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Fig. 2 Main operating controller of the fog
visibility profiler (FVP)
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Fig. 3 The cross-sectional view of the air model FVP
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National Arctic Research Expedition
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Fig. 5 Comparison of irradiance retrieved by the FVP data and observed by the reference radiometer TriOS
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CULIN H 1124 2020 4F 08 A 21 H 00:38CUTC) , BB B A 86°02. 72'N,162°25. 94 W, (a) 2 Il (B2 At L (L1485 530 nm 48 U A9 38 i)
G370 5 (b) 2 1) ZEVS R EL v A9 T 1) 437 P gt €8 DX ER W1 S 0 R B0/ N T ANYE TR AR I iR UL BE KT 6 000 m; (o) 7K P U BE A 2 ) 3 A G o i € IXC
BRAERBE WL 15 6 X U AR AT ISR . Observation time: 00:38 (UTC) 21 August 2020, at location (86°02. 72'N, 162°25. 94'W). (a) Profile of 530
nm irradiance measured by the air FVP (blue line) and the corresponding irradiance of the same wavelength measured by the ground FVP (red line) ; (b)
Profile of the vertical attenuation coefficient 7; (c¢) Vertical distribution of horizontal visibility, where the white area indicates the visible range and the
blue area represents the invisible range, i. e. » the boundary between white and blue areas represents horizontal visibility. )

B 7 T2 S Ay 2020 AFAUARMIR X27 34 %5 T B 45

Fig. 7 Vertical structure of sea fog at station X27 during 2020 Xuelong-2 Arctic Research Expedition

CULIN H 312 2020 4E 8 F 10 H 04 10CUCT) B MR B2 76°50. 30'NL 151°05. 38'W, B £ MARICHIBEMI WL 7. Observation time: 04:10 (UCT)
10 August, 2020 at location (76°50. 30'N, 151°05. 38'W). Refer to Figure 7 for the description of the curves and markers. )
B8 Tk 2 Sk AT 2020 AEAUARATIR X19 i85 254

Fig. 8 Vertical structure of sea fog at station X19 during the 2020 Xuelong-2 Arctic Research Expedition

CULI H 4124 2020 4E 08 A 07 H 0402 (UTC), Bk 7 B M 75°35. 96' N, 159°43. 23' W, & i 2 FARIC A9 5 W WLl 7, Observation time: 04: 02
(UTC) 07 August 2020, at location (75°35. 96'N, 159°43. 23'W). Refer to Figure 7 for the description of the curves and markers. )
B9 FHik 2 S E LMY 2020 AU TR X16 2555 3 H 24544

Fig. 9 Vertical structure of sea fog at station X16 during the 2020 Xuelong-2 Arctic Research Expedition
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10 4 aibvin SRR ¢ &S A AN IR 0N 4 s S B YA 175

& 7 (X27 3l 7E b i HY I vk 35, b i A UL RE AR T
800 m, 7F 200 m Z . /K FREWLEA PTG K, 5 28
JEIRF] 600 m, H EHRILEAMIEE . B 8(X19 u)
P R S BE DL S 500 mL (HZE 2 EE HA
200 2K, 1 HEEM AR 5], 51 7 dh i fig WL A W
BT, 781300 m 2B T —)2 = . BE W FEKF)
1 000 £k,

9(X16 ¥ %5 H T 55 B AN [R) 3 [l 454 . AR A 245
SISk e M E A — RS R R E B
600 m, HiTA KRR WL EE HA JL 2K, 200 m DL BRI
FEA R, AM . 7E 1 200~1 800 m YL N FFAE—
MRIEW 22 SAKFREWEAF] 1 200 m. MHE
FERATH X AMMIRAE UL B J2 8 TR = L iz Rl 32 2 =
M ZMER,

P B2 T 55 68 ) T 4SOOI 14358 43 1oy FH
AN Fir 2 S BB UL BE K HG 43 A 1 DR R S — 2B A
8. BEAMKAREILE 52 R H R AR A B
WRR TR R

4 HEiE

RARE DL B 2 T 2 R IS, AU 30Tl T Y
I AL L ik A T (0] 73 A A2 A . A 55 I R TURE
DLRE CHRI PR 2% BE UL B8 ) 1 AN [ 14 g B2 A5 o 22 591, BV A
JEAEE . e WL BE AN — R ESDEIR 92BLE I X
al IO 0 BE DL JEE R . R T R B L SR
R UL JE ) 2 1] 0L A2 380 R A 1 T 25 14 2 1) 45 44
WEFEAR . i, FATHR 1, >R A A AR #EAT 022 W
I, AT 55 RE L BE A 05 58 . %0 AN NIt
DRI BT 14 R ) i DL JEE 40 - B

SR I T3 SRR U RE L JRE 5 A FH e IR BT A
s OB ATHE G T — PR BRI R AL
G AR B3 R i IR B T S BT R = OBk A T =5
HEATRRE L EE 1 e o) v R0 . A R £
ARARBEEN 32 2R DB suE Ot Ao e ook, AL
S 2R B 225 1 UL 2 1) 1 3 PR AEATS At 00 - s OS2 2
3o AT A S 35 R SORE DL BE » SCRE T 2 R T Y
BB ARR AL 5 S T [6] BE DL BE BRI B A R T,

02 R B MG A R B 930 B 220 Dy il SR
TR PIA . ASSORAIRLSE i 5080 Ao 3 e oo i id
A MDA IR EE . S, FRAT TR R T B
ZOCE R MR TR TR Bk . S B T X A B 110G 1
. TEMEERD b FRATRALAR 7028 b i 42 8 S AT
TRIRTE DT St RE (AR TR Ao () 33 e R B8 00 25
2 T Ay 2 ] 00 6 ) 35 A R RE L O ot FRATTSR A AP
43 4777 2RO BH e 55 1 3 1] 114 5 0 2 550 9 2
{8 HH 55 AE DL JRE 1A 3 ) A

R S5 0 i R JRE ) e 1) 5 T T L4 S A5 A
e JEE 1 ARG Tl A R T A B A 45 e R A E
WLREEHRIEAKFREDLIE o Pl T AN [R] g L 55 F) o 2 T
G AN  AS TR e BE B R AOKFBE WL AN R, R
FIE DL JRE 4 1) T R 0 A 2 4 HE R SUK AP RE DL EE 1Y
T FLM AR UK BE DL B A 2 [B] AN E 2] 4
MBIFFESE R n] DL & 21 R FVP #4706 1 2 1)
Pl T A T LA R SCRE WL Y A0 JZ LR . AN ) DX I
5 B ) 45 K A AR AN () FATTAIF 2 ) R URE L RE
Pl T AT LR TR AT 5 55 4 2 1] 235 44 B2 11 5 53 9 280
3t A A

Bt B F R L KL AR SR A R SR A
X AR Bk AR B LA B,

SE K -

[1] Houghton H G, Radford W H. On the local dissipation of natural
Fog, papers in physical oceanography and meteorology[ ] ]. Massa-
chusetts: Cambridge and Woods Hole, 1938.

(2] ZEF4E, %, AFEK, %5 BXEERFEYHEIM] b <444
Jitt. 2008 13.

Li Zihua, Yang Jun, Shi Chun’e, et al. The Physics of Regional
Dense Fog[ M. Beijing: China Meteorological Press, 2008: 13.

[3] Gultepe I, Tardif R, Michaelides S C, et al. Fog research: A re-
view of past achievements and future perspectives[ J]. Pure and
Applied Geophysics, 2007, 164 1121-1159.

[4] Kaseke K F, Wang L. Reconciling the isotope-based fog classifica-
tion with meteorological conditions of different fog types[J]. Jour-
nal of Hydrology, 2022, 605.: 127321.

[5] Zhang S, Li M, Meng X, et al. A comparison study between
spring and summer fogs in the Yellow Sea-observations and mech-
anisms[ ] |. Pure and Applied Geophysics, 2012, 169: 1001-1017.

(6] THIK, Fach, LR, . FETHRES 2 BB R8 WL AT
FET]. ZH RIERAA AR CEARFERD . 2021, 30€6): 615-620.
Qian Yuexin, Wang Yongzhong. Li Jiajun, et al. Research on air-
port visibility prediction based on deep learning[J]. Journal of
Yunnan Minzu University (Natural Sciences Edition), 2021, 30
(6): 615-620.

(7] BREENG. BT X2 DU-S 1 1 25 TR B30 1 B X ¥ ¥ Al 4 32 e 1F 9
[D]. Fnt: MR TR, 2022,

Lang Ziging. Research on Sea Fog Recognition Algorithm Based on
FY-4A and Its Impact on Ocean Routes[ D]. Nanjing: Nanjing
University of Information Science and Technology, 2022.

[8] Dorman C E, Mejia J, Koracin D, et al. World marine fog analysis
based on 58-years of ship observations[ J]. International Journal of
Climatology, 2020, 40(1). 145-168.

[9] Song S, Chen Y, Chen X, et al. Adapting to afoggy future along
trans-arctic shipping routes [ J]. Geophysical Research Letters,
2023, 50(8): €2022GIL.102395.

[10] Heo K'Y, Park S, Ha K J, et al. Algorithm for sea fog monito-
ring with the use of information technologies| J]. Meteorological

Applications, 2014, 21(2): 350-359.



176 HoE SN - 20244
[11] Tomasi C, Tampieri F. Features of the proportionality coefficient Universitatis Pekinensis, 2008, 44(5): 744-750.
in the relationship between visibility and liquid water content in [25] Tomine K, Michimoto K, Hikiji I, et al. The vertical structure
haze and fog[]J]. Atmosphere, 1976, 14(2): 61-76. of fog observed with a lidar system at Misawa Airbase, Japan[] .
[12] NiuS, Lu C, Liu Y, et al. Analysis of the microphysical struc- Journal of Applied Meteorology (1988-2005), 1991: 1088-1096.
ture of heavy fog using a droplet spectrometer: A case study[]]. [26] Hamazu K, Hashiguchi H, Wakayama T, et al. A 35-GHz scan-
Advances in Atmospheric Sciences, 2010, 27: 1259-1275. ning Doppler radar for fog observations[ J]. Journal of Atmos-
[13] fHNI, 225, BRI, RAREILEWFIRT]. H E W KA 4l pheric and Oceanic Technology, 2003, 20(7) . 972-986.
CHIRBI/0D . 2009, 39(5): 855-862. [27] YiL, LiKF, Chen X, et al. Summer marine fog distribution in
Fu Gang, Li Xiaolan, Wei Na. Review on the atmospheric visibil- the Chukchi-Beaufort Seas[ ] ]. Earth and Space Science, 2023, 10
ity research[ J]. Periodical of Ocean University of China, 2009, (2): e2021EA002049.
39(5): 855-862. [28] Caicedo V, Rappengliick B, Lefer B, et al. Comparison of aerosol
[14] Blackwell H R. Contrast thresholds of the human eye[ ] ]. Journal lidar retrieval methods for boundary layer height detection using
of the Optical Society of America, 1946, 36(11): 624-643. ceilometer aerosol backscatter data[ J]. Atmospheric Measure-
[15] Muench H' S, Moroz E Y, Jacobs L. P. Development and Calibra- ment Techniques, 2017, 10(4): 1609-1622.
tion of the Forward Scatter Visibility Meter[ M]. Air Force Cam- [29] YiL, LiKF, Chen X, et al. Arctic fog detection using infrared
bridge Research Iaboratories, Air Force Systems Command, spectral measurements[ ] ]. Journal of Atmospheric and Oceanic
Cambridge: United States Air Force, 1974, Technology, 2019, 36(8): 1643-1656.
[16] Lee HK, Suh M S. A comparative study on the visibility charac- [30] Hommersom A, Kratzer S, Laanen M, et al. Intercomparison in
teristics of naked-eye observation and visibility meters of fog over the field between the new WISP-3 and other radiometers (TriOS
South Koreal J]. Atmosphere, 2018, 28(1): 69-83. Ramses, ASD FieldSpec, and TACCS) [J]. Journal of Applied
(17 kBE. BULVKLMMIMI. dent. dbmtkae ik, 2015, Remote Sensing, 2012, 6(1): 063615.
Zhang Aichen. Modern Meteorological Observation M]. Beijing: [31] Tveiteras ] H. Characterization of Hyper Spectral Irradiance and
Peking University Press, 2015. Radiance Sensors[ D]. Bergen : The University of Bergen, 2013.
(18]  HEp#R, ZFEh, XINGR . . & 5 =068 W R U iy ik iR L) . [32]  F4idl, whAE, S0/ B DX v 8 S e s 2R 000 SO0 00 RS 4L
KGR AL, 2018, 35(1): 17-19. (). hEERE: HERFEE, 2023, 53(7): 1550-1562.
Huang Chendong, Li Wei, Liu Ruiliang, et al. Research on cali- Wang Weibo, Jing Chunsheng, Guo Xiaogang. Observation and
bration methods of transmission visibility meter[ ] ]. Meteorologi- simulation of Marine diffuse attenuation coefficients in the polar
cal, Hydrological and Marine Instruments, 2018, 35(1): 17-19. oceans| J]. Scientia Sinica Terrae, 2023, 53(7); 1550-1562.
(191 W&43)L. F Rl REILEE AW f FCAAR (0], MR R 224 [33] Miniature Light-Intensity Data Logger COMPACT SLW[C]. ht-
1999(2) . 80-85. tp: //www. candv. co. kr/data/COMPACT-8LW.
Zeng Shu’er, Wang Gaili. Observation and instrument of visibili- (341 MAFET-, XU—Ak, AL, S5 FHIE I e B I 5 1 5%
ty[J]. Quarterly Journal of Applied Meteorology, 1999(2): 80- BEDLE R 5 e MISIE LT ] b B Rk CA SRR 200 ,
85. 2019, 49(5). 1-10.
[20] AR, Bfe, B, S5 S5 R E o 2R AR R i Zhao Jinping, Liu Yilin, Yi Li. et al. A method for retrieving fog
BT P EAEHY R, 2021(5); 70-72. visibility from vertical optical measurement and itsvalitation[ ] ].
Wang Jiansen, Ge Yonghua, Zhang Huan, et al. Discussion on Periodical of Ocean University of China, 2019, 49(5): 1-10.
veriffcation method of forward scattering visibility sensor for me- [35] AkME, FPZE, s, & RABEMFHAIM]. bt K88
teorology[J]. China Instrumentation, 2021(5). 70-72. At 1993 79-98.
[21] FHAEHE. DEPIR. ¥, 55 BOGHEGE WL I 5 vk Ak s [T . Lin Ye. Wang Qingan, Gu Songshan, et al. Atmospheric Obser-
WS % #4R ., 2014, 25(5): 610-617. vation[ M]. Beijing: China Meteorological Press, 1993; 79-98.
Du Chuanyao. Ma Shuqing, Yang Ling, et al. Dual optical path [36] Koschmieder H. Theorie der Horizontalen Sichtweite[ M]. [s.
visibility system measuring method and experiment[]J]. Journal l. ]: Keim & Nemnich, 1925.
of Applied Meteorological Science, 2014, 25(5): 610-617. (370 ZWEt, XUWeAR, B, 45 V2R RUAE WL RE 52 il 14 B
[22] JuT, Wu B, Zhang H, et al. Parameterization of radiation fog- RS 44rT]. NG, 2003, 23(2): 87-90.
top height and methods evaluation in Tianjin[J]. Atmosphere, Li Shuguang, Liu Xiaodong, Hou Lantian, et al. Theoretical cal-
2020, 11(5); 480-486. culation about influence of sand storm on atmospheric visibility
[23] Egli S, Maier F, Bendix J, et al. Vertical distribution of micro- [J]. Applied Laser, 2003, 23(2);: 87-90.
physical properties in radiation fogs: A case study[J]. Atmos- [38] Middleton W E K. Bouguer, Lambert and the theory of horizon-
pheric Research, 2015, 151 130-145. tal visibility[ J]. Isis. 1960, 51(2): 145-149.
[24] ZMst, skZETH, skKA, 5. REE B0 S BRI R R (391 Gemmrh. BURKRAOBEIMI. dbat: Blegdiiist, 2012.

SRl ESpRI ]

ZERFHEAT [ JERTIE AR CA AR A0 . 2008, 44
(5): 744-750.

Wu Bingui, Zhang Hongsheng, Zhang Changchun, et al. Analy-
sis of the micro-meteorologic element during the advection fog pe-

riod in the south of Tianjin City[J]. Acta Scientiarum Naturalium

https://www.cnki.net

[40]

Rao Ruizhong. Modern Atmospheric Optics[ M]. Beijing: Science
Press, 2012.

BZIR. WORTES TG T L st il AR PR (D). 1% Pi%
BT R, 2021

Jia Zhijuan. Study on the Attenuation Characteristics of Laser



10 4

aibvin SRR ¢ &S A AN IR 0N 4 s S B YA 177

[41]

[42]

[43]

[44]

[46]

[47]

SRl ESpRI ]

Transmission in Fog[D]. Xi’an: Xi’an University of Technolo-
gy, 2021.

WO, AR R R RIS R ] MERBLHERE, 2001
(5): 643-657.

Huang Ronghui. Review and prospects of the developments of at-
mospheric sciences[ ] ]. Advances in Earth Science, 2001 (5);
643-657.

Shangguan M J, Xia H Y, Shu Z F, et al. Scanning FP etalon
based high spectral resolution lidar for low-stratosphere tempera-
ture measurement | ] ]. High Power Laser and Particle Beams,
2014, 26(12). 26-32.

Wiscombe W J. Improved Mie scattering algorithms[J]. Applied
Optics, 1980, 19(9): 1505-1509.

Ma L. Measurement of aerosol size distribution function using
considerations[ ] ]. Journal of

Aerosol Science, 2007, 38(11): 1150-1162.

Mie scattering—Mathematical

Tatsiankou V., Hinzer K, Haysom J, et al. Design principles and
field performance of a solar spectral irradiance meter[ J]. Solar
Energy, 2016, 133: 94-102.

Grobner J, Kouremeti N. The precision solar spectroradiometer
(PSR) for direct solar irradiance measurements[ J |. Solar Ener-
gy, 2019, 185: 199-210.

FOMESE. R R BH OGR4 B SO BRI (D). A e
BAHOR R, 2021.

https://www.cnki.net

(48]

[49]

[50]

Huang Xinghao. Development of High-Precision Direct Solar
Spectral Irradiance Monitor[ D]. Hefei; University of Science and
Technology of China, 2021.

Heuermann R, Reuter R, Willkomm R. RAMSES: A Modular
Multispectral Radiometer for Light Measurements in the UV and
VIS[C]. [s. LJ]: Environmental Sensing and Applications.
SPIE, 1999, 3821: 279-285.

Ramirez Pérez M. New Observational Approaches for Optically
Complex Waters Based on High-Resolution Transmissometry
[D]. Catalunya: Universitat Politécnica de Catalunya, 2017.
WA, PRUETE RO /12338 BHE SG & 5. https: //www. in-
strument. com. cn/show/C519931. html.

Akhmanov S A, Nikitin S Y. Physical Optics. M]. Oxford: Ox-
ford University Press, 1997.

Liu Y L, Zhao J P, Chen P, et al. Calculation algorithm for spec-
tral irradiance using broad-band optical filter data[J]. Intelligent
Marine Technology and Systems, 2024, 2. 1-14. https://doi.
org/10. 1007/s44295-024-00044-1

DR, EATBECRE RSB KO AR R (D] AL
FEBLAROR RS, 2023,

Tang Xiaoxiao. Study on the Improvement of Direct-Scattering
Spectroradiometer and Its Calibration Method[ D]. Hefei: Uni-
versity of Science and Technology of China, 2023.



178

ROE W% K ¥ ¥ M 2024 4

Principles and Applications of a Disposable Fog Visibility Profiler

Zhao Jinping'?, Chen Ping’, Liu Yilin"**, Chen Xianyao', Men Yabin’, Xu Junchen’,
Yi Li', Li Tao', Wang Xiaoyu', Luan Liang”, Gao Lin'
(1. College of Oceanic and Atmospheric Sciences, Ocean University of China, Qingdao 266100, China; 2. Guanchao Ma-
rine Technology Limited Company, Qingdao 266000, China; 3. Institute of Oceanographic Instrumentation, Qilu Universi-
ty of Technology (Shandong Academy of Sciences) . Qingdao 266100, China; 4. Key Laboratory of Physical Oceanography,
Ministry of Education, Ocean University of China, Qingdao 266100, China; 5. National Ocean Technology Center, Tianjin
300112, China)

Abstract: Accurate observation of atmospheric visibility is an important basis for fog research. Most
known visibility phenomena are based on the observations and studies near the ground. In fact, fog visi-
bility in the sky is vertically different, showing a vertical stratification feature. The existing atmospheric
visibility meters are heavy and cannot be carried by sounding balloons. Due to the limitation of observa-
tion methods, the vertical structure of fog is rarely studied. In order to obtain the vertical attenuation
coefficient of the atmosphere, a disposable miniature irradiance meter with small volume, light weight
and long transmission distance was developed, which is the key part of the Fog Visibility Profiler
(FVP). FVP is equipped with five monochromatic bands and one full-spectrum band, which can be used
to further study the relationship between the spectral attenuation coefficient and fog visibility. The radi-
ometer is typically utilized by either grating-based or filter-based spectral acquirement techniques. Here,
the filter-based measurement was adopted by using a broad-band filters to obtain spectral irradiance.
This miniature radiometer is carried aloft by a meteorological balloon and collects natural light irradiance
for detecting fog visibility. FVP not only can measure the atmospheric irradiance accurately, but also
has the characteristics of light weight and low cost, so it becomes a new means to detect the vertical
characteristics of atmospheric visibility. We also propose two innovative algorithms for accurate meas-
urement of atmospheric irradiance: inversion of spectral irradiance and correction of instrumentswing.
inversion of spectral irradiance based on a calibration algorithm for the broad-band multispectral radiom-
eter to enable precise retrieval of irradiance. Correction algorism of instrument swing was innovatively
developed a to correct the spectral irradiance. On this basis, the vertical distribution of atmospheric visi-
bility is successfully reversed using the diffuse attenuation coefficient of solar radiation obtained in the
vertical direction. From the results of the field experiments, it is clear that the profile observation using
the FVP can capture the vertical structure of visibility in fog situation. The actual observation results
show that the fog not only has rich information in the vertical direction, but also has obvious differences
in space, which needs further study. The atmospheric visibility profiler can provide valuable data for the
in-depth study of the vertical structure of fog and has important application value.

Key words: fog visibility; profiler; vertical structure of fog; irradiance; attenuation coefficient; multi-

spectrum
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