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Abstract: Due to the vertical migration of cyanobacteria and frequent wind waves disturbance, the floating, mixing, migration and
accumulation of cyanobacteria bloom in Lake Taihu occur rapidly. It is very difficult to accurately capture cyanobacteria bloom oc-
currence and appearance using the traditional lake positioning and cross-section monitoring due to low temporal and spatial observa-
tion frequency and resolution, which limits the in-depth understanding of cyanobacteria bloom formation process, driving mecha-
nism, prevention and control. Satellite remote sensing can realize the synchronous observation of the spatial distribution of cya-
nobacteria bloom, but it is difficult to capture the rapid dynamics of cyanobacteria bloom due to the limitation of observation fre-
quency. Using independently developed land-based ( ground-based, shore-based, or fixed on the platform, ship and pile founda-
tion) hyperspectral water quality remote sensing instrument by the Hangzhou Hikvision Digital Technology Co., Ltd and Nanjing
Zhongke Deep Insight Technology Research Institute Co., Ltd installed in Taihu Laboratory for Lake Ecosystem Research

(TLLER) of Chinese Academy of Sciences, the short-term sudden and rapid cyanobacteria bloom dynamics in a day was effectively
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captured through the continuous observation of chlorophyll-a concentration and other key water quality parameters at the second-mi-
nute level. The results show that cyanobacteria are easy to float in the surface water under the conditions of breeze and light wind,
and the prevailing northwest wind drives the cyanobacteria bloom in the open water area of the lake to float and accumulate to the
shore of TLLER quickly. Chlorophyll-a concentration in surface water can rapidly rise from 10 pg/L to more than 100 pg/L in just
half an hour. Several chlorophyll-a peaks are recorded in a day from 8:30 to 18:30. All these results clearly show that cyanobacte-
ria have a rapid hourly dynamic change process. Affected by the rapid hourly variations of cyanobacteria, water quality parameters
such as secchi disc depth, total nitrogen, total phosphorus and chemical oxygen demand also show rapid hourly variations. Signifi-
cantly negative relationship between chlorophyll-a and secchi disc depth but significantly positive relationships between chlorophyll-
a and total nitrogen, total phosphorus, chemical oxygen demand are found, which indicate short-term floating and gathering of cya-
nobacteria have a profound impact on the water quality of lakes.
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Fig.1 Location of observation site (a), photo of in situ land-based

hyperspectral water quality remote sensing monitor instrument (b), and algal bloom photo (¢)
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Fig.2 Hourly variations of air temperature and water temperature (a), wind speed and wind
direction (b) of observation site from August 7-9, 2021
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W] 2 A BR PR R 15 KO S A A A A GBS IR S /K PRI W A A A K R A IR RS i T B R R AN G
SRR B N (EL B2 A R A I B e e 2 i UBORE 25 A BIL 0B R U B R 1Y 0 5 . Kl 2005 —
2020 AFA I E AL IR o KW IRI SRR o WRIE 5 SRR B S 5 R R BOC &R KR 20 K 0 U
FEEARTEG , 7K A St 3 VO 8, 4 W K A 7 D A A v (R K A Tt e o U 1 T B A R 3
H T AR A SR AL TR0, B A 44 ) AR AR AR ME I B 28 3R o 5 BB B IE ARG, A I
T Ay BRI, A 752 B 2 i 00 P 9 2 1 Rk SR A I B 2 W 3 A R Ok L e AR R AR
2 RIS ALY, AL T 2 M AR R U, T R A ML R b i AR IR A B . DATEAE R
AR 2 B 2 W K R DR T B e A 8 I I o R PR R 8 B S M S R o YR A e — B =3 [l 3 A
TEMERER a AW o 00 0l A TR A 2 1 B A PR A 16 50 5 i i ML, T4 R o 5 1 R R Eh 48 RO 1 35 OE



FRIB AR A A L B R B PR KON IR SRR e B A Beak AR AR 1957

)Fﬁjé[szm]
0.50 5.0
(@) 2=0.35, P<0.001 (b) A
’ 45t A
0.45r 12=0.87, P<0.001 A
40t
0.40}
- = 35¢
41’\_’( 0.35¢ EO 3.0}
% 0.30f ® 251
i B0t
0.25} :
150 %
0.20} Lol # .,
015 1 1 1 1 1 0.5 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
2 a1/ (ng/L) M4 R el B/ (ng/L)
0.30 75
(©) o (d)
0231 1220 83, P<0.001 ‘ K =
~ 0.20t g
E =
£ 015t S
%5 ki
E 0.10 3;%
T it
P 2
0.05} @&amo:
CIIOXIND 00 &
1 1 1 1 1 35 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
2 a2/ (ng/L) -2 R e FE/(ng/L)

Kl 4 2R o IRESBEWIE (a) KRIKE (b) EBHEIE (o) PRI HAE 40 (d) [ g e R
Fig.4 Linear relationships between chlorophyll-a concentration and secchi disc depth (a) ,

total nitrogen concentration (b) , total phosphorus concentration (c¢), and chemical oxygen demand (d)

SHERERE

ARSCHET 11 BT ol i o ' 22 2 K e S 0 S, 366 5 b A e A 0 B D Al i
KA e HOBEK B 500 — R A AL DR A 1 B, OF 45 5 R K SCBUAI 4 HOB ISR AL 0F 5 Kk LA
TR IN RSS2 2 3R 2 K BT A s 74 DXL SK 2 989 TR T /A Jol A 8 7 8 A DA 389l R AT T iy WL
AR T 2R R o VR A S A/ R 10 g/ L PROEEE T 2 100 wg/L 2247, Z ) #E AR 7E 60 ~ 80
pe/ L Bl 5 A A B 2 175 W1 38 D S A, B 50 L BV R i R 45 30 28, D B e Sk AR T L5 A S
IK SRR AL

5 ORI, FATTRIF S 45 SR 0 7 il A 22 % v AROUL I T L2 i 75 7K PR 58 R 24 285 2R 0 G A P AR R 5 A8 1
O, TR AR 25 R GE 8N 124N, D B 2K AR RIOK BOK PR3 M I 32 W4 3t 5 R T B, i m] RLER TR ROk
PBEH AL BN BUERE S SEBR B TS B AR AN SR K K £ KU AR T Bh R AU
PR WA 25 R G B AL A o TR 2V 22 A S el w7 AL G038 T G ) SR R 4
ARSI £ P 2 VP 22 st AR A S st A 00 Tl e s ' i SO B 17 A SC S B 4 R a3 W
JE B R B R R AR KON b T LI RROKHR i A T A LY R AR I S U I, D
REAR G fit SR A PR AR P i, TR A 705 8 i 0 R 7K SR DR S X A 989 12 030 /K 3 35 5 7K A 25 )
MR AR S AL

AAEE TS/ MUK/ S s TE N LA B 7K 0 5 0 J i 26 v Dl 1% 7K 3 5 3 J o 7 B I Tl P B (S5 m 72
A1), BKARGHE SO, KA S A AT L2, TO 5 HEAT R AURCE , P m] PLSE BB R £ = A B 45
SRR OLT S o B2 A K RS B R . [ ol 5 g D' i 2 J s ) S0 =5 400 ~ 1000 nm ] UL A1 21 41



1958 J. Lake Sci.(#ia#%) ,2021,33(6)

B, JEIE BRI 1 nm W] LU FALFE K €0 S 50F 9 I B8 22K 0T 2 800, 5 30 SEORY o 1) g R B 3 R A 0.
T AEENE T RS SRR AR TR B AR R B R T I M L R R BAE 11 A AK
RS AKAE TG IS TT i I 61 i 3ok 1 35428 J ) 26 52 50 , B 3R 7 5 i T B 1) B SR ALK o i
BB IRALFNEE T IUAT B 0RG B FOIE R M 5 A B 22 K B S RO 2 ) SRk (AN ORI M A LA 5 ) | S #
AL 0 PR R R R A e A AR W, AR 45 T B R BB 1K) 5 XA AR B A B 1T, 9B R AR AR S A
Y, WIS IR . I, i 3 1 %2 SRR S m] 0 T 3L 3 T b b 3 S R K R
WA, =S A TR UK SR - & SR AR A3 S [ 5 RS sh (v B 34 AT L e e Bl 3 R i 22 2 0K T 8
A, BN 2R e ol TR K Sl e 8 v A0 . B B P R R IS 3000 S AR A W s R T Ko R R K G AR DA R
R TR WEIR AT W s

i 3 5 G 22 2 BOK TR BRI SGE A AR A IR KA B, F AR SR I S A Tl T, T N T
2 b e A W T i 8 v A I R B H At UK ST R 3 8 e UK IR W T, R AN LA N TR A
5 W4 U T WO SR A R SO0 2 5 O A T RN AR - S L. TR, B mT LR TR B T | e A S
TR W RMBIFAIF 7T , 225 (a7 S (8 nT R 3h. pedlh, B Al i 56 15 D 22 2 850K T 8 W I SGA T DL & F
Fe 2B Sl W L) K A0 T LB 22 50 7 s B AR F G, SC 4 4 1) b 38 /K AR /K SR 58 W 55 1y FH A9
IR IABEIA B 518 55 SR ALV 52 W) R G AR DT 58 IR K IR SR A B
ot KA A S R AFTRSERBAN A LR R AR B HIE, R T B Baftho M o R AL
FHAMMARNE ZHMEIE S FFRFRFEGLESLE S AMKRTEBR LN E R RREF @
B H 8.

4 S 3k

[ 1] Zhou YQ, Ma JR, Zhang YL et al. Improving water quality in China: Environmental investment pays dividends. Water Re-
search, 2017, 118 152-159. DOI;10.1016/j.watres.2017.04.035.

[2] Qin BQ, Zhu GW, Gao G et al. A drinking water crisis in Lake Taihu, China; Linkage to climatic variability and lake
management. Environmental Management, 2010, 45(1) ; 105-112. DOI;10.1007/s00267-009-9393-6.

[ 3] SongKS, Fang C, Jacinthe PA et al. Climatic versus anthropogenic controls of decadal trends ( 1983-2017) in algal
blooms in lakes and reservoirs across China. Environmental Science & Technology, 2021, 55(5): 2929-2938. DOI; 10.
1021/ acs. est.0c06480.

[ 4] Qin BQ, Paerl HW, Brookes JD et al. Why Lake Taihu continues to be plagued with cyanobacterial blooms through 10-
years (2007-2017) efforts. Science Bulletin, 2019, 64(6) : 354-356. DOI;10.1016/].scib.2019.02.008.

[ 5] Guo CX, Zhu GW, Paerl HW et al. Extreme weather event may induce Microcystis blooms in the Qiantang River, South-
east China. Environmental Science and Pollution Research, 2018, 25(22) . 22273-22284. DOI. 10.1007/s11356-018-
2216-7.

[ 6] Xin HR, Zhu GW, Wang XS et al. Variation and driving factors of black water event intensity in Lake Taihu during 2009
to 2018. Environmental Science, 2020, 41(11) : 4914-4923. DOI.10.13227/j.hjkx.202004172.[ 3e4e35¢, K7, £5H
FASE. 2009—2018 47K Wi 2 3 BE A8 Ak KOS [ 3. IR AL, 2020, 41(11) : 4914-4923. ]

[ 71 Qin BQ, Zhang YL, Zhu GW et al. Are nitrogen-to-phosphorus ratios of Chinese lakes actually increasing? PNAS, 2020,
117(35) : 21000-21002. DOI:10.1073/pnas.2013445117.

[ 8] Zhu GW, Qin BQ, Zhang YL et al. Fluctuation of phosphorus concentration in Lake Taihu in the past 70 years and future
control strategy. J Lake Sci, 2021, 33(4) : 957-973. DOI:10.18307/2021.0401.[ )", Z{A5%, 5Kz bR, 1 70 4F
KR AR R e BE AR AL RFAIE B AR A SR IIARLE, 2021, 33(4) : 957-973.]

[ 9] Zhang YL, Shi K, Liu JJ et al. Meteorological and hydrological conditions driving the formation and disappearance of black
blooms, an ecological disaster phenomena of eutrophication and algal blooms. Science of the Total Environment, 2016,
569/570; 1517-1529. DOI:;10.1016/].scitotenv.2016.06.244.

[10] Huang CC, Shi K, Yang H et al. Satellite observation of hourly dynamic characteristics of algae with Geostationary Ocean
Color Imager (GOCI) data in Lake Tathu. Remote Sensing of Environment, 2015, 159. 278-287. DOI. 10.1016/].1se.
2014.12.016.



FRIB AR A A L B R B PR KON IR SRR e B A Beak AR AR 1959

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Qi L, Hu CM, Visser PM et al. Diurnal changes of cyanobacteria blooms in Taihu Lake as derived from GOCI observations.
Limnology and Oceanography, 2018, 63(4) : 1711-1726. DOI;10.1002/1n0.10802.

Wu TF, Qin BQ, Brookes JD et al. The influence of changes in wind patterns on the areal extension of surface cyanobacte-
rial blooms in a large shallow lake in China. Science of the Total Environment, 2015, 518/519. 24-30. DOI. 10.1016/].
scitotenv.2015.02.090.

Qin BQ. Shallow lake limnology and control of eutrophication in Lake Taihu. J Lake Sci, 2020, 32(5) : 1229-1243. DOI.
10.18307/2020.0501. [ Z&{F138. ¥RAK WIAMITH 5 KW B FRALA=HIREFE. WAL, 2020, 32(5) : 1229-1243.]
Marcé R, George G, Buscarinu P e al. Automatic high frequency monitoring for improved lake and reservoir management.
Environmental Science & Technology, 2016, 50(20) : 10780-10794. DOI;10.1021/acs.est.6b01604.

Seifert-Déhnn I, Furuseth IS, Vondolia GK et al. Costs and benefits of automated high-frequency environmental monito-
ring—The case of lake water management. Journal of Environmental Management, 2021, 285. 112108. DOI. 10.1016/].
jenvman.2021.112108.

Meinson P, Idrizaj A, Noges P et al. Continuous and high-frequency measurements in limnology: History, applications,
and future challenges. Environmental Reviews, 2016, 24(1) ; 52-62. DOI;10.1139/er-2015-0030.

Liu J, Zhou M, Chen X et al. Study on the construction and management of the quality automatic monitoring network of
state surface water. Environmental Monitoring and Forewarning, 2014, 6(1) . 10-13.[ X|5%, JH%, &%, ERME
KK T A B W R S BT E B IR R 5 . B I ST, 2014, 6(1) : 10-13.]

Duan HT, Wan NS, Qiu YG et al. Discussions and practices on the framework of monitoring system in eutrophic lakes and
reservoirs. J Lake Sci, 2020, 32(5) : 1396-1405. DOI:10.18307/2020.0513.[ Bejtti, Hfieh:, H4ARESE. &8 H#{k
WER—2—H— R I P 6 REEBOT S . #WIIARLE, 2020, 32(5) : 1396-1405.]

Qin BQ, Li W, Zhu GW et al. Cyanobacterial bloom management through integrated monitoring and forecasting in large
shallow eutrophic Lake Taihu ( China). Journal of Hazardous Materials, 2015, 287 . 356-363. DOI:10.1016/j.jhazmat.
2015.01.047.

Sun X, Zhang YL, Shi K et al. Monitoring water quality using proximal remote sensing technology. Science of the Total En-
vironment , 2022, 803 149805. DOI:10.1016/j.scitotenv.2021.149805.

Zhang YL, Sun X, Li N et al. Machine learning algorithm for land-based remote sensing of chlorophyll and phycocyanin in
complex scenes. China Patent, No. 202010923955.X. [ 5Kiz bk, #MBE, ZSiiF45. 52 275 R KA G 2 e v 2L 3
LA . hEL ], 202010923955.X. ]

Zhang YL, Sun X, Li N et al. Land-based remote sensing monitoring method for water nutrients and chemical oxygen de-
mand. China Patent, No. 202110097894.0. [ FKiz#f, FMGE, ZERAE. K (A 3250 R~ 0 4 ek 1 ol 8 228 2 M 00 5
. R EEF], 202110097894.0. ]

Isles PD, Pomati F. An operational framework for defining and forecasting phytoplankton blooms. Frontiers in Ecology and
the Environment, 2021. DOI.10.1002/fee.2376.

White AE, Watkins-Brandt KS, McKibben SM et al. Large-scale bloom of Akashiwo sanguinea in the Northern California
current system in 2009. Harmful Algae, 2014, 37 38-46. DOI.10.1016/j.hal.2014.05.004.

Ma JR, Deng JM, Qin BQ et al. Progress and prospects on cyanobacteria bloom-forming mechanism in lakes. Acta Ecologi-
ca Sinica, 2013, 33(10) : 3020-3030. [ Ths5, XS, Z(AMA. 1A W HAK LR AL PIBPF R . A2,
2013, 33(10) : 3020-3030.]

Havens KE. Phosphorus-algal bloom relationships in large lakes of south Florida: Implications for establishing nutrient cri-
teria. Lake and Reservoir Management, 2003, 19(3) . 222-228. DOI; 10.1080/07438140309354087.

Zhang YL, Qin BQ, Zhu GW et al. Profound changes in the physical environment of lake Taihu from 25 years of long-term
observations; Implications for algal bloom outbreaks and aquatic macrophyte loss. Water Resources Research, 2018, 54
(7). 4319-4331. DOI:10.1029/2017WR022401.

Hunter PD, Tyler AN, Willby NJ et al. The spatial dynamics of vertical migration by Microcystis aeruginosa in a eutrophic
shallow lake: A case study using high spatial resolution time-series airborne remote sensing. Limnology and Oceanography ,
2008, 53(6) : 2391-2406. DOI:10.4319/10.2008.53.6.2391.

Shi K, Zhang YL, Zhou YQ et al. Long-term MODIS observations of cyanobacterial dynamics in Lake Taihu: Responses to
nutrient enrichment and meteorological factors. Scientific Reports, 2017, 7. 40326. DOI;10.1038/srep40326.



1960

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

J. Lake Sci. (#ia#F3) ,2021,33(6)

Xu H, Paerl HW, Zhu GW et al. Long-term nutrient trends and harmful cyanobacterial bloom potential in hypertrophic
Lake Taihu, China. Hydrobiologia, 2017, 787(1) : 229-242. DOI:10.1007/s10750-016-2967-4.

Zou W, Zhu GW, Cai Y] et al. Quantifying the dependence of cyanobacterial growth to nutrient for the eutrophication man-
agement of temperate-subtropical shallow lakes. Water Research, 2020, 177. 115806. DOI. 10. 1016/j. watres.
2020.115806.

Zhang YL, Yang LY, Qin BQ et al. Spatial distribution of COD and the correlations with other parameters in the northern
region of lake Taihu. Environmental Science, 2008, 29(6) ; 1457-1462. DOI;10.13227/j.hjkx.2008.06.006. [ 5kizHk, 1
Jeot, ZAsRAE. RKBIIL TR X COD ¥ B 25 [l o A J2 5 H B 2R MR HEE 5T, FRBERL2A, 2008, 29(6) .
1457-1462. ]

Yin Y, Zhang YL, Liu XH et al. Temporal and spatial variations of chemical oxygen demand in Lake Taihu, China, from
2005 to 2009. Hydrobiologia, 2011, 665(1) : 129-141. DOI;10.1007/s10750-011-0610-y.

Carpenter SR, Arani BMS, Hanson PC et al. Stochastic dynamics of Cyanobacteria in long-term high-frequency observa-
tions of a eutrophic lake. Limnology and Oceanography Letters, 2020, 5(5) : 331-336. DOI:10.1002/1012.10152.
Jennings E, Jones S, Arvola L er al. Effects of weather-related episodic events in lakes: An analysis based on high-fre-
quency data. Freshwater Biology, 2012, 57(3) : 589-601. DOI;10.1111/j.1365-2427.2011.02729.x.

Blaen PJ, Khamis K, Lloyd C et al. High-frequency monitoring of catchment nutrient exports reveals highly variable storm
event responses and dynamic source zone activation. Journal of Geophysical Research: Biogeosciences, 2017, 122(9) :
2265-2281. DOI:10.1002/2017JG003904.

Saraceno JF, Pellerin BA, Downing BD et al. High-frequency in situ optical measurements during a storm event; Assessing
relationships between dissolved organic matter, sediment concentrations, and hydrologic processes. Journal of Geophysical

Research ; Biogeosciences, 2009, 114(G4) : GOOF09. DOI 10.1029/2009JG000989.





