo and asymmetry factor exhibited large oscillations, so their vertical profiles were not clear. However, when 

the optical thickness was larger, the influence of the random error was small (Figs 7 and 9). 

4 Application to observational data 

We applied our developed SKYLIDAR algorithm to actual SKYR and MIEL measurements obtained during 2012 and 2013 

at Tsukuba (140.12ºE, 36.05ºN), Japan. 10 

4.1 Application of the SKYLIDAR algorithm to actual measurements 

The retrieval results of the aerosol optical properties and the solar heating rate for transported dust observed in 2 April, 2012 

are shown in Fig. 10. High values of the extinction coefficients were observed in layer 1 (1-2 km), layer 2 (2-3 km), and 

layer 3 (3-5 km) (Fig. 10a). The high extinction coefficient in layer 1 was attributed to aerosols remaining in the residual 

layer from the preceding day. The aerosols in layers 2 and 3 were identified as transported pollution aerosol and dust from 15 

China, respectively, because the backward trajectories (Fig. 11) indicated that the layer 2 aerosol had been transported from 

an urban region, and the layer 3 aerosol had been transported from a desert region. These backward trajectories were 

calculated with our trajectory model, which was developed following Katsumoto et al. (2002). The temporal and spatial 

distributions of three-dimensional winds were linearly interpolated from the U. S. National Centers for Environmental 

Prediction 6-hourly reanalysis data set (Kalnay et al. 1996). The time integration was conducted by the fourth-order Runge-20 

Kutta method. The desert and urban regions shown in Fig. 11 were determined by using data from the Land Cover Type 

Climate Modeling Grid product (LP DAAC, 2013). 

The aerosols in layer 3 had a large asymmetry factor value of more than 0.7 (Fig. 10c), and the coarse mode of the size 

distribution was dominant (Fig. 10d). Therefore, we interpreted the aerosol in layer 3 as pure dust. The asymmetry factor of 

the aerosols in layer 2 was about 0.65 or higher (Fig. 10c), and both fine and coarse modes of the size distribution had large 25 

values (Fig. 10d). Thus, we interpreted the aerosols in layer 2 as a mixture of the dust and pollution aerosols. The single-

scattering albedo was largest in layer 2, and it was mostly constant at about 0.97 above the boundary layer (Fig. 10b); 

smaller values of the single-scattering albedo, ranging from 0.7 to 0.95, were observed in the boundary layer. Uchiyama et al. 
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(2014) reported that the single-scattering albedo near the surface at Tsukuba is typically from 0.7 to 0.95, based on scattering 

and absorption coefficients measured by nephelometer and particle soot/absorption photometer. Thus, our estimates of the 

single-scattering albedo range in the boundary layer were typical. 

The solar heating rate calculated from the estimated aerosol optical properties is displayed in Fig. 10e. Although the 

extinction coefficient was largest in layer 2, the solar heating rate was largest in layer 3. To investigate how the vertical 5 

profiles of the single-scattering albedo and asymmetry factor influenced the solar heating rate, we calculated the solar 

heating rate from the vertical means of the single-scattering albedo and asymmetry factor and then calculated the difference 

between the solar heating rate calculated from estimated optical properties and that calculated from the vertical means. The 

difference in the case of the solar heating rate calculated from the vertical mean of the asymmetry factor showed that the 

solar heating rate decreased in layer 3 and increased in layer 2 (Fig. 10f). Theoretically, a large asymmetry factor increases 10 

the downward solar flux and the solar heating rate. Because the asymmetry factor of the pure dust in layer 3 was very large, 

the solar heating rate was large throughout layer 3 (Fig. 10e), whereas the impact of the single-scattering albedo on the 

vertical profile of the solar heating rate was small (not shown). Therefore, the vertical profile of the asymmetry factor played 

an important role in creating vertical variation in the solar heating rate. 

We next estimated the aerosol optical properties and the solar heating rate in the case of transported smoke in 8 May, 2013 15 

(Fig. 12). A high aerosol load was observed at altitudes from 4 to 6 km (Fig. 12a). In this layer, the fine mode dominated the 

size distribution (Fig. 12d), and the asymmetry factor was about 0.62 (Fig. 12c). The backward trajectory (Fig. 13) indicated 

that this aerosol had been transported from the region southeast of Lake Baikal, where forest fires had been observed in early 

May, 2013 (Fig. 13). We interpreted the high volume of fine mode particles as transported smoke from the forest fires. The 

single-scattering albedo of the transported smoke was estimated to be about 0.96, which is larger than the typical value for 20 

smoke (0.84 to 0.94; Dubovik et al., 2002). This overestimation may be attributed to the inability of our algorithm to 

reproduce the vertical profiles of the single-scattering albedo when the fine mode is dominant, as shown by our sensitivity 

tests (Sect. 3). In the boundary layer, the single-scattering albedo was low and the asymmetry factor was high (Fig. 12b and 

c). These values may reflect locally emitted soil particles; the land surface at Tsukuba was dry during 10 days before 8 May 

2013 (total rain-fall was only 0.5 mm), so in many agriculture and urban development areas the ground was bare. 25 

The solar heating rate (Fig. 12e) was consistent with the vertical profile of the extinction coefficients. The difference 

between the solar heating rate calculated using estimated optical properties and that calculated using the vertical mean of the 

asymmetry factor (Fig. 12e) showed that the solar heating rate increased in the smoke layer, because the asymmetry factor of 

the smoke aerosol was smaller than the vertical mean value (Fig. 12c). The influence of the single-scattering albedo on the 

vertical profiles of the solar heating rate was small (not shown). 30 
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The SKYLIDAR algorithm showed the detailed vertical structures for the transported dust and smoke and the relationship of 

the aerosol vertical profiles to the solar heating rate. Our results suggest that the vertical variation of the asymmetry factor 

plays an important role in creating vertical variation in the solar heating rate. 

4.2 Comparisons of columnar properties and surface solar irradiance 

To validate the estimated vertical profiles of the aerosol optical properties, direct measurements by air plane or balloon are 5 

necessary, but such measurements are not obtained easily. Therefore, we compared the columnar optical properties of the 

SKYLIDAR retrievals with SKYRAD.PACK retrievals, which have been evaluated by Che et al. (2008) and Estellés et al. 

(2012). Because the direct observation of the solar heating rate is also difficult, we compared the surface solar irradiance 

calculated from the SKYLIDAR retrievals with that measured by pyranometer. 

We compared the aerosol optical thickness, the single-scattering albedo, the asymmetry factor, and the normalized volume 10 

size distribution in the column for 2012-2013 at Tsukuba between SKYLIDAR and SKYRAD.PACK (Fig. 14). The aerosol 

optical thickness at 532 and 1064 nm in the SKYLIDAR retrievals agreed well overall with those of the SKYRAD.PACK 

retrievals. Although slightly underestimated, the SKYLIDAR single-scattering albedo at 532 nm agreed well with the 

SKYRAD.PACK retrieval for aerosol optical thickness of more than 0.2. The single-scattering albedo estimated from the 

SKYR measurements by SKYRAD.PACK, however, is larger than that of the AERONET retrievals (Che et al. 2008). Thus, 15 

the SKYLIDAR results may be close to the AERONET retrievals. Similarly, the asymmetry factor also agreed with those 

estimated by SKYRAD.PACK for aerosol optical thickness of more than 0.2. Comparison of the two-year mean of the 

normalized volume size distribution showed agreement with respect to the fine mode but not the coarse mode; the difference 

win the coarse mode was due to the assumption of a bi-modal size distribution by our algorithm. In the SKYRAD.PACK 

retrieval, a second coarse mode was observed at a radius of 10 μm. This second coarse mode was reported by Che et al. 20 

(2008) and Estellés et al. (2012), who indicated that it is not observed in AERONET retrievals; therefore, it may be 

attributed to the difference in the retrieval algorithm. The assumption of a bi-modal size distribution is not ideal, but it is a 

simple way to prevent the occurrence of an unrealistic second coarse mode. 

Surface solar irradiance calculated from the SKYLIDAR retrievals, and also that calculated from the SKYRAD.PACK 

retrievals, was compared with that measured by the pyranometer during the two years (Fig. 15). The surface irradiances 25 

calculated from both the SKYLIDAR and SKYRAD.PACK retrievals agreed very well with the measurements, with a very 

small error of around 10 Wm-2 (about 1.7 %). The SKYLIDAR result was slightly better than SKYRAD.PACK result. The 

remaining part of the error is attributed to the error in the input water vapor content and the assumed optical properties at 

wavelengths less than 532 nm and greater than 1064 nm (described in Sect. 2.2). In this study, we used the water vapor 

content observed by a sonde launched at 09:00 JST near our observation site. 30 
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The estimated vertical profiles of the aerosol optical properties and the solar heating rate were not validated against direct 

measurements in this study, but the columnar properties of the SKYLIDAR retrievals agreed well with the SKYRAD.PACK 

retrievals, and the surface solar irradiance calculated from the SKYLIDAR retrievals were sufficiently accurate to explain 

the measured surface solar irradiance. 

5 Summary 5 

We developed the SKYLIDAR algorithm for estimating the vertical profiles of aerosol optical properties from the sun 

photometer SKYR and the lidar MIEL (and HSRL) measurements. The algorithm consists of two retrieval steps. The 

columnar properties are first estimated from the SKYR measurements and the vertically mean depolarization ratio obtained 

from the MIEL measurements. Then, the vertical profiles are estimated from the MIEL (and HSRL) measurements and the 

columnar properties determined in the first step. The finally derived parameters are the vertical profiles of the size 10 

distribution, refractive index, extinction coefficient, single-scattering albedo, and asymmetry factor. In addition, we 

estimated the vertical profile of the solar heating rate from the SKYLIDAR retrievals. 

To evaluate the performance of the algorithm, we conducted the sensitivity tests using simulated SKYR and MIEL (and 

HSRL) data of the vertical profiles of three different aerosols. The vertical profiles of the size distribution, the extinction 

coefficient, and the asymmetry factor were well estimated in all the tests. The refractive index and the single-scattering 15 

albedo in the case of dust were well estimated, but not in the cases of pollution aerosol, which was characterized by a size 

distribution with a dominant fine mode and strong light absorption. 

We then applied the SKYLIDAR algorithm to actual SKYR and MIEL measurements obtained in 2012 and 2013 in Tsukuba, 

Japan. Our algorithm showed the detailed vertical structures for transported dust and smoke. In addition, the vertical profiles 

of the solar heating rate were estimated from the SKYLIDAR retrievals, and the relationship of the aerosol optical properties 20 

to the solar heating rate was investigated. The results suggest that the vertical profile of the asymmetry factor plays an 

important role in creating vertical variations of the solar heating rate. 

To evaluate the validity of the SKYLIDAR retrievals and the solar heating rate, we compared the columnar properties 

between SKYLIDAR and SKYRAD.PACK retrievals during 2012 and 2013, and we compared the surface solar irradiances 

calculated from the SKYLIDAR retrievals with those measured by pyranometer. The columnar properties of the 25 

SKYLIDAR retrievals agreed well with those of the SKYRAD.PACK retrievals when the aerosol optical thickness at 532 

nm was more than 0.2. The calculated surface solar irradiances also agreed well with the pyranometer measurements; the 

mean error was only 1.7 %, despite the assumption that extended the aerosol optical properties at 532 and 1064 nm to the 

broadband wavelength regions. The columnar properties of the SKYLIDAR retrievals agreed with those estimated by the 
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widely used method of SKYRAD.PACK, and the SKYLIDAR retrievals were sufficiently accurate to evaluate surface solar 

irradiance. 

In this study, we focused on the SKYR (SKYNET) and MIEL (AD-Net) measurements, but the SKYLIDAR algorithm can 

be applied to an another data set similar to SKYR and MIEL measurements. This flexibility is expected to be useful for 

investigating the temporal and spatial distribution of aerosols at different observational sites. In addition, the minimization 5 

procedure with our developed logarithm transformations, which works well for hundreds of estimated parameters, is useful 

for the various remote sensing. 

Acknowledgements 

This work was supported by the Japan Society for the Promotion of Science KAKENHI Grant No. 24510026, 15H01728, 

and 15H02808. The authors are grateful to the OpenCLASTR project for allowing us to use the SKYRAD.PACK (sky 10 

radiometer analysis package) in this research. NCEP reanalysis data were provided by the NOAA/OAR/ESRL PSD, Boulder, 

Colorado, USA, from its Web site at http://www.esrl.noaa.gov/psd/. The MODIS MCD12C1 product was retrieved from the 

online Data Pool, courtesy of the NASA EOSDIS Land Processes Distributed Active Archive Center (LP DAAC), 

USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota, 

https://lpdaac.usgs.gov/data_access/data_pool. 15 

References 

Ansmann, A., Riebessell, M., Wandinger, U., Weitkamp, C., Voss, E., Lahmann, W., and Michealis, W.: Combined Raman 

elastic-backscatter lidar for vertical profiling of moisture, aerosol extinction, backscatter, and lidar ratio, Appl. Opt., B 55, 

18-28, 1992. 

Asano, S., and Shiobara, M.: Aircraft measurements of the radiative effects of tropospheric aerosols: 1. Observational results 20 

of the radiation budget, J. Meteorol. Soc. Jpn., 67, 847-861, 1989. 

Böckmann, C.: Hybrid regularization method for the ill-posed inversion of multiwavelength lidar data in the retrieval of 

aerosol size distributions, Appl. Opt., 40, 1329-1342, 2001. 

Bucholtz, A.: Rayleigh-scattering calculations for the terrestrial atmosphere, Appl. Opt., 34, 2765-2773, 1995. 

Chaikovsky, A., Dubovik, O., Goloub, P., Tanré, D., Pappalardo, G., Wandinger, U., Chaikovskaya, L., Denisov, S., Grudo, 25 

Y., Lopatsin, A., Karol, Y., Lapyonok, T., Korol, M., Osipenko, F., Savitski, D., Slesar, A., Apituley, A., Arboledas, L. 

A., Binietoglou, I., Kokkalis, P., Muñoz, M. J. G., Papayannis, A., Perrone, M. R., Pietruczuk, A., Pisani, G., 



20 

 

Rocadenbosch, F., Sicard, M., Tomasi, F. D., Wagner, J., and Wang, X.: Algorithm and software for the retrieval of 

vertical aerosol properties using combined lidar/radiometer data: dissemination in EARLINET, Proceedings of the 26th 

International Laser and Radar Conference, vol. 1, Porto Heli, Greece, 25-29 June 2012, 399-402, 2012. 

Che, H., Shi, G., Uchiyama, A., Yamazaki, A., Chen, H., Goloub, P., and Zhang, X.: Intercomparison between aerosol 

optical properties by a PREDE sky radiometer and CIMEL sunphotometer over Beijing, China, Atmos. Chem. Phys., 8, 5 

3199-3214, 2008. 

Cuesta, J., Flamant, P. H., and Flamant, C.: Synergetic technique combining elastic backscatter lidar data and sunphotometer 

AERONET inversion for retrieval by layer of aerosol optical and microphysical properties, Appl. Opt., 47, 4598-4611, 

2008. 

Dubovik, O., and King, M. D.: A flexible inversion algorithm for retrieval of aerosol optical properties from sun and sky 10 

radiance measurements, J. Geophys. Res., 105, D16, 20673-20696, 2000. 

Dubovik, O., Holben, B. N., Eck, T. F., Smirnov, A., Kaufman, Y. J., King, M. D., Tanré, D., and Slutsker, I.: Variability of 

Absorption and optical properties of key aerosol types observed in worldwide locations, J. Atmos. Sci., 59, 590-608, 2002. 

Dubovik, O., Sinyuk, A., Lapyonok, T., Holben, B. N., Mishchenko, M., Yang, P., Eck, T. F., Volte, H., Muñoz, O., 

Veihelmann, B., Zande, W. J. van der, Leon, J.-F., Sorokin, M., and Slutsker, I.: Application of spheroid models to 15 

account for aerosol particle nonsphericity in remote sensing of desert dust, J. Geophys. Res., 111, D11208, 

doi:10.1029/2005JD006619, 2006. 

Estellés, V., Campanell, M., Utrillas, M. P., Expósito, F., and Martínez-Lozano, J.: Comparison of AERONET and 

SKYRAD4.2 inversion products retrieved form a Cimel CE318 sunphotometer, Atmos. Meas. Tech., 5, 569-579, 2012. 

Green, A. E. S.: Attenuation by ozone and the earth’s albedo in the middle ultraviolet, Appl. Opt., 3, 203-208, 1964. 20 

Hansen, J., Sato, M., and Ruedy, R.: Radiative forcing and climate response, J. Geophys. Res., 102, 6831-6864, 1997. 

Hess, M., Koepke, P., and Schult, I.: Optical properties of aerosols and clouds: the software package OPAC, Bull. of the 

Amer. Meteorol. Soc., 79, 831-844, 1999. 

Holben, B. N., Eck, T. E., Slutsker, I., Tanré, D., Buis, J. P., Setzer, A., Vermote, E.,  Reagon, J. A., Kaufman, Y. J., 

Nakajima, T., Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET-A federated instrument network and data archive 25 

for aerosol characterization, Remote Sens. Environ., 66, 1-16, 1998. 

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J., 

Zhu, Y., Chellian, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. C., Ropelewski, C., Wang, J., Leetmaa, A., 



21 

 

Reynolds, R., Jen, R., and Joseph, D.: The NCEP/NCAR 40-year reanalysis project, Bull. Amer. Meteor. Soc., 77, 437-

470, 1996. 

Katsumoto, M., Furuhashi, N., Uno, I., Hayashida, S., Ide, R., Inagaki, M., Hashimoto, M., Zeng, J., Nakane, H., and 

Fujinuma, Y.: Development of air mass analysis system for evaluating tropospheric monitoring data using ECNWF upper 

air data –Calculation of trajectory and display of meteorological field-, CGER-Report, M013, National Institute for 5 

Environmental Studies, Japan, pp.111, 2002. 

Kneizys, F. X., Shettle, E. P., Abreu, L. W., Chetwynd, J. H., Anderson, G. P., Gallery, W. O., Selby, J. E. A., and Clough, S. 

A.: Users guide to LOWTRAN-7, AFGL-TR-88-0177, NTIS ADA206773, Air Force Geophysics Laboratory, Hanscom 

Air Force Base, MA, 1988. 

Koch, D., and Del Genio, A. D.: Black carbon semi-direct effects on cloud cover: review and synthesis, Atmos. Chem. Phys., 10 

10, 7685-7696, 2010. 

Kudo, R., Uchiyama, A., Yamazaki, A., Sakami, T., and Ijima, O.: Decadal changes in aerosol optical thickness and single 

scattering albedo estimated from ground-based broadband radiometers: A case study in Japan, J. Geophys. Res., 116, 

D03207, doi:10.1029/2010JD014911, 2011. 

Land Processes Distributed Active Archive Center (LP DAAC): The Land Cover Type Climate Modeling Grid (CMG) 15 

product (MCD12C1). Version 051. NASA EOSDIS Land Processes DAAC, USGS Earth Resources Observation and 

Science (EROS) Center, Sioux Falls, South Dakota (https://lpdaac.usgs.gov), accessed July 29, 2015, at 

https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd12c1, 2013. 

Liu, Z., Matsui, I., and Sugimoto, N.: High-spectral-resolution lidar using an iodine absorption filter for atmospheric 

measurements, Opt. Eng., 38, 1661-1670, 1999. 20 

Liu, Z., Sugimoto, N., and Murayama, T.: Extinction-to-backscatter ratio of Asian dust observed with high-spectral-

resolution lidar and Raman lidar, Appl. Opt., 41, 2760-2767, 2002. 

Lopatin, A., Dubovik, O., Chaikovsky, A., Goloub, Ph., Lapyonok, T., Tanré, D., and Litvinov, P.: Enhancement of aerosol 

characterization using synergy of lidar and sun-photometer coincident observations: the GARRLiC algorithm, Atmos. 

Meas. Tech., 6, 2065-2088, 2013. 25 

Müller, D., Wandinger, U., and Ansman, A.: Microphysical particle parameters from extinction and backscatter lidar data by 

inversion with regularization: theory, Appl. Opt., 38, 2346-2357, 1999a. 

Müller, D., Wandinger, U., and Ansman, A.: Microphysical particle parameters from extinction and backscatter lidar data by 

inversion with regularization: simulation, Appl. Opt., 38, 2358-2368, 1999b. 



22 

 

Müller, D., Wagner, F., Wandinger, U., Ansman, A., Wendisch, M., Althausen, D., and Hoyningen-Huene, W. von: 

Microphysical particle parameters from extinction and backscatter lidar data by inversion with regularization: experiment, 

Appl. Opt., 39, 1879-1892, 2000. 

Nakajima, T., Tonna, G., Rao, R., Kaufman, Y., and Holben, B.: Use of sky brightness measurements from ground for 

remote sensing of particulate polydispersions, Appl. Opt., 35, 2672-2686, 1996. 5 

Nakajima, T., Yoon, S. C., Ramanathan, V., Shi, G. Y., Takemura, T., Higurashi, A., Takamura, T., Aoki, K., Sohn, B. J., 

Kim, S. W., Tsuruta, H., Sugimoto, N., Shimizu, A., Tanimoto, H., Sawa, Y., Lin, N. H., Lee, C. T., Goto, D., and 

Schutgens, N.: Overview of the atmospheric brown cloud east Asia regional experiment 2005 and a study of the aerosol 

direct radiative forcing in east Asia, J. Geophys. Res., 112, D24S91, doi:10.1029/2007JD009009, 2007. 

Nishizawa, T., Asano, S., Uchiyama, A., and Yamazaki, A.: Seasonal variation of aerosol direct radiative forcing and optical 10 

properties estimated from ground-based solar radiation measurements, J. Atmos. Sci., 61, 57-72, 2004. 

Nishizawa, T., N. Sugimoto, I. Matsui, and T. Takano, Development of two-wavelength high-spectral resolution lidar and 

application to shipborne meassurements, ILRC, 147-150, 2012. 

Nocedal, J., and Wright, S. J.: Numerical optimization, 2nd edition, Springer Series in Operations Research and Financial 

Engineering, 664 pp., Springer+Business Media, LCC, New York, 2006. 15 

Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. P.: Numerical Recipes in FORTRAN, The Art of 

Scientific Computing, 965 pp., Cambridge Univ. Press, New York, 1992. 

Shimizu, A., Sugimoto, N., Matsui, I., Arao, K., Uno, I., Murayama, T., Kagawa, N., Aoki, K., Uchiyama, A., and Yamazaki, 

A.: Continuous observations of Asian dust and other aerosols by polarization lidar in China and Japan during ACE-Asia, J. 

Geophys. Res., 109,D19S17, doi:10.1029/2002JD003253, 2004. 20 

Shimizu, A., Sugimoto, N., and Matsui, I.: Detailed description of data processing system for lidar network in East Asia, 

25th International Laser Radar Conference, St. Petersburg, Russia, pp. 911-913, 2010. 

Shipley, S. T., Tracy, D. H., Eloranta, E. W., Trauger, J. T., Sroga, J. T., Roesler, F. L., and Weinman, J. A.: High spectral 

resolution lidar to measure optical scattering properties of atmospheric aerosols. 1. Theory and instrumentation, Appl. Opt. 

22, 3716-3724, 1983. 25 

Sugimoto, N., Shimizu, A., and Matsui, I.: Study of dust transport using a network of continuously operated polarization 

lidars, Water Air and Soil Pollution, 5, 145-157, 2005. 

Tanaka, M., Nakajima, T., and Shiobara, M.: Calibration of a sunphotometer by simultaneous measurements of direct-solar 

and circumsolar radiations, Appl. Opt., 25, 1170-1176, 1986. 



23 

 

Takamura, T., and Nakajima, T.: Overview of SKYNET and its activities, Opt. Pura Apl., 37, 3303-3308, 2004. 

Torres, B., Dubovik, O., Toledano, C., Berjon, A., Cachorro, V. E., Lapyonok, T., and Goloub, P.: Sensitivity of aerosol 

retrieval to geometrical configuration of ground-based sun/sky-radiometer observations, Atmos. Chem. Phys. Discuss., 13, 

6851-6921, 2013. 

Tsunematsu, N., Sakai, T., and Nagai, T.: Strong capping inversion over Tokyo metropolitan area associated with airborne 5 

Asian dust, Geophys. Res. Lett., 33, L19806, doi:10.1029/2006GL026645, 2006. 

Uchiyama, A., Yamazaki, A., Kudo, R., Kobayashi, E., Togawa, H., and Uesawa, D.: Continuous ground-based observation 

of aerosol optical properties at Tsukuba, Japan: Trend and climatology, J. Meteorol. Soc. Jpn., 92A, 93-108, 2014. 

Veselovskii, I., Kolgotin, A., Griaznov, V., Müller, D., Wandinger, U., and Whiteman, D. N.: Inversion with regularization 

for the retrieval of tropospheric aerosol parameters from multiwavelength lidar sounding, Appl. Opt., 41, 3685-3699, 10 

2002. 

Wagner, J., Ansman, A., Wandinger, U., Schwarz, P., Tesche, M., Chaikovsky, A., and Dubovik, O.: Evaluation of the 

Lidar/Radiometer Inversion Code (LIRIC) to determine microphysical properties of volcanic and desert dust, Atmos. 

Meas. Tech., 6, 1707-1724, 2013. 

Yu, H., Liu, S. C., and Dickinson, R. E.: Radiative effects of aerosols on the evolution of the atmospheric boundary layer, J. 15 

Geophys. Res., 107, D124142, 10:1029/2001JD000754, 2002. 



24 

 

Table 1. Microphysical and optical properties and vertical profiles of the aerosols used in the sensitivity tests. 

Aerosol Components 

Size 
distribution 

Refractive index 
at 500 nm 

Relative 
weight in 

total 
optical 

thickness 
at 500 nm Vertical profile 

Mode 
Radius 
(μm) 

Mode
Width Real Imaginary

Continental 
average 

Water-
soluble 

0.18 0.81 1.44 0.0026 0.90 expሺെܪ/ݖሻ, 
H = 8 km 

Soot 0.05 0.69 1.75 0.45 0.07 expሺെܪ/ݖሻ, 
H = 4 km 

Insoluble 5.98 0.92 1.53 0.008 0.03 expሺെܪ/ݖሻ, 
H = 2 km 

Transported 
dust 

Dust 3.23 0.79 1.53 0.0078 0.25 ଵ

√ଶగఙ
exp ቀെ

ሺ௭ି௭೎ሻ

ଶఙమ
ቁ,

 ,௖ = 3.5 kmݖ
 km 0.4 = ߪ

 Water-
soluble 

0.18 0.81 1.44 0.0026 0.67 expሺെܪ/ݖሻ, 
H = 8 km 

 Soot 0.05 0.69 1.75 0.45 0.05 expሺെܪ/ݖሻ, 
H = 4 km 

 Insoluble 5.98 0.92 1.53 0.008 0.03 expሺെܪ/ݖሻ, 
H = 2 km 

Transported 
pollution 

Water-
soluble 

0.18 0.81 1.44 0.0026 0.08 ଵ

√ଶగఙ
exp ቀെ

ሺ௭ି௭೎ሻ

ଶఙమ
ቁ,

 ,௖ = 3.5 kmݖ
 km 0.4 = ߪ

Soot 0.05 0.69 1.75 0.45 0.03 ଵ

√ଶగఙ
exp ቀെ

ሺ௭ି௭೎ሻ

ଶఙమ
ቁ,

 ,௖ = 3.5 kmݖ
 km 0.4 = ߪ

 Water-
soluble 

0.18 0.81 1.44 0.0026 0.79 expሺെܪ/ݖሻ, 
H = 8 km 

 Soot 0.05 0.69 1.75 0.45 0.06 expሺെܪ/ݖሻ, 
H = 4 km 

 Insoluble 5.98 0.92 1.53 0.008 0.03 expሺെܪ/ݖሻ, 
H = 2 km 
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Figure 1. Schematic diagrams of the retrieval procedures: (a) step 1; (b) step 2; and (c) updating parameters ܠ. 
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Figure 2. Observation of the sky radiometer in the solar almucantar geometry. 
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Figure 3. Transformation of the real and imaginary parts of the refractive indices by Eq. (20). Minimum and maximum 

values of the real part are 1.33 and 1.6, and those of the imaginary part are 0.0005 and 0.5. 
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Figure 4. Retrieval results from the simulated data for the continental average aerosol: the real and imaginary parts of the 

refractive index, the size distribution, the extinction coefficients, the single-scattering albedo, and the asymmetry factor. 

“True” values are shown by the black lines, and the colored lines indicate retrievals from Type 1 data set (MIEL data at 532 

and 1064 nm) (blue); Type 2 data set (MIEL data at 532 and 1064 nm, and HSRL data at 532 nm) (red); and Type 3 data set 5 

(MIEL data at 532 and 1064 nm, and HSRL data at 355 and 532 nm) (green). The red and blue lines completely overlap. 
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Figure 5. Same as Fig. 4, but showing the retrieval results from the simulated data with random errors for the continental 

average aerosol. 
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Figure 6. Retrieval results from the simulated data for the transported dust: the real and imaginary parts of the refractive 

index, the size distribution, the extinction coefficients, the single-scattering albedo, and the asymmetry factor. “True” values 

are shown by the black lines, the colored lines indicate retrievals from Type 1 data set (MIEL data at 532 and 1064 nm) 

(blue); Type 2 data set (MIEL data at 532 and 1064 nm, and HSRL data at 532 nm) (red); and Type 3 data set (MIEL data at 5 

532 and 1064 nm, and HSRL data at 355 and 532 nm) (green). 
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Figure 7. Fig. 6, but showing the retrieval results from the simulated data with random errors for the transported dust. 
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Figure 8. Retrieval results from the simulated data for the transported pollution aerosol: the real and imaginary parts of the 

refractive index, the size distribution, the extinction coefficients, the single-scattering albedo, and the asymmetry factor. 

“True” values are shown by the black lines, the colored lines indicate retrievals from Type 1 data set (MIEL data at 532 and 

1064 nm) (blue); Type 2 data set (MIEL data at 532 and 1064 nm, and HSRL data at 532 nm) (red); and Type 3 data set 5 

(MIEL data at 532 and 1064 nm, and HSRL data at 355 and 532 nm) (green). The red and blue lines completely overlap. 
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Figure 9. Same as Fig. 7, but showing the retrieval results from the simulated data with random errors for the transported 
pollution aerosol. 
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Figure 10. Retrieval results for the transported dust in 2 April 2012 in Tsukuba, Japan: (a) extinction coefficient at 532 nm, 

(b) single-scattering albedo at 532 nm, (c) asymmetry factor at 532 nm, (d) size distribution, (e) solar heating rate, and (f) 

solar heating rate difference from that calculated using the vertical mean of the asymmetry factor. The gray shading shows 

the attenuated backscatter coefficient at 532 nm by MIEL. 5 
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Figure 11. Two-days backward trajectories of air masses observed on 2 April 2012. The ochre region and orange areas in the 

upper panel indicate desert region and urban regions, respectively. 
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Figure 12. Retrieval results for the transported smoke in 8 May 2013 in Tsukuba, Japan: (a) extinction coefficient at 532 nm, 

(b) single-scattering albedo at 532 nm, (c) asymmetry factor at 532 nm, (d) size distribution, (e) solar heating rate, and (f) 

solar heating rate difference from that calculated using the vertical mean of the asymmetry factor. The gray shading is the 

attenuated backscatter coefficient at 532 nm by MIEL. 5 
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Figure 13. Two-days backward trajectory of air mass observed on 8 May 2013. The upper panel also shows fire activity from 

1 to 9 May 2013 (color scale), based on data of MODIS active-fire products (NASA Earth Observations 

http://neo.sci.gsfc.nasa.gov/). 
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Figure 14. Comparisons of the columnar optical properties estimated by SKYLIDAR algorithm (this study) and 

SKYRAD.PACK during 2012 and 2013 in Tsukuba, Japan. The colors in the single-scattering albedo and asymmetry factor 

panels show the aerosol optical thickness at 532 nm. In normalized volume size distribution panel, red indicates the 

SKYLIDAR result, and blue indicates the SKYRAD.PACK result. 5 
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Figure 15. Comparisons of the surface solar irradiance calculated from the SKYLIDAR (left) and SKYRAD.PACK (right) 

retrievals with by the pyranometer measurements during 2012 and 2013 in Tsukuba, Japan. 
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