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CORRECTION OF THE FERNALD METHOD USING REAL-TIME
AVERAGE LIDAR RATIOS WITH MIE-RAYLEIGH-RAMAN LIDAR"™
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A Mie-Rayleigh-Raman lidar system was used to invert the optical properties of aerosol and determine
the lidar ratio. Subsequently, the real-time lidar ratio was used to modify the Fernald method; 1167 groups
of data were used to invert the aerosol lidar ratios. We determined the average aerosol lidar ratio profile,
which ranged from 30 to 45 in Nanjing, China. Because the Raman signal had a low SNR (Signal Noise Ra-
tio) and the Raman channel was only available at night, it was not possible to make the correction using a
real-time lidar ratio. Therefore, an average lidar ratio was used for the correction. The hypothetical value of
the lidar ratio used in the Fernald method deviates from the actual value, which can result in errors. Fur-
thermore, large errors can be produced when clouds are present on the lidar line. The accuracy of inversion
of the aerosol optical characteristics can be significantly improved by correcting the Fernald method using
the real-time lidar ratio or average lidar ratio.
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Jluoap Mu-Paneti-Pamana ucnoiv3o6an ONisl UCCIe008aHUA ONMUUECKUX XAPAKMEPUCMUK adpo30Jis U
onpedenenus TUOAPHO20 OMHOWEHUSL NYMeM UHBEPMUPOBAHUL OAHHBIX UOAPHO20 30HOUposaHus. Jludap-
HOe OmHOuleHUe, NOAYUYEeHHOe 6 pPediCumMe PeanbHo20 8peMeHU, UCNOIb308AHO 011 MOoOuduKayuu memood
Depnanvoa. [{ns uH8epmMuUpPOBAnUsL AIPO3OILHLIX IUOAPHBIX omHowenutl e3samol 1167 epynn dannvix. Onpe-
oenen npoduib cpeone2o aspo30abHO20 AUdapHo2o0 omuowenus 6 Hankune, xomopuii eapvuposancs om 30
00 45. [ockonvky KP-cuenan umeem Huzkoe omuouteHue cueranr/uiym, a KP-xanan docmynen moavko Ho-
Ubl0, HEBO3MOICHO BLINOIHUMb KOPPEKYUIO C UCNONb308AHUEM TUOAPHO2O OMHOULEHUS 8 PedTibHOM BDEMEHHU.
Iloosmomy Onsi Koppexyuu UCnoIb308aHO cpeoHee audapHoe omuoutenue. I unomemuyeckoe 3Havenue u-
0apHO20 OMHOUIEeHUsl, KOMOpoe 00bIYHO Ucnoab3yemcs 6 memode Depnanvoa, omauyaemcs om axkmude-
CK020, Ymo Mmodcem npugecmu K owudkam. Bonvuue owubku mo2ym bvimov bl36anbl HATUYUEM 00]1AKO8 HA
audapuou mpacce. TouHOCMb UHBEPCUU ONMUYECKUX XAPAKMEPUCTIUK A3PO30IA MONCEem OblMb 3HAYUMEb-
HO yIyuuiena nymem koppexyuu memooa Depranvoa ¢ ucnonrb3o8anuem audapHo20 OMmHOUeHUs, NoayYeH-
HO20 8 pedcume pedanbHO20 8peMenl, Uil CPeOHe20 TUOAPHO20 OMHOUEHUSL.

Knrouesvie cnosa: asposonw, auoap Mu-Panes-Pamana, nudaproe omuouwtenue, memoo Depnanvoa,
cpedHee MuOapHoe OMHOULeHUe.

* Full text is published in JAS V. 86, No. 3 (http://springer.com/10812) and in electronic version of ZhPS V. 86,
No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Aerosol pollution is having an increasingly serious impact on the atmosphere. Therefore,
research relating to aerosols has become important in the field of atmospheric science. High concentrations
of aerosols pose a threat to human health. In addition, aerosols can affect the weather and climate system,
thus effective observation of them is important. Lidar is widely used in the measurement of aerosols because
of its high temporal and spatial resolution. The Fernald method is commonly used in inversion algorithms of
atmospheric optical characteristics using the Mie signal detected by the lidar. However, in the Fernald
method, the optical properties of aerosols need to be calculated by assuming the lidar ratio of aerosols. When
the hypothetical lidar ratio does not match the actual lidar ratio, an error occurs. Moreover, when clouds ex-
ist in the sky, the lidar ratio of clouds is significantly different from that of atmospheric aerosols. Performing
the same correction for both greatly impacts the calculation outcomes. The Raman signal can be used to cal-
culate the backscattering and extinction coefficient of the atmospheric aerosols without making assumptions.
Therefore, to improve the accuracy of the Fernald method, the lidar ratio used when calculating the Fernald
method can be replaced by what was obtained from the inversion of the Raman signal. The Fernald method
[1] is frequently used in the analysis of aerosol optical properties. To obtain aerosol optical properties
through the Fernald method, the lidar ratio must be known, which is a hypothetical value. So, when the as-
sumed lidar ratio deviates from the actual value, or when there are clouds on the line of lidar (the lidar ratio
of cloud particles is vastly different from that of normal aerosols), it may cause considerable uncertainties
[2]. The Raman backscattering signal can be used alone to invert aerosol extinction profiles [3]. Combining
this with the Mie signal data, an aerosol backscattering profile can be obtained [4]. To obtain the lidar ratio
used in the Fernald method, we can use the Raman-Mie lidar system to measure the extinction and backscat-
tering coefficients [5]. Compared with the assumption of using the lidar ratio, the measurement accuracy is
increased. Because the Raman echo signal is very weak, the requirements for signal denoising and environ-
mental setting are stringent. The Raman lidar can only be used at night; hence, not all Mie echo signals have
correspondingly available Raman signals. Nice Raman echo signal observations between 2009 and 2015
were selected and used to calculate the average lidar ratio of the Nanjing aerosols. The average lidar ratio
can then be used in the Fernald method. We selected good Raman signal data between 2009 and 2015 to cal-
culate the average lidar ratio in the northern suburbs of Nanjing; we used these results to correct the Fernald
method.

Mie-Fernald method. The Fernald method is one of the most common methods for retrieving aerosol
properties using Mie scattering echoes [1]. In the Fernald method, the molecular atmospheric scattering
properties can be determined from the best available meteorological data or approximated from appropriate
standard atmospheres. However, the lidar ratio of aerosols is always an assumed value. This means that the
lidar ratio of aerosols on the lidar line is constant with the range; hence, the radius, shape, and chemical con-
stituents of the particles are the same on the lidar line [2]. In this hypothesis, the type of aerosol was deter-
mined before retrieval, and only one type of aerosol exists on the lidar line. The constituent of aerosols in the
real atmosphere is very complicated; aerosols are often mixed by particles of different properties and there
are several types of aerosol present at different altitudes. Considerable uncertainties maybe introduced if an
assumed constant is used as the lidar ratio for retrieval.

Measurements with Raman-Mie lidar. The properties of aerosols can also be retrieved by the Raman
echo signal [3]. Aerosol extinction profiles can only be retrieved by Raman backscattering signals. The air
density and Rayleigh scattering coefficients are determined from actual radiosonde data of temperature and
pressure (if available), or from a standard atmosphere model that fits to the measured ground-level tempe-
ratures. The aerosol backscattering coefficient profile can be obtained by combining the Mie data and the
aerosol extinction coefficient profile. Because of the fewer hypotheses, the precision of measurement can be
improved compared with the Mie-Fernald method. The Raman scattering echo signal is greater by two or-
ders of magnitude than that of the Rayleigh scattering echo. Furthermore, its signal-to-noise ratio (SNR) is
sensitive to atmosphere background noise [6]. For this reason, the signals must be properly denoised or else sig-
nificant statistical errors can occur. Without proper denoising, we cannot produce effective aerosol profiles.

Figure 1a shows the aerosol extinction coefficient profile determined from the original Raman echo sig-
nal (without denoising), observed at 20:02 local time on April 17, 2011. At lower altitudes, the signals are
large enough and the profiles below 4 km are smooth. With the extinction of aerosols, signals detected above
4 km are few; the SNR is too low to retrieve the profile well. The Raman echo signal should have proper de-
noising performed to accurately invert the optical properties of aerosols. Three-point smoothing performs
well in Mie signal denoising, but not for Raman signals. To improve the SNR, wavelet denoising is used to
process the Raman signal. The curved graphs of the original and wavelet-denoising signals are shown in Fig. 1b.
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Fig. 1. (a) Extinction coefficient retrieved from the original signal and wavelet denoising signal;
(b) original signal contrast with wavelet denoising signal.

Compared with the original signal, the wavelet-denoising signal is smoother. Regarding wavelet denoising,
the aerosol information in the original signal is preserved, while noise filtering and the SNR increases sig-
nificantly. Figure 1a shows the aerosol extinction coefficient profile retrieved from the original signal and
the wavelet-denoising signal. Compared with the profile retrieved from the original signal, the extinction
coefficient profile retrieved from the wavelet denoising is smoother and more accurate; aerosol optical prop-
erties were well presented.

Lidar ratio. By combining the wavelet-denoising Raman signal and Mie data, the aerosol extinction
and backscattering coefficient profiles can be acquired accurately and independently, after which the lidar
ratio can be obtained. The results of four measurements of lidar ratio profiles are shown in Fig. 2a. The date,
time, and weather conditions of the measurements 1, 2, 3, and 4 are April 26, 2011, at 21:01 (cloudy); March
27,2012, at 19:38 (fine); March 27, 2012, at 19:41 (fine), and March 28, 2012, at 20:37 (fine), respectively.
The lidar ratio varies with height, with the values varying from 10 to 40. Because of the enormous difference
in measurement time, there is a large discrepancy between profile 1 and profiles 2, 3, and 4. Although the
trends pertaining to profiles 2, 3, and 4 are similar, the small deviations of the measurement times between
them leads to some deviation between their profiles. Therefore, it is not reasonable to assume that the lidar
ratio is a constant that can invert the aerosol optical properties. Figure 3 shows the aerosol extinction coeffi-
cient profiles of the four measurements; some clouds are present below 4.5 km in measurement 1, and the
lidar ratio of the cloud particles is smaller than that of the aerosols [7]. For this reason, a lidar ratio below 4.5
km should be smaller than when above 4.5 km, which corresponds to the lidar ratio profile in Fig. 2a. As
Fig. 3 shows, in measurements 2, 3, and 4, there are fewer clouds at 2.5-3.0 and 3.5-4.5 km compared with
other regions. The lidar ratio profiles in Fig. 2a present two peak value areas at the corresponding region; it
also corresponds to the aerosol distribution.
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Fig. 2. The lidar ratio profiles of four measurements of lidar ratio (a)
and the average lidar ratio profile of Nanjing (b).
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Result and discussion. Fernald method correction of the real-time lidar ratio. The real-time lidar ratio
profiles are determined from the real-time Raman echo signal and can be used to correct the Fernald method
in order to improve measurement accuracy. Using the data from the four measurements (measurement 1 —
March 31, 2011, at 19:38 (fine Weather), measurement 2 — April 17, 2011, at 19:54 (cloudy), measurement 3
— April 26, 2011, at 21:01 (cloudy), and measurement 4 — September 15,2011, at 20:29 (cloudy)), the extinc-
tion coefficient profiles were retrieved by the Mie Fernald method before correction. The Mie Fernald
method obtained after the correction and Raman echo signal are shown in Fig. 3; the lidar ratio is assumed to
have a constant value of 50 without correction. In Fig. 3, using the constant as the lidar ratio in the Fernald
method resulted in an overestimation of extinction when clouds existed on the lidar line. Because the as-
sumed lidar ratio is an estimate of the normal aerosol, the lidar ratio of cloud particles was smaller than this
value [7]. When the estimated extinction coefficient of cloud particles is determined by a larger lidar ratio,
the estimation results will be higher. After the correction of the real-time lidar ratio, the deviation caused by
the assumed lidar ratio is corrected. Extinction coefficient profiles retrieved by the corrected Mie Fernald
method are similar to the profiles retrieved by the Raman signal. Although the difference between the three
profiles is small in the area without clouds, the profiles after correction are closer to the profiles retrieved by
the Raman signal. After correction, the inversion accuracy of the aerosol optical properties by the Mie Fer-
nald method was improved significantly.
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Fig. 3. Extinction coefficient profiles retrieved by the Mie Fernald method before and after correction
contrasted with that retrieved by Raman echo signal for measurement 1 (a), 2 (b), 3 (c¢), and 4 (d). The lidar
ratio before correction is assumed to be 50; / — lidar ratio = 50, 2 — real-time lidar ratio, 3 — Raman.

The real-time lidar ratio performs well in the Mie Fernald method correction. However, at times the
SNR of the Raman signal is too small to produce satisfactory denoising; it cannot retrieve the aerosol optical
properties well, even with the wavelet denoising. If the extinction coefficient profiles were determined from
a bad signal, we cannot achieve the available extinction coefficient from the Raman signal. Because informa-
tion relating to the aerosol is disturbed by noise, the available real-time lidar ratios could not be obtained.
Furthermore, the Raman channel is only available at night, so the extinction coefficient determined from the
daytime observational data cannot be corrected by the real-time lidar ratio.

To make the correction method universal, the average lidar ratio is used to correct the Mie Fernald
method; 1167 groups of data were observed between 2009 and 2015 and chosen to determine the retrieval of
the aerosol lidar ratio profiles. The average aerosol lidar ratio profile is shown in Fig. 2b, which shows that
the lidar ratio of the Nanjing area varies from 30 to 45 and is not spatially distributed in a homogeneous
manner.

The average lidar ratio is also used to make corrections to the Fernald method. With the data from the
four measurements (measurement 1 — April 26, 2011, at 21:01 (cloudy weather), measurement 2 — March 27,
2012, at 19:38 (fine), measurement 3 — March 27, 2012, at 19:41 (fine), and measurement 4 — March 28,
2012, at 20:37 (fine)), the extinction coefficient profiles retrieved by the Mie Fernald method before correc-
tion, the Mie Fernald method after correction, and the Raman echo signal are all shown in Fig. 4. Further-
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more, the lidar ratio is assumed to be a constant 50, without correction. After correction of the average lidar
ratio, the deviation caused by the assumed lidar ratio was corrected and the extinction coefficient profiles
retrieved by the corrected Mie Fernald method were close to the profiles retrieved by the Raman signal. With
the correction made using the average lidar ratio, the accuracy of the retrieval of aerosol optical properties by
the Mie Fernald method improved significantly.
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Fig. 4. Extinction coefficient profiles retrieved by the Mie Fernald method before and after correction cont-
rasted with that retrieved by the Raman echo signal for measurement 1 (a), 2 (b), 3 (c), and 4 (d). The lidar
ratio before correction was assumed to be 50; / — lidar ratio = 50, 2 — average lidar ratio, 3 — Raman.

Conclusion. Using the Mie-Rayleigh-Raman lidar method, we measured the lidar profile of the aerosol,
and obtained the average lidar ratio profile. The average lidar ratio of the Nanjing area varied from 30 to 45
in height. The Fernald method can be corrected satisfactorily by the real-time lidar ratio. When there is no
real-time lidar ratio available, the average lidar ratio can also be used for correction.

Acknowledgment. This work was supported by National Key R & D Program of China under Project
2017YFC0209600 and National Key R & D Program of China under Project 2018YFC0213100. We thank
Amanda MacMillan, Ph.D., from Edanz Editing China, for editing the English text of a draft of this manu-
script.

REFERENCES

1. F. G. Fernald, Appl. Opt., 23, No. 5, 652 (1984).

2. N. Cao, P. Yan, Acta Opt. Sinica, Acta Opt. Sinica, 34, No. 11, 1101003 (2014).

3. W.Gong, F. Mao, J. Zhang, J. Li, Chin. Opt. Lett., 8, No. 6, 533-536 (2010).

4. A. Ansmann, U. Wandinger, App!. Opt., 31, No. 33, 7113 (1992).

5. Cao Nianwen, Shi Jianzhong, Zhang Yingying,Yang Fengkai,Tian Li, Bu Lingbing, Xia Junrong, Yan
Jiade, Yan Peng, Laser Optoelectron. Progress, 49, No. 6, 060101 (2012).

6. Z. Wang, H. Nakane, H. Hu, J. Zhou, Appl. Opt., 36, No. 6, 1245 (1997).

7. Zhang Zhaoyang, Su Lin, Chen Liangfu, Chin. J. Lasers, 40, No. 5, 0513002 (2013).



