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Abstract

Recently, the water pollution problem in China has become increasingly serious, especially in large lakes
and reservoirs, such as algal blooms, river and pit pollution. Monitoring the changes in aquatic environment and
recognition of water colour anomaly using satellite-based remote sensing technology has the advantages of
reduced costs, high efficiency, wide application range, and inclusion of real-time dynamic monitoring.
Meanwhile, it has scientific and social significance for monitoring the change trends and determining the driving
factors of inland water quality.

Due to seasonal and regional differences, the inland water composition and aerosol characteristics are
complex. Additionally, the inland water is not concentrated and widely distributed and thus will be affected by
the land proximity effect and other related problems. Therefore, it is a challenge that what establishes a universal
monitoring model for inland water quality based on remote sensing. To conduct remote sensing-based
monitoring of inland water quality over a wide range, Forel-Ule Index (FUI), which is not affected by the changes
in the water composition and light field, is an important optical parameter. FUI has a good correlation with water
clarity.

In this study, Baiyangdian Lake, Qiqihar City, Xiong’an New Area, and Yangtze River were selected as
study areas, and the FUI, hue angle a, and water clarity (Secchi disk depth, i%BHE) were selected as water
quality evaluation indexes to analyse the temporal and spatial variations in water colour typical inland water
bodies and to identify anomaly water bodies.

(1) The study was conducted in Qiqihar City of the Heilongjiang Province and Xiong’an New Area of the
Hebei Province. The measured spectral differences and water colour of the normal and anomaly water bodies in
the two study sites were analysed to investigate the influence of the external environment on water colour. A
method for screening wide-ranged water bodies with anomaly water colour was proposed in this study based on
the water colour and hue angle a. Moreover, the method constructed a model based on the extraction of hue
angle a from Sentinel-2 MSI (multi-spectral instrument, MSI) data and calibration of linear fitting formula and
accuracy improvement of the hue angle a. Subsequently, the R?, the root mean square error (RMSE), mean
relative error (MRE) values of the model were 0.9029, 4.397°, and 1.744%, respectively. The study indicated
that when the screening threshold of anomaly water colour was set at a hue angle a of 230.958°, the proposed
model exhibited good stability and acceptance and thus can be used as a reference to screen anomaly water
colour.

(2) As for Baiyangdian Lake, it is an important water resource in Beijing city, Tianjin city and Hebei
Province, and FUI is taken as the water quality evaluation parameter. Based on the Sentinel-2 MSI data, an
extraction method for the FUI was developed. Subsequently, the MRE and RMSE values of the method were

3.54% and 0.57, respectively. Furthermore, the FUI is inversely proportional to the degree of water clarity. Using
I



this method, the study calculated the FUI and time series data of the Baiyangdian Lake from April to November
during 2016-2020 on local and Google Earth Engine (GEE) cloud platform. And we analysed the spatial
distribution patterns, seasonal variations, and inter-annual variations of the lake. To precisely analyse the
spatiotemporal variation in the FUI of the Baiyangdian Lake, a partition statistical method suitable for remote
sensing of water colour was proposed. The Baiyangdian Lake was divided into seven sub regions by water depth
and functional area. The spatial distribution results indicated that the FUI value was high in the south and low
in the north. The seasonal variations in the Baiyangdian Lake and seven sub-regions were consistent, with turbid
water in spring and autumn, and clear water in summer. Inter-annual variations analyses for 2016-2020 indicated
that the zone of A became progressively turbid, whereas the B, C. D, E. F and G zones exhibited slow and
gradually decreasing trends. Our findings suggest that the overall water quality of Baiyangdian Lake may be
better, which may be related to the governace polices of the region.

(3) The study was conducted in Yangtze River. And it is the longest river in Asia. Furthermore, based on
the Sentinel-2 MSI data, a water clarity retrieval algorithm was constructed, based on which a water clarity
retrieval model was developed using the FUI and hue angle a. Subsequently, the accuracy of the model results
was evaluated using the water clarity retrieval results of the MODIS data as true reference values. The R%, RMSE,
MRE and Pearson correlation coefficient values of the model were 0.8854, 0.07m, and 14.0%, respectively,
while the correlation coefficient was 0.93. The method was also used to calculate the water clarity and time
series data of the Yangtze River from January to December during 2017-2020 on local and GEE platform.
Additionally, the FUI spatial distribution pattern, seasonal variations, and inter-annual variations of the region
were analysed. Consequently, the spatial distribution pattern results of the SDD of Yangtze River indicated a
high SDD in the west and a low SDD in the east. The main driving factors affecting the Yangtze River SDD was
sediment runoff, water level, and precipitation. The upstream and downstream Yangtze River SDD was
negatively correlated with the change in precipitation, water level and sediment runoff, whereas the midstream
Yangtze River SDD was positively correlated with the change in water level. The upper and lower reaches of
the Yangtze River and overall SDD showed a weak downward trend, and the middle reaches of the Yangtze
River remained almost unchanged.

The study constructed a model based on the extraction of hue angle a and FUI from Sentinel-2 MSI data
and calibration of linear fitting formula and accuracy improvement of the hue angle a and FUI. And the study
indicated that when the screening threshold of anomaly water colour was set at a hue angle «a. Taking the FUI
as the water quality evaluation index, the temporal and spatial variation of water color in Baiyangdian water area
is analyzed; A water clarity retrieval algorithm was constructed, based on which a water clarity retrieval model
was developed using the FUI and hue angle «. And the model is applied to the main stream of the Yangtze River,

and the spatio-temporal change analysis of SDD was carried out.
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There are 49 figures, 11 tables and 211 references.
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Figure 1.1 Scene photo of waterbody with anomalous waters in Qiqihar City, Heilongjiang Province and
Xiong’an New Area, Hebei Province; (a)-(d) anomalous water in Qiqihar City, Heilongjiang Province; (e)-(f)
anomalous water in Xiong’an New Area in Heibei Province
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Figure 2.8 The technical route of field experiments

2.3 Sentinel-2 MSI| #IEIKENS 4 TE

Sentinel-2 MSI ¥ 2 5 40 #F3 2 6 uG 8 K PR, #3261 g A, Bl & N
786km, HA 13 MG, AN 290km, 13 AN B2 73 HE% 555008 10m.
20m. 60m. 3 2.2 J& Sentinel-2 MSI 45 MSI AR /&5 .. 1E 2015 4 6 12017 4F
3 H, WK )R (European Space Agency, ESA)Z7> 7l &K 4f Sentinel-2A A1 2B Wi P22,

Wi EMEVIEYN 10 K, Sentinel-2A 1 2B Pl L2 H 4, HEUFFM4EE 5 K. It
At FEHPEL X Sentinel-2 MSI #0405 (1 B 15 Jil AT AL 22 2-3 Ko Sentinel-2 MST £l
LA B (B R] 3 26 R0 28 (0] 4y 28 | LA B (e il B T B B A B PO 9 o DAL,
Sentinel-2 MSI #UHEFE/KFHE . ARAR. LH REAEAE AU B A BRI R /3071931, 2016-
2018 4, Sentinel-2 MSI ###{X A Level-1C ##, i Level-1C %4 & Z2id it Sen2Cor K fF
AEFRAF ] Level-2A #i¥i: 2019 4R LERKINATR /) ESA B 5 Wi A1 GEE - & Hi%
TN Level-2A 4, Level-2A ##EtH2181d Sen2Cor FAFHHT KARIEALS . &

2.1 F1F 2.2 43 5ll 2 Sentinel-2 MSI #dfz 5 2™ it I EEAAS BATK BAE B

% 2.1 Sentinel-2 /= /{5 B
Table 2.1 The product information of Sentinel-2

7= 2R P B I
Level-0 JF G H

Level-1A KRG HEAT TR IEA5 21 ¥ 7 Aoy R4 H
Level-1B B A GCP AL J LA B A i 22 7=

Level-1C 223 IEHRR IEAIEAR T 1 T UARTA R 1K SRR S 37
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Level-2A 201 KR IE RN AR T 28 0] T LA RS A LE PR M S B 377 i

2.2 Sentinel-2A/2B ¥ Bt
Table 2.2 Spectral bands for the Sentinel-2A/B Sensors

Sentinel-2A Sentinel-2B

BB LK 78 BB LKk H 9 2 [ 7 R
D 5 (nm) (nm) G 5 (nm) (nm) (m)
1 443.9 27 1 442.3 45 60
2 496.6 98 2 492.1 98 10
3 560.0 45 3 559 46 10
4 664.5 37 4 665 39 10
5 703.9 19 5 703.8 20 20
6 740.2 18 6 739.1 18 20
7 782.5 28 7 779.7 28 20
8 835.1 145 8 833 133 10
8A 864.8 33 8A 864 32 20
9 945.0 26 9 943.2 27 60
10 1373.5 75 10 1376.9 76 60
11 1613.7 143 11 1610.4 141 20
12 2202.4 242 12 2185.7 238 20

BTSN K 4 MFTEIX, 53l B IRTLAE FF 55 I /R T . b A b a E %
T DX 22 7 X RV I/ I (DY) 148 B = T - N ) o /K B 3 B 7K A P Btk A e 5
T AN — 2K AT AR EE N ORAR TR /N T390 KR ) I HL A1 ¥ il L
7 EETE AR LU AN o T ELUE X N AEE VR 2R R pE . KILR B
W TNUE LA RN AR IR B8 43 30N 0.5-1.5km 1-2km 2-4km. >15km, =~ [X 35 7] 5%
ZEM LR . AT FF e AR 7K A o B 7 £ S s KA B 9 5 R 8 FUT K B4R 380D S KT
75 W FE TR 2 A8 T A, SR E R o 1 R SRR R AR LY

H AR H s, 1035 B E XM S MK A NASA (National Aeronautics and
Space Administration, NASA) & 41 ] Landsat 5%/ #1 MODIS T 2555 . H8 Landsat £(#5 1
2% 1) 43 F 2R s RN 8] 7 BRI 18] 43 3% 230 A LU, TEi KV LA (A 3E X 35 FUL
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IR SR BRIV I% B BE AT R 2= 8 70 i BR MODIS ¥ i (8] 43 #8 Lh At v
(B 25 8] 3 MR LU RAIG,  IFANSE F T 2 A R 7R A e K B 5 3 KA . R SRR PR 7K A A
JR 58 28 BRI 10 325 B B 25 A8 A A3 AT o R 17 T A TR] B i e s T 60 25 [ 2339 2
TR, KA 7L Sentinel-2 MSI %, F— Sentinel-2A/2B #ifil T2 H 4 n]
Y EBEH AR Z 5 RAER A X SR 45 2 2-3 R), B4 T ik 58 23 2
FAF IR HL R AKE Sentinel-2 MST $04% (1 T i BEA 25 [A] 0 PR E R FE S 10m,
10m 7% [A) 43 Fe S a [R] Pl 2 AR TE AT TR Bl i IR KEM TG R, ol
D] s F2 7 2 P s 7K A HR 20 70 B9 7K B S 7K AR T oK

2.3.1 Sentinel-2 MS| #¥iEREN S IE

Sentinel-2 MSI ##5 34 5 AN i, Wik 2.1 Fros. H P A DEERMAL R & ESA T
# L1C TOA $¥5(2016 FFFUH) M1 Level 2A R R G (FFE XK 2019 FH4R). A&
SCHEFUR TEVE R 2 2016 42020 4F, ESEERGINNTR R ESA B J7 MG T % 2016 4£-2018
£ L1C TOA #¥E; SRt KKK J= BESA B 1) Sen2Cor %} Sentinel-2 L1C TOA
BT KRR IEAL ], 1351 2016 4F-2018 1R S 2 44 A4 Sentinel-2 MSI %4
TN B 2 (8] 3 AR — 30, A ATR R F BRNAL R SR ESA AR 1) SNAP B4 L 2]
SIHREEIN 10m I BAE S5 Uk BO HoAh 5 BT BR AL B, e 445 3 BT A ik B 23 114y
PRI 10m 2R B 5 R Hdi

2.3.2 ET GEE =& Sentinel-2 MSI H3EALIE

(1)GEE =1 &

T F G B K 5 I 23 AR A0 A3 T 58 2 — BT B BRI AR 5%, JCHET K [ 7
Bl XIS EEROR M AL X . TERR IR AT . B0 N3 Bl TAb B A TAE A T K2 IR
], e B AL R T AR 4 4 KR (Al (R, W@ — AN @A mtEREniE
IEHR AL HE 255 G AT A B T AR, JEF ISP SR R KRS 8 Tk, I
Y7 6 TR T 2 B sl RN 8] 17 510 40 .

GEE = VBN MIEBE L&, /EH Google 1515 P4 5 38 [ K 1 5 [F] b o7 14
JRHTE 2010 SFERA IR IEL T TH T8 T E AR BRI . GEE = F &2 —Anf
LT Peta-byte 25 i )b 35 75 [A) BcHm 64T 20408 20 A FH B T AL 18 I =~ F & . GEE &
&1t Java FI Python PRI JT & 18 5 1 U [a] N #5774 I (Application Programming Interface,
APDAIAZ H X JT & P11 (Interactive Development Environment, IDE )i 47 B35 ) 7 a) F13R B A]
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MALHIEE IR . Bl 2.9 2T GEE =V & N HEF T KM

Google Earth Engine [ Q| em 3
Docs Get Link ~ Run  « i Reset « s

o, EIE 5
1058 A e

— Murmbal b e
s %19

e FERE
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Wi
! y
MENE ©2021.65(2011)6020 Google. SK telecom 200 LB ey | SEEE

K 2.9 3T GEE ‘F& I KRS

Figure 2.9 Development Environment based on Google Earth Engine platform

(2)GEE =1 G i HE 5 5%

GEE =15 48 B 2 FE 80 4 Hh K 22 02 sk b UL 0 2 S A5 4 2 Bty . R 2019 4F
9 H, GEE =V & i & 1 B2 [ 5 A7 2 C 4l 29PB, A48 290 24 A5 4E,
500 £ Ji OB, BRIINKZ) 4000 FUBEEAR, A aEE B GEIRE. SEK
. RABEEES. Blan. B EEIRE O NASA K5 Landsat 204, Hor#is
R RE A MODIS ##%, BRUNATL R 7 ESA AT 10 5o R 50 TR BE: SRR R 6
FEA R AN S 3L R I S s R R A s MU R PR AR O S EE  K
M4 185 . GEE =V & b T A B S EAT AR OC I FRAL B AN SG N sty B 245 TAE . R
2.3 /& GEE =& FAE I T E50E .

% 2.3 Google Earth Engine “F- & H ] $4f 42

Table 2.3 Frequently used datasets in the Google Earth Engine data catalog

Nominal Temporal Temporal
Dataset Spatial coverage
resolution granularity coverage
Landsat
Landsat 8 OLI/TIRS 30m 16 days 2013-Now Global
Landsat 7 ETM+ 30m 16 days 2000-Now Global
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Landsat 5 TM
Landsat 5-8 Surface Reflectance
Sentinel
Sentinel-1 A/B ground range detected
Sentinel-2A/2B
MODIS
MODOS8 atmosphere
MODO09 surface reflectance
MOD10 snow cover
MODI11 temperature and emissivity
MCD12 Land cover
MOD13 Vegetation indices
MOD14 Thermal anomalies&fire
MCDI15 Leaf area index/FPAR

MOD17 Gross primary productivity

MCD43 BRDF-adjusted reflectance

MOD44 veg.cover conversion
MCD45 thermal anomalies and fire
ASTER
L1T radiance
Global emissivity
Other imagery
PROBA-V top of canopy reflectance
EO-1 hyperion hyperspectral radiance
DMSP-OLS nighttime lights
USDA NAIP aerial imagery
Topography
Shuttle Radar Topography Mission

USGS National Elevation Dataset

30m

30m

10m

10m/20m/60m

10

500m

500m

1000m

500m

500m/250m

1000m

500m

500m

1000/500m

250m

500m

15/30/90m

100m

100/300m

30m

1km

1m

30m

10m

16 days

16 days

6 days

5 days

Daily
1 day/8 days
1 day
1 day/8 days
Annual
16 days
8 days
4 days
8 days
8 days/16
days
Annual

30 days

1 day

Once

2 days
Targeted
Annual

Sub-annual

Single

Single

1984-2012

1984-Now

2014-Now

2015-Now

2000-Now
2000-Now
2000-Now
2000-Now
2000-Now
2000-Now
2000-Now
2000-Now

2000-Now

2000-Now

2000-Now

2000-Now

2000-Now

2000-2010

2013-Now
2001-Now
1992-2013

2003-2015

2000

Multiple

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

Global

CONUS

60°N-54°S

United States
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USGS GMTED 2010 7.5" Single Multiple 83°N-57°S
GTOP 30 30" Single Multiple Global
ETOPO 1 Iy Single Multiple Global
Landcover
GlobalCover 300m Non-periodic 2009 90°N-65°S
USGS National Landcover Database 30m Non-periodic  1992-2011 CONUS
UMD global forest change 30m Annual 2000-2014 80°N-57°S
JRC global surface water 30m Monthly 1984-2015 78°N-60°S
GLCEF tree cover 30m 5 year 2000-2010 Global
USDA NASS cropland data layer 30m Annual 1997-2015 CONUS

Weather, Precipitation&atmosphere

Global precipitation measurement 6' 3h 2014-Now Global
TRMM 3B42 precipitation 15 3h 1998-2015 50°N-50°S
CHIRPS precipitation 3 5 days 1981-Now 50°N-50°S
NLDAS-2 7.5 lh 1979-Now North America
GLDAS-2 15’ 3h 1948-2010 Global
NCEP reanalysis 2.5° 6h 1948-Now Global
ORNL DAYMET weather lkm Annual 1980-Now North America
GRIDMET 4km 1 day 1979-Now CONUS
NCEP global forecast system 15’ 6h 2015-Now Global
NCEP climate forecast system 12 6h 1979-Now Global
WorldClim 30" 12 images 1960-1990 Global
NEX downscaled climate projections 1km 1 day 1950-2009 North America
Population
WorldPop 100m 5 years Multiple 2010-2015
GPWv4 30" 5 years 2000-2020 85°N-60°S

GEE =V & BA T 58 KA EE AL BERE /7 o % B0 A0 22 M 28 S AR SR (AR DG Ak 7
%, Bl X RIE ARGt ALEE . BRUC I OGRS AR N AR B A X 2R
RIRMER SR, S WETRIL. DS EMN A, 1A, GEE =16
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ST RERAR A B . MR EE 5 R EHIE 2 A, ST REMFVDT X VE R, Xt
PR BEAT F R GE iR BSE T RE . RIS, F P Al DAFE GEE =1 & 1 RO 5 1 38 I Ak
BEGE, JFBARIAT TR M . 5% G B s A P VEAM L, GEE =7 6 AR
SR AL B RE 77, (R A U Bt A PRI ] A0 28R A7 S TR . 3R 2.4 /2 GEE =P & B2
JH) R AN B .

#* 2.4 Google Earth Engine 5351 T BE A 2L
Table 2.4 The algorithms and functions summary of Google Earth Engine integration

Capabilities Package Capabilities
Supervised Classification Reducer Image collection reductions
Unsupervised Classification Image Reductions
TensorFlow Statistics of an image region
Image Visualization Statistics of image regions
RGB composites Statistics of image neighborhoods
Color plates Statistics of feature collection columns
Masking Raster to vector conversion
Mosaicking Vector to raster conversion
Clipping Grouped reductions and zonal statistics
Rendering categorical maps Weighted reductions
Thumbnail images Linear Regression
Operations
(mathematical, Boolean, morphological, Charts Time-series charts

convolutions, relational, conditional)

Edge detection

Texture Histograms
Spatial Transformation Image Regions charts
Object-based Methods Time-series in Image Regions
Registration Day-of-year Charts
Filtering Image Collection Filtering
Mapping Mapping
Reducing Reducing
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Vector to raster Interpolation Composing and Mosaicking
Landsat algorithms
Sentinel-1 algorithms Iterating over an image collection
Resampling and Reducing Resolution

NAMERZE CAEET GEE & FSEANFRSURIT & — RFIME RN HMT K. —
Se 225 I T GEE =7 671 L AR 2 25 HIWF 50 - B 40 Liu 25 A2 H NUACI(Normalized
Urban Areas Composite Index, NUACI) /5%, £ GEE =& M Landsat 2544
NUACI 7328 H7E 1990-2010 4 Landsat 2045 b3k BCA R 7 31 73 2845 504, Sidu 55 A
PUBT I3 A= A e X, WA GEE =1 & C A ) Landsat 285214 . MODIS 2L 1 2009
A BRSSO o AR N ) R AR, Huang 5 A DUIERE AR M8 FE X, @i
GEE =& W H e AT F 1) Landsat BRI G 0BT A6 0 i 5 2 Xl 2 A2 0112, Midekisa
NI GEE =V & LI Landsat BEIEGZGIT AR LA 7 B AR, sRF5 A
7E GEE = & JHHL 1987 £E-2019 4E3L 25 4 (1) Landsat TM/ETM+/OLI 3 /&5218, K FHEEHL
FRM(Random Forest, RF)AE M B 73 2 75 4R BUE /KR dk 25 4 A (1 b ) FH /- b 7 2545 2
I HU5 25 SR a7 41 25 04, Gorelick 25 NS T GEE = F & ot KT H g /0t e
LA N 110 b 8 2 ) A T 43 A L),

— 2 H BT GEE & F G T R /KRB X 38 K S 28 240 o0 H o RRARE KISt
W45 T IR FE . 140, Dong 25 A3ET GEE =V & [ Landsat 8 1% B AR A4 i 22 500
ST R AL X K R A X 31T, Patel 25 N i@ it GEE z=°F 1) Landsat 235 i 2
AN AR O R AR SN D At 7 8 50558 N L GEE = F & A 43 #r A 21
&, TR G Rk E BN IR AU B o E1 (B SRS BT AR KA, I 7 o
BLHI TP TN, Chla [FREIBZK R SIEIEAL, M ZAN 7 T it K PR EE AR AL SRR T8,
HavESE AR GEE =V & tH RS RIEE AL FLRE /g, i FH W b i 25 18] 43 2% Sentinel-2
A1 Landsat 8 JEEGAR, HET LR PIPNE BG A T 21 A1 s B AN ATk 21 A B R AT SE I
XoF AR K A T S WY, 2Ry S AL T GEE =1 & IR b3 GE 1, I & 1A
H1 2000 4F-2018 “FHIIA] () Landsat BEEGAR, @ESLACK )55 B9 N & LS BT 2 TP
B, o b s R N AR A A T 1) £ IR R U0, i sE A B f GEE = F &k
Hm b E R AT RRE T, TR & R 2 VR A SRR A T B YR A 45 G i
=, GRS RS TR M R KA ARRER. R E KR A
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I8 45 SRR SR AR A R IR BN R = 112

(3) #F GEE =°F& Sentinel-2 MSI #j 4 &b

B, 7E GEE = F& 1A 2019 4£-2020 4 Sentinel-2 ¥ Bt 2= (B0 #ER 8 10m [
R HREAE, ik & <40 %0 Sentinel-2 ¥i#l, HKG T =HIHS L Hik, 2
B PEVE ANV D IR K AR X 38 e, R TR SRS SR 3 e e ks, KV
XA FUL K e SO fia, 8 FUT 7K (8 BOR T A okt 838 W P I TR 7R e 7
KILFEW LR, FFH5E 2019 42020 4F FHEVE I FUL 7K (s BNV IZE B 2 45 AN [A]
FF 5 HH o

2.3.3 JKFD A

BT RRIRAR T AT AR AL B, 1 e 7 B AR R KRS S, ARSI 2
B R KRS B A . U KARAE R TF R ORTE R KT )73 1) 7K o 328 Ja dhs 0 )
FLREAISCHE, FKARME B R 2 B WA R S8 A SRR B2, W U A B /K A5 B R
M. BHAr, BN AME S SR R K AR 2 RO AR, R
FEVE o AR B BB KA TR A B AR B ORI RR 2T IR B
M ARSI VE AR I A [F) 122151

TR 4 2R VR B EUK AR 5 B S FE A & HL(Support Vector Machines, SVM). i K ALLSR
%:(Maximum Likelihood, ML). #t3#(Decision Tree, DT)2 &5 1281291 B /5 28 5951 51| 7K
HEE, ATIREN T ARKEREAR, EBUKEHEAFRNBETE S FE, EBIHEAR
FROHS B2 SR i, SRHUREARIRERE . B, FhII D mi e AR AR SRS B (R HURE A
TR L A . BN 1 ELRCR LE R

IS KSR BOR A BRI A — M, ZIERA S TR R E
N BRI A e 2L, BN AMESCEE R AR Z KRR B, Bl
NDWI(Normalized Difference Water Index, NDWI)/K {4550 /& McFeeters 73 HT /K& . HE#;
IR A FERE 2R, 1E 1996 4K Landsat MSS(Multispectral Scanner, MSS)f% Ji 2% 3% Jik
SRR BRI £ ANk BUOR £ 3 — N K83, BRI IR A K RS B IE Ay 030,
Xu FHELEZLANBE BUE e NDWI KRR H T I 20N By, 8 5ot i 7K AR H 8 i 44
MNDWI(Modified Normalized Difference Water Index, MNDWTI), f HZ8 55 SZ#E B Xu #) %
i) MNDWI 7K PR P85 K AR SR BUES AR T NDWI KRR 031, DR ki Hhan (1 328 e I S5
H Ros(A) 57K AR TRIE SR 2 Ros(A) T4 AL, ASUASE 9 A Upk O] 2 1) 7K A i O R B 2K

30



LT TRESOAR R A 22 AR 3

PRAE B S A AE R B IR I L, 20— 28 5 KA RAH A A 1 7K A 5] H ok
NDWI #1 MNDWI 7 7K A4 48 EOFEBEA LA B 5 B0 350X A ) A A0 400 b [X B A e P i
IR, ZUBOKAETEEE R E 2 S E R, AR SRS R TP B K
TRTEH. [E P9 A2 A H A R 22 0% B BRI /K AR 48 2, 1N Feyisa S5 A% B2
AR RDGIERAE, ) AWEI(Automated Water Extraction Index, AWEI) /K {4 $5 %¢127],
Fisher ¢ \KH] Landsat 32EEFZLM 5 NMEEBIRH WI(Water Index, WI)ZK /445211331341,
Wang 28 NJ:T- 2510 0 %1% 4 10m ) Sentinel-2 MSI ¥4 %+ MuWI(Multi-Spectral Water

Index, MuWI)ZKARFE 15, Wu &5 N B X &1 43 HF 20 08 B R i T 1A 00 1t 3 /K Ak e it
TSUWI(Two-Step Urban Water Index, TSUWI) /K /&5 #1131,

FEBEIT SEAF 7 PR R IR N, ARG T VAR IBUR L2 IR, O HaE SR
Ji R 5 A SRR SR AR A R EOR . QO BEAE AR T B IK) OTSU 7 vk 1R 18 s

B K A BB, Jia 28 NJET Landsat 8 355245 K A B #OR T #4535 (Discrete
Particle Swarm Optimization, DPSO)#EAT )3 UL AL i 77 T Hh 7k 4445 B 128, Cao %5 A LA
Weishan Lake Y FTIX, J T ook & i — okn 5 3 U0 A0 52 3% - i 8 /) — 369 (Modiified
Discrete Binary Particle Swarm Optimization-Partial Least Squares, MDBPSO-PLS) %] HI-1A
HIS 3855 T B 7KAR X1, Duong 81d 73 Hr 22 06 3 38 AR B G ISR TR 38 IR AR
H KA B4, Zhang %5 AJET- Landsat 8 OLI 38 /&S24 /K AP HUK B U AE AN
HE 30 O VE TR B SR P KA X35k, AH1Z 77 VAN T FH T B4 /N K 44141, Rishikeshan
S5 NI HU TR A2 B 3 R G AR b i KA AE B0 H ESR 7S Ah 72 ) SE IS R A
PRI, KB A NS R AAAE X . L, ASHE TR KR8 S8 10m (A
T PR AR 73 2R 45 A K-means 733877 2R 45 & R0 K AR5 B US4 18] 2,10 Jyskik
FEMEAGUE o
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AR 3 A PR

’ T 1 (% LD (S L FHFEER T
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Figure 2.10 The technical route of waterbody extraction

(1) KR53 A $2HR

H AT, SRS SR BUK R A2 55 B KRR BT 7, T VR AR A VR T o
R 5 TR B B R ORS FE - B8R McFeeters A1 Xu 435142 Hi ) NDWI Al MNDWI
IKARFEER B A L H KR FR 5L, (B2 R PR K A e B o vk s K 4 8 12 1)
FHRE R, Bl g R L PR E R . Wang 55 N HTKAR. fERE . AH .
RS BEERSUIX Sk, Wi X, T8k 7 M ITE Aok B SOk BL. WOk
B IALANBB . 2 AN RIRALAMB B 6 MBI SO 2 5+, FE T Landsat 8 OLI ZE/& Y
R H — T iR 7K A4 45 5 MBWI(Multi-Band Water Index, MBWI), F#ikH N:

MBWI = 2Green—Red — Blue — NIR—SWIR, — SWIR, (2.2)

AR O TR A 3L B PR R B A IR B ] ORI,

TP AR HERRISON SRR X, b 12 FhoK AR TR EEAS R I8 P KR SRR
BE, 12 FlkKAAR$EE 2 58 MBWI. NDWI. MNDWI. NEW. WI2005. WI12006. NWI (New
Water Index, NWI) . EWI (Enhanced Water Index, EWI). AWEIsh (Automated Water Extraction
Index with Shadow, AWEIsh). AWEInsh (Automated Water Extraction Index with no shadow,
AWEInsh) . MBSR (Multi-Band Spectral Relation, MBSR). RNDWI (Revised Normalized
Difference Water Index, RNDWI). TCW (Tasseled Cap Wetness Index, TCW)3t 12 Fh /K 4445 %k
Fik Nk 2.5 Fow, [FIAHIER] MBWI LE A [R]85 Hh SR UK AR BAT B s S BIORG AT R
I B FRHUSCR I,

32



LT TRESOAR R A 22 AR 3

R 2.5 12 MokRsEEERIE

Table 2.5 The equations of twelve water indices

IKARFE R A TR TKARYE HR R 5
Tow TCW =0.0315Coastalaerosol +0.2021Blue +0.3102Green
+0.1594Red —0.6806NIR —0.6109SWIR
Blue —Red
NDWI =
Blue+Red
MBSR MBSR = Blue + Green—Red — NIR
MNDWI MNDwi = Sreen—NIR
Green+ NIR

Wl 505 =50-191In DNy, ) ~52.18In (DN, ) +83.32In (DN, )
~14.78In (DN, )+11.875In (DNg,,z ) +14.135In (DN, ) In (DNg,... )
~13.195In (DN, )In (DNg, ) +3.935In (DN, )In (DN )

Wlaoos ~0.77In (DN, )In(DNgys ) —3.785In (DNg,.., ) I (DN )
+7.37In(DNg,pey ) In (DN, ) —4.675In (DN .. ) I (DN e )
~5.41In(DNp,, ) In (DN )+1.081In (DN, ) In (DNgye )
+12.651In (DN, ) I (DNgye )

EWI EW| = Blue—Red — NIR
Blue + Red + NIR
RNDWI rRnDWI = Sreen—NIR
Green+ NIR

NWI NWI = Blue—Red — NIR-SWIR

~ Blue+Red +NIR+SWIR
_ Coastalaerosol - SWIR

NEW NEW =
Coastalaerosol + SWIR
AWElInsh AWElInsh = 4( Blue— NIR) —(0.25 Red + 2.75SWIR)
AWEIsh AWEIsh = Coastalaerosol +2.5Blue —1.5(Red — NIR) —0.25SWIR
Wloos Wl s =1.7204+171Blue —70Red —45NIR - 71SWIR

FIVEVE KRR 2 LAt /N KA, T HL A PEE WA KR BIIBRAETE R, A5 X5
L0 PTG N 5 2 P s I 15 S W 1 0 e b 2 LI N O S R AN PR R iR e 2
SCRAA, FESREKIT TR, SR A i th 4 R B R K AR AR RS SR .
T B K AR SR IS R AR AERT S X N 7K SN A AR X s M) B 2 SRS B, AR ik
B MBAE 2019 K ATIIEE T Sentinel-2 MSI #¥iF1 GEE =~V &4 =22 A1 53 #5204 10m
4Rk Hh 2R 78 o6 R N SR BUK R IS T R A /KARTE 2 i T 40 A R A S 80K
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PRIE N 20 A AEARAK, P DR B S 7 i R 25 SR AK 20m 1 A s &R BUK AR S Ja [ . #
MBWI JK AR 8 K EURAE N AN EdlE, T K-means 2R 70 M5 U256 Bl A K A%
(2) 5 5 7K AR 7y AT S HL
NDWI. MNDWI 4§ 7K A48 800 — MoK AR T S 5 A /KR B R I 3 BGRCR , (HIX P
T 7R AZR B HED TG R ) v BEVE S NI B 53 (R K AR, Bk AR B BRI 0.t B
7KK . BEARK ] NDWI AT MNDWI S5 7K 44 25 i) e 4 K AR SR B A5 SR TP A Tl K AR —
FROKARFN B B TR KR, ENTRE R i BEVE MUK (B 57 (KA . D 1 AT BUBRIEFE A 7T X
N ) B 28 KA TR IS SR T R I A AETE T KA . —FROKAR . &8 Ik & BV /KA A
SRS KM, ARFFTE R MuWI KA 8RR AR K 5 5 KAk, I B
MuWI JKARFEE/E 3T Sentinel-2 MST AHE 4 FIKARSRE. MuWI JKAATEHC BARFR
MuWI-C, s&3T SVM BRI RN, 2K K EIn&E20N:
MuWI —C =-16.4ND (Blue,Green)-6.9ND ( Blue, Red )-8.2ND ( Blue, NIR)
-8.8ND ( Blue, SWIR, ) +9.6ND ( Blue, SWIR, ) +10.8ND (Green, NIR)
+6.1ND (Green, SWIR, ) +13.6ND (Green, SWIR, )-0.28ND (Red, NIR) 2.3)
-3.9ND(Red, SWIR, )-2.IND(Red, SWIR, )
-5.3ND(NIR,SWIRM)-5.3ND(SWIR1,SWIRz)-0.33
ND(i,j)%Z7~ Sentinel-2 MST #i#l5 i 55 j Wi MEECZ IAIHIA— b 24l , Rk -

N |
ND (i, J)=ﬁ (2.4)

SRTM, MuWI-C L8 — S m 500, 2 A B Fh R R BOEEE R S LA, 52 MuWI-
R FiAH:

MuWI — R =-4ND|(Blue, Green)+2ND (Green, NIR)

+2ND(Green, SWIR, )— ND(Green, SWIR, ) (2.5)

Hrh, ND(2,3). ND(3,8). ND(3,12)5& MuWI-C F1K EE 2 B0 i s i =10, (B AR
B ND(3,11)/& 9 T PRAE P A LI LT 4 B I RS A5 i KA X & v . RN iR Jd it
SVM HERISREL MuWI-R B 000, AT PAYE MuWI-R Rk X i 2008 3 20l . W KSR IE
2R S S R R AR AN, S5 3] MuWI-C. MuWI-R WA KARIE B K B R . ¥
MuWI-C. MuWI-R P KRR H1 K R E AN EGE . F K-means 3850 iR 2K
FEEMG A KRS S, TR IR P R K A48 50 /K AR s SRS SR A g e AR AR B L 4
2.
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(3)K-means 5 HT

BT KA B UK A 2 85T v S R AT R BN ik B 2 5 B A X 43 5 B IR AR
R KR S KA 7, TR A B A 2 Bl I IR AR T SR G vt P 7 VA SR AS 5 1B Y
BRI RARRE . 2518 I S L BB SR AR P KA oy, T B IR B AR VT L — A e
BIE, (HiFERRBREN SRR A FEr, M ROBBRARITR — MR E S FEOT
SRR, TAERCREAK.

N TR TAERCE, WA A BE T TAER OGN A I RAET R R 2, 6E%
TENE R K. B X o iR AR KA 5 AR KRR 7, AWFFELL MBWIL
MuWI-C. MuWI-R 7KW K B R AR o N #,  Fid@id K-means JE2E50 77k X
SR DX N IR KA K AR 3 43 1144

e, K-means BT HHEEE 2= 1 AR B A1 0 A T LA ISIME, ARG 3T/
J7 il AT S 77 RR R 2 Bl i — 28 o BRR ST SR BRI
EIME, ARG R ER R R E R K. IR WO IR S B E G bR e, P
FG R BRI — 3,

FERETEOL T, A — SR B IR AN R IR SR b e, 7T e 3 BOX B R B 1 0 B
—RKr, T R R S Ak ST, B E AR R O ) UK TN AR R
R BB B BB iR BRI E N 10, BER T FTiksE AR R iME
B R FKAUZ R, K-means FEIEI M7 45 R AR 73 /K AR AN AR AR A& P 3

FEVUNK 0 7 8 7R — KRN, KRR IES R v B2 2K RS IR SR T
JGEE BRI K AE B BE I KT /KR 2, DR 1T B ik DR 30 7K 0T S8 i 45 S AR s
¥ K-means 58287145 3 7K 0 DX Selod i 2502 T 24832 ) 4 JE ok 2 MG TSR D B & IR 7K AR SR
£ L0,

(4) /KA AR I A

Kl 2.11 f24E[R—3% Sentinel-2 BE/EF & il NDWI, MNDWI. MuWI-CNMuWI-R
SRR SR R KRB R, R AL By CHRKAFIEEIE G, 4. BEr
o PEVE KR . BAR B IR =Rl K AR TR H AT AR — SRR AR R K A4 B €, S B 1)
TR, {B7E NDWI. MNDWI Pk 78 B0 Joi: 7 i 7K € 57 5 10 e PV K 4
SRTM, MuWI-CNMuWI-R 1] DLRE7K 6 S5 1) e B2 VE MR AR AR G R 1R HH R

(K> NDWI. MNDWI 5 7K AAH8 B TCTE R H 7K E0 S5 1) v S VS K AR R 3 AT 5 B
IR AR R, BT AASHE FA S MuWI-CAMuWI-R (7K RSB SE BT RS BE VR4 . 83 B A
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i 15 SNy ) KR R R KR A, SR AE REAT BN, A KRR

/ ~  Muwi-rnmuwic| [/ : ~Npwi| / ~ MNDWI
(
Sl %‘ : . M
'4\\ # ’.\ it ™ 1
/ \ /
‘f""*?” : "?“'-?' @ g
B e B » ] -

Lo

|l [ MUWERNMUWI-C NDWI |, MNDWI

. o] \ '

K] 2.11 Sentinel-2 RGB EL A0 RAAZFIE L /KA TR MuWI. NDWI. MNDWI /KARFEELZE 50 AL
B. C /KRG AL T 557506 /R T 8 iR X &S 4 B

Figure 2.11 Sentinel-2 RGB image and corresponding water maps classified by spectral waterbody indices,
multispectral water index (MuWI) MuWI-RNnMuWI-C, modified normalized difference water index
(MNDWI), and normalized difference water index (NDWI). Note: A, B, and C are red box areas in Figure 3
(Location: Angangxi District and Fuyu County of Qiqihar City)

P 2.12 A1 2.13 & A FEE KIS T I 38k A A AR PR B 45 SR o AT 5T AR K J=) ESA
it R ] SNAP 844 MNDWI A 25 45 A /K ARSEE AR AE , $2HX[F]— 5% Sentinel-2 MSI
BRI KR X 3k, KRS BORS &  MRE=1.04%.

(a) RGB Image (d) RGB Image
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(b) Grayscale Image (e) Grayscale Image

d
"
' m—

[ : e

.' . e -

(c)MBWI&K-means (HMBWI&K-means

(g) SNAP-MNDWI processor (h) SNAP-MNDWTI processor
Kl 2.12 EVETEKRFREUSS B (a)&d Sentinel-2 RGB; (b) &eMBWI K 5§45 (0)&F KRR EUEE 3,
(2)&(h)

Figure 2.12 The result of waterbody extraction from Baiyangdian Lake (a)&d Sentinel-2 RGB; (b) &ecMBWI
grey image; (c)&f the result of waterbody extraction; (g)&(h)
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(2)RGB Image

(b)Grayscale Image

38



LT TRESOAR R A 22 AR 3

(c)MBWI&K-means

(d)SNAP-MNDWI processor
K 2.13 KIL/KAARFEESE B (a) Sentinel-2 RGB; (b) MBWI KFEFAA%: (c)/K 4TRSS

Figure 2.13 The result of waterbody extraction from Yangtze River; (a) Sentinel-2 RGB; (b) MBWI Grayscale
Image; (3) the result of waterbody extraction
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2.4 Ikfe, KEFIFR
AHFFCEIS Sentinel-2MSI £#5 1HE FUL /K (3R E0ME A . 7ETHE FUL /K R 40R]
FRERT, 7B PR T S KRR B X AR 70K Hu $2H FAI(Floating
Algae Index, FADFE 51 B /K38 b (R 7K AR K B X 30160, FAL R 80 R8N -
FAI =Rrs(NIR)-Rrs'(NIR) (2.6)

Rrs'(NIR) = Rrs(Red)+(Rrs(SWIR)—Rrs(Red))XM (2.7)
ﬂ“NIR +/1Red

FAI F520 R K A Hu $2 1-0.004 1 A5 FR/KEFK B X AIG FE, 24 FAI>-0.004 B4
U A 7K HE N KR [X A6,

2.5 HMEFIEEITE

FIVETE 2016 4F-2020 4F 4 H-11 H Ti4ESL 40 N H 4y, £T Sentinel-2 MSI #1154 5
VEVE FUL K 3R B E 45 B, 7047 I PETE FULK (3 B 2545 AR BR ARAL AD 23 18] 20 A A% SR o
PR H AR FUT Kt Fe 204 R BAABORIIBENLYE, BT LATHSOE H P (E AT 5
T BT R BE ST H S B A E FUT K B 50 A0 o

an SR —A J ] DUIREZ 5o 808, W5 2 ol BedE I EAE i H FUT Kt
TR PFIELE R & DA AT —FAREETH, kR4 FUL K a5k
SRRELRAMAPEMELSER . Guit FULKESRECEIIE RN T BRAKE H 845 R B
W, FRREE U RS RGN AR TT, tH RN ARSI A -5
VRN T, A5 R) A PEE SRS UK 2016 4E-2020 4E 4 H-11 A FUI K a8 5071
EVENAPEE S SR KITEEE T E RS AERE .
2.6 KEBIG

ARE e A BRI T 5506 /R T A6 B RGO XM X . A6 R e T A
W KT 4 M IX AR ;s vk, A2 e il B SR v TR R 20 A S Sl
FEVE R TS T B, AT R P B KA ¥ Sentinel-2 MST £## Ab BRI FE, A5 Sentinel-
2L1C TOA Bl 3R S FilAb B FE . 3EF GEE V-4 Sentinel-2 #1328 S S R B A B DA K
— KRR S W AR A B U 10, FE E /KA SR EURS B 04T 52 M A0 52 AL PR
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3. IKEEBREA. FUl kEIEHANEREERIENE

PRI 2 T WG RPN IR 7 22 AR S R4, PR B e ML S 01K B 5 1Y)
BEARRPEROC, RIS A2 B S 1F . ER AP RO S 3 AL RIS . O 1 X B AT
mFOR, EREIAZ RS R T SRR RS CIE-XYZ Pt #2501,

3.1 CIEEBEARS

AR — TR Z 0 R, B R BB A DB R R A A 2
Fle BB N B R 0) E UEREN,  2 mT DG B BT T J R A S SR B AR AGE - BT A
N BRI EN A S PR A Sy Wy BV SRR, [RIRE B 4 T4 PR 3ok AR B
AN P AE AN R FEBE BRI, G IR A5 . W EE A5 LA B W 52 38 WL o} 70 €00 A P 5
T IR 04T, S 7 AT AR B — Y3 S 5 B RN, RO HRZ R 2 fE — X
I FIREIR B RN E, I 4 CIE-XYZ Bl & 4148,

£ 1931 4, CIE 562 B A LA 5 H SR S5 R, k13 RGB Al LI i £ (Color
Matching Functions, CMFs), AA%5 & H IR R IR, RIS A8 FH VT RE G % (4 B
L =R ORUE, XA DL RE R DG SR e R AL TSI A5 R ME .

CIE-RGB Blta RYUKAL. 2% W =R BHIPEA M E LY 436nm. 546nm. 700nm.
WK 3.1, Re Gv B ZJREHF 2 NrERN 0K, HS5UMHEAZ, R, G, B =
A LAA i 546nm-700nm 2 [AIFTA IS, B2 436nm-546nm 2 [A] R & 57fEH, FrPATEA
% 436nm-546nm Z [AIEE . £ 3.1(b)FR, & CIE Bifa R4+ R. G. BAI X, Y. Z
g ILECR A, b X, Y. Z¥RIEE, HASE SERTE N H L.

DR ATA] — b i €8 RGBT AYEAS [F] R G0 2 [ALEAT A LG4, Oy T sk S A7 AB HH B DA R
fETLESCBRH M, CIE $#&H CIE-XYZ Bifa 251, P R4 MFie RaEr A, &
o, G, EE PO =FEMEE, TMEENTTUHIE, 6. Ee=
BRI A €0 Vi (5 EAT AR N B AR ) 7 AR B, il 3.2 s
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= b

400 500

436 546

(@)

(b)

K 3.1 2. %k, W RIBE UL % #(Color Match Function, CMF) B2k, X615 B3k T InAGE S 4 /A

[160]

Figure 3.1 Color Matching Function (CMF) curves for red, green, and blue are used to weight the spectral
information to derive the hue angle!!*"!
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X

Kl 3.2 CIE-xy . fE fasex' (y=1/3) 505 A FFaf A OGN 1 e % 2= x' il 41 75 1) 360°

Figure 3.2 The International Commission on Communication (CIE)-xy chromaticity diagram. Hue angle « is

the angle between the vector to a point and the negative x’-axis (at y=1/3)

CIE-RGB 5 CIE-XYZ W NEith 2 45 2 [0) 55 i ik 21481,

X =2.7689R +1.7517G +1.1302B
Y =1.0000R +4.5907G +0.0601B (3.1)
Z =0.0000R +0.0565G +5.5934B

CIE-XYZ R4 iHH =R E i 2k 048],
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X =K[ 'S(2)-p(2)-x(2)dA=K] ¢(2)-x(2)dA
Y =K["s(2)-p(2)-y(2)dA=K[ $(2)-y(2)d2 (3.2)
2=K['s(2)-p(2)-2(2)d2=K[ #(2)-2(2)d2
‘ 100
Ja 8(2)¥(2)02 9
A)=S(4)p(A
4(1)=5(2)0 (2 »

e, AR 32, 33 W34 FARSERIANSG LN KAREHBEYG v AHE B O
SRR RV A S B TR SOVIRER RS AR i a8 ot : () RFEWHN I R

i, @(A) FAEMIK I X(1)\Y(2)-2(4) £ CIE it ARG 15 HS G IL R B 5

BAR CIB-XYZ Bt KRG+ X Y. Z =HIBdE € XA+ AR, (2 NIRRT
FILMA A B0 A0 L A . A T AR — HR e, T DAYE — 22 PR 1 e — 3 3k
ITEEWHIA, CIE 1£ 1931 F& X eS|, £ 4 Z KRBt s = E g 2 A A
TIERR, FEOREEPG B x. v X Yy Z =Sl b 7 s s 5 — o
FE AT, L A P AR (r ) O I 2149,

X

TX+Y+Z
y

X+Y+Z
Z

X+Y+2Z

BN xtyrz=1, BTRA xo p SRR AR AR AT LU R] 069 A BT AT e B
A, AR AT DO T A g AR (o) BEAT SE BAL IR . & 3.2 Fhik X Ay A
AR AE RIOMRONAERE B0 A, 1R AAAR 08(0.3333,0.3333), RIRAL. 4%, W = ARl
SRR S B 3.2 Pt g R B A AR o) A IR R, Bt
6 S B BRI R R A R i S A M RS K Ay A BT et
£ 380nm-700nm JE1L Inm [A)FEHEAT R, P DARE— i i (i 2 m] DL Rk BAR I3
BEAT E AL AN,

y= (3.5)
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3.2 ZTF Sentinel-2 MS| ¥EEE AR
3.2.1 BE AN

IR RE o 8 R IR KRB I B S, P a FAE Al E ST 20 (DA
SRe bR R, BEEUE B RIS, B Rl U7 RV 0T ARG 41 e s 25 il
) 6177 190 49 360°127); (2)[FIRE EERE (0t mi i R, MKy BT I 77 TR0/ Sy O°FF SR i it 41 gt
Zy HIVER 3600, AHFFEET H—FE L7 it A Aol

AR KR il =R RE I X, Y, Z AR, X SRR R o AR
R I = BTSSR, SR TR B T R R (BRG], Res W
KA s, I HOS#TUIERS . B5-K A AR AR, &g
2B PRS2, DAL o], =B E AT O AR R

X =j Rrs(2)x(4)dA (3.6)

Bk E i (4 B 80 CMF's J2 i x(Red). y(Green). z(Blue)#7~. CMFs J&H TiH5
IRE = HSE IR R ), R, BT TR A IR (0 RT WOGIE 352 DL R(400)HF 46 5
R(710)25 9, T HAE W] WG HIZ 7 CMF (&L T 0, AL R(400)3 R(710)7E Fl A H2 4L 1) 48
ol BT U BRI X, Y Z ZHIBE . 4 Senitnel-2 MST $48 A< & = ol 1
B, WESEEER, BTk Van der Woerd Fll Wernad 45 A $2 H A 26 48 5 6 S
AW G B M A do BEAT A V5, A2 3.6 AT AR IR IS0

X = Z' "M (i)Rrs(i (3.7

Hes 2, THEBE = RIEUE T DUR R B BE BRI 2. A3 3.7 FH M)
FE IR Hh (- 1) BRI G+ 1) B B & IR S AR w (3R A . RO T A T Wk itk
M A o Z TR BB AT AR VB8, BRI X BT BTy
X = 7Rrs(4)x(2)d2 (3.8)

H, @2V A A S 4 ZH Re()A1 < A < A2) KRB (UK 3.3 fr

Rrs(2) = Rrs(4,)x ((jl:i))d/l—Rrs(ﬂq) ((jl:i))d;t (3.9)

wJr, A 3.8 539 4G, HERMIE X 1REX .
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X = Rrs(zi)zjji(z)%dz— Rrs(ﬂ?)Zj:i(/l)((jl:i)) dA (3.10)

FIE, BUERIE Y. Z o7 DOEE AR CMFs THRAS 2],
A

Rrs(3.2)
Rrs(L)

Rrs(hl)

Rrs(sr”-1)

A2-%1

\j

/3| 22
Mnm)

B 3.3 Rys(A) 21 25 4375 2 [ 160)

Figure 3.3 Diagram to show the linear interpolation of R,(4) spectralt!®”]

X4 Sentinel-2 MSI ¥4 LA WOGIEEE, 20514 R(443.9). R(496.6)« R(560.0)-
R(664.5). R(703.9), A3 3.11 ) R(443). R(490). R(560). R(665). R(705)535x} M
Sentinel-2 MST £(#i H1/f) R(443.9). R(496.6). R(560.0). R(664.5). R(703.9), FfLhilid HA>
A WOGIRBOHE X, Yy Z =R, £k N

X =11.756R (443)+6.423R (490) +53.696R (560) + 32.028R (665) + 0.529R ( 705)
Y =1.744R (443)+ 22.289R (490) + 65.702R (560) + 16.808R ( 665) + 0.192R(705) (3.11)
Z =62.696R (443)+31.101R(490)+1.778R(560)+ 0.015R (665) + 0.000R ( 705)

1E CIE (25 [ P ) B AR R T XL Yy Z ZHIMETH AR 300, R B
ARFRIA—ALE] 0-1. T ARIR RGAF R — BT ARR R G -

46



LT TRESOAR R A 22 AR 3

_ X
X+Y+Z
) y (3.12)
vz
I PR R AR AR AR e, RIEAN:
a:arctanEy yWJ 180 +180 (3.13)
X=X T

FrF A X #2(0.3333, 0.3333), % Mt (0,360°).

[KI79 Sentinel-2 MST ##li i 5 ANAT WOGB B A5 0] 70 HF3 I0A— 5, Horp R(443)2
60m; R(490). R(560). R(665)7& 10m; R(705)s& 20m, FrUAfEitHAE fal 7, DLBGA
HOBE ) 5 AR WG B 5 (] 7 B3 e — 40BN 10m, 7E GEE &~ P& 5 Aok
U B 2 () 73 2R 2 b 3 10m.

3.2.2 BEAKIE

T W RO B € A 15 TSR A R B LRI 0 A o G o 77 7 T B0 0
P 5% 2R 75 €4 A AT R R P €50 ok TE AN, 1] 3.4 o R TE €A #farff) H I
R T AMES AR OK P 5 S8 2 IV (O SR M (R 2 o e T A DR P 3 B A B 1 MR
(H AR B AR BN R . A Xy Ve Z SRR G Ml , i TR Y
B o B B R, BT 2RI B I (0 o S T R AR S S
STEME RGN 2, FiERA:

A= ahyper = Ay f (amulti ) (3.14)
ik 3,14 ooy, AEEE FOCERMTENOE fa, o, REFET 208

THREKEBE fa. BHTRBEBRRER R E S FBOEMarEmMEN, T HER I
7 AW FUHE T 7K AR B 7K S S 2R 2R R A 2 Sentinel-2 MST 04 (1) (4 fa iR IEA S, Ei8
1 22 G PR T B8 B S gy S I 22 TSADL 5 1) 2R G A 22 A TT LLIK 2198 Bk £ 1 4 e v
ZEI L0l

AHWF 5T GlobaLakes LIMNADES(Lake Bio-optical Measurements and Matchup Data
for Remote Sensing) it A H 11 128 J8% ) S % Rrs(/l)if(?}?& I Sentinel-2 MST £ 116 0 i 5
BRI Sentinel-2 MSI Hidfs AP B0, Gl it 43X 3.14 THE S w0 (U2 A a B i
7, IO Sentinel-2 MSI HHE (0% flaf IEARA, KRAN:
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A =33.72a° - 210.03a* + 452.01a° — 408.16a’ +171.88a — 21.96 (3.15)
a RRFEEFEMabRLl 100, W R oA TR IE, AT LA I T B2 10 /K A 6 1) £ P
fla. B 3.4 25T GlobaLakes LIMADES #(## 15 %! Sentinel-2 MSI ## % B 1) €4 FE £ e
ERIEANE A

120 B ) Ll T L) Bl

y = 33.72 b”-210.03 b*+452.01 b’-408.16 b*+171.88 b-21.96 60
100 b = x/100 . .
2 = 2 .
R®=0.61, N = 3024 50
80f . :
- . ‘40
60 ol -
-
< M | 430
20 - - ’)O
of . 10
.20 A 1 1 1 |
0 50 100 150 200 250 300

« of Sentinel 2B MSI(10m) without cormrection (*)

3.4 HT GlobaLakes LIMNADES #14i )% % RGB J71:43 211 Sentinel-2 I8 B R4 % f afim 7 ARE 1E

Figure 3.4 Diagram to show the A correction polynomial equation fitting for hue angle « derived from
Sentinel-2 bands with RGB method

3.3 EHT Sentinel-2 MSI #{E12EL FUI 7k B35%
3.3.1Forel-Ule Lt a3

Francois Alphonse Forel 7£ 1890 41 Y& H K AR B8 3 2 AR HE , 5 5 St 7Kk A4 Rl 43
11 AN, i 3.5 Fios. #24], KEHRE TR 11 FhE o s A E Eep) ) 2 6
FCES TR AT D N BI85 A7) (B R AR ) VA vl P ) i« 7E 1892 4F, WilliUle 7E/K it
T G B LT () 10 FhiFith. fe2% Forel 1 11 FhiE & A Ule i) 10 Fhifts (I8 4K
5 B 21 AN 5 Forel-Ule b ait, tnE 3.6 Fias.
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Kl 3.6 Forel-Ule 7K ARE 4 LE 1t

Figure 3.6 Forel-Ule water color scale

% Forel-Ule LL LTI A W], KARBEINE 4612 BN T BRI A9 PR AR ik
FRIKART PEAKAR, TR TP 31 K il s Bl e . fEIU &Y, FUI K& fass
FELAIR LM R RN BEAT, BT e L e e i B E N K BRI I R KO IE, il
SRE SRR, ME, BELRERRT 2RKUEYI RN 12 WA, ey, WEE 4 b
T 7KARBUE, K E 3 15 5 Forel-Ule LT BREHEAT X EE, il bttt 528
A BRI FUL K e 845 R . fEI 3R I FUL K R 0N, 5 S 5 i T R FH 8

50



LT TRESOAR R A 22 AR 3

T B AR 60 T B 25 2R 7 AL O 2T, AE B RN FUT 7K 3 A 5 df 2 A AR A B 52 X 3 o
255 . Wernand 55 \AE 5250 % L E Forel-Ule F A THHRT 21 Pk AR 1) 1 B AL FRi24-25)
[IS8-1591 A FU3GE FH 2013 4F 587 45 it Forel-Ule b iR BEANEUERT . G5 A afl, T
FUL K e (oS B4k %, &l 3.7 fos®l. Rl FUL K (e B a0 A3 T 08 B S A 3

Res()THE RS fa ] LIRS FUT K 6%, W3k 3.1 Fios.

Table 3.1 The chromaticity coordinates, hue angle a of the Forel-Ule scales!

% 3.1 Forel-Ule Eb 838 A1 21 AN Xt N €8 5 A A (o, ) R €8 FEE £ 1160

160]

FUI x y a (%)

1 0.191363 0.166919 40.467

2 0.198954 0.199871 45.19626
3 0.210015 0.2399 52.85273
4 0.226522 0.288347 67.16945
5 0.245871 0.335281 91.29804
6 0.266229 0.37617 122.5852
7 0.290789 0.411528 151.4792
8 0.315369 0.440027 170.4629
9 0.336658 0.461684 181.4983
10 0.363277 0.476353 191.8352
11 0.386188 0.486566 199.0383
12 0.402416 0.4811 205.0622
13 0.416243 0.47368 210.5766
14 0.431336 0.465513 216.5569
15 0.445679 0.457605 222.1153
16 0.460605 0.449426 227.6293
17 0.475326 0.440985 232.8302
18 0.488676 0.43285 237.3523
19 0.503316 0.424618 241.7592
20 0.515498 0.416136 245.5513
21 0.528252 0.408319 248.9529
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Figure 3.7 FUI colors and the subdivision of the FUI from 1 to 21 in CIE chromaticity diagram. The red
crosses mark the chromaticity coordinates of the Forel-Ule scales®*!. The hue angle a is the angle between

the vector to a point and the negative x -axis (at y=1/3)16%
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Figure 3.8 Flowchart of FUI extraction from remote sensing reflectance R,(1) ['"!
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PRI £, 52 BB € R0 L BV Dl R /K3 FUT K €4 45 b iy 2OM210-2110 Wang %8 A L) MODIS
B SR AHE E N B JR, T IOCCG(The International Ocean-Colour Coordinating Group,
I0CCG) KA f] Hydrolight AFUE P4 GL T 500 AU HE, ZE VG 0.8m-35m,
PRI RA N 9. 1m)FIE R E 26 AN Sl B4 £ 43 A id BH FE AN FUL 7K €38 38005 & 1) 5%
R, IR 26 AW ST B B4R HHE B R 2 B A U LS,

45 RORIRIE W EEA FUL K a8 B B35 1 DU 5ot Bt — BRI B BE AT FUL K &
TE K0 AT BRI A S PR RO Wang &5 A HE 335 W FE 0L & TR op () 2256 B B0
I0CCG A PR HE EE AT 26 AT Sl B dhs B 2 [B) 2 A7 A 22 S M (). 3 S50 b i dfs
EAFE LS X EA LR P HERE: (1) IOCCG KA HMIAE S (1) FUL K (6 5t
& 121 ERF R, 1 26 MFASHINEE SR FUL K BIREGE 2 3-17, ToiE 38k i
W EBEE BRI (2) IOCCG RAT IR HHE B R 7 f 410 RPE A, TR KA
SRR B AR I A Bt ZK AR SIS

KT, Wang S ABFFER I, 4 FULKEFEEUNT 8 I, &EAY FUL K Fa 40T g /e vt
LRI B EEVE T, FEA A RHE WK ) — AN B BE 25 IR, Wang 58 AN T fig ¥k FUI 7K
CFE SN P AE B UK IS 1), 38 Ik 4 AT 75 0 €6 B 9 R ) 55 1 25 AR DG MEA T FUT K1
FRHS). 2 FUL KGR ECR T4 T 8 I, (Al a5 i W] B2 AR R 4R IO 1 190 [R1E, Wang
25 N e A Bl K AR O SE BRI, 32t 3ET FUT /K (i 5ORT (003 £ oty 375 1 5 A R 1491,

{ FUI <8,SDD =3415.63x o -

3.16
FUI >8,SDD = 284.70x FUI ¢ (3.16)

IR Wang 55 N2 2T MODIS 2 v 5L (5 M a il FUL K 84, (ERRARTFTEET
Sentinel-2 MSI 45 51 % H a1 FUI /K (48 20 283 6 3 i I ok B IE 1S 21, A
TR MaitiT 1A, 5 MODIS $iffE H— 3RS 8 85 M a il FUL K (48 80E

— K. Kk, "EEERET MODIS it 4 135 B AR 32 N 5 Sentinel-2 MSI 41
5. HAHEEfafl FUL KBRS HES 3.2 5 3.3 MFH.

3.5 fEEIEEIE
HERBNT, g R2ER>. MRE. RMSE. A8{t #(Variation Rate, VR) & VUi & F i
FEEYEETRbR, 2R E 2% R, MRE. RMSE il VR fIEIA 5 58:

"A—A
MRE:EZ— (3.17)
n A

54



LT TRESOAR R A 22 AR 3

' 2
RMSE\/Zl(A_A) (3.18)
B n
VR — S tan darddeviation (3.19)
Meanvalue
n —\2
X —x
S tan darddeviation = Z'ﬂ(—) (3.20)
n
X X X 3.21
Meanvalue = 2 Xt ot % _ T (3.21)
n n
R2 = Yt —x) (3.22)
\/Z?=1(Yi - y)? '

PR FUT K 3B BORUKAR (5 akE R, A4 RoRFE T SEB R R Res(2) T 5453
[f) FUL K R BRI CL B Mo, A'3R7NHE T R0 503 [ 20 38 BRI RR IR S S 26 Ris(2)
AR E W FUL K GBI HORK AR & i, n RoRKARSEMRE s %R Hoh, A RoR¥ET
MODIS ##i i+ H K ARIE A E R, AR T Sentinel-2 Hdli T HMI/KIAIEH LR,
n FRIGE AL BCE: Yo RA R VAN 0-1.

EH R A REERIE AR A M. AN R AR RSN, 75— AN
EARTER KB, IR AR B RIUEADE; Y — AR B KB RN, T —
AR AP/ B R, IR AR B IR OC . A R BO/IMRR AN A S O
59, FHCRBBER, FHOCREMRGR, AHOCREERD, HHOCREN,

A RECE =M 433 KRB AH K 5% (Pearson Correlation Coefficient) «
F IR B FH K % % (Spearman Correlation Coefficient) « 5 {2 /K H ¢ 2 %1 (Kendall Correlation
Coefficient) o AN 78 1% F Bz /R ARAH G R EE A RER P NL AR OGHE,  RORABRAE R R R
B

_Cov(X.Y) _ ZXY‘ZT\]ZY
o, 0y 2 2 (3.23)
J[mesz) ]{zw%” J

Px y

55



FET 5 2 TR SRR K (U AR (040 BT 5 57 K AR )

3.6 MiEHEM

im%@ﬁ%szmm%%mm@@%ﬁﬁﬁﬁﬁﬁ,WSmmaszﬁﬁ%%
JCTEHE, RN B Y FA AR SRR L B B o 4 SRR SR ST R Rys(2) ML E Sentinel-
2 MSI #i#i I, 75 R Sentinel-2 MST £ (14 5 335 1A 7 bR H0KE S8 K S 2 R (1) 552K
15540021 Sentinel-2 MSI HHs (FIAH R B, iS5 2 R IA =X
[Rrs(2) f__(AF,(1)d(2)

[T (DF,(2)d(2)
R%ﬁﬂéﬁ&%ﬁﬁﬁﬁ;mwﬁimﬁﬁﬁﬁ%;%J@%EE%%%%@@%:

R Seq

(3.24)

FMM%ﬁ%E%KW%%EQ%?%MmMNmﬁ%mmgﬁﬁﬁﬁﬁ%mmmym
2t PR B SUR BRI R . B Sentinel-2A/2B & FIHI P, HZ M E T AN

VI N R 0 AL, Sentinel-2A/2B GRS S R AL, W1 3.11 s . 3T Sentinel-2A/2B
5 S T P ' i N7 PR B0 T R(443). R(490). R(560). R(665) R(705) HANKEBGHAT G
S

S2A & 52B MSI Spectral Response Average - VNIR

12 ——S2A SR AV Bl
’ S24 SR_AV_B2
S2A SR AV B3
- S2A SR AV B4
- PA . b 4 —— 524 SR AV BS
o AR \ Y 1/ '
= ax v l ) [ ! ——— 524 SR AV B6
b ‘ | ' ) ‘ [
= 1 1 ' \ | ! ——524 SR AV BT
g 038 - - —
g ' | : 1 ! f SR i : ——— 524 SR AV BS
) I f I I . f
= | 1 ] V ! A ) 1 —— 524 SR AV _BSA
= 1 K "o \ [ !
g . 1 RE | ——S24 SR_AV_BS
2 06 : [ ; A 1. | I — — —S2B SR AV Bl
2 ) ' N 1
2 ' | i ! 2B SR AV B2
4 A i 1 e
= ' - S2B_SR_AV_B3
7 | _SR_AV]
£ 04 s i \ !
T ™ [ T ! T T i | $2B_SR_AV B4
b [ i 1 ' I
@ I : [ : | 1l I " - = —SIB_SR_AV_B5S
- \ | \
£ L ' \ | | [ — — —S2B SR AV B6
° d [ 1 ' ) I
=02 T : - - —SIB SR AV BT
[
{0 H ) - - —S2B_SR_AV_BS
[
J ‘L ! . - - —S2B SR AV BSA
0 o - * - - —SIB_SR_AV_BY
400 500 600 700 800 900 1000

Wavelength (nm)

K| 3.9 Sentinel-2A/2B S um 5 2R £

Figure 3.9 The Response Spectral of Sentinel-2A/2B
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Figure 4.1 Scatterplots showing the derivation accuracies of hue angle « from the remote-sensing reflectance
of the Sentinel-2 image compared with the in-situ remote-sensing reflectance Rrs(4)
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Figure 4.2 In-situ remote-sensing reflectance Rr(A) of ten waterbodies: (a) six general waterbodies and (b)
four water color anomalies
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Figure 4.3 Result of the hue angles a of ten water bodies in Qiqihar City, Heilongjiang Province
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Figure 4.4 RGB synthetic image, field photo, and in-situ remote-sensing reflectance of general water bodies
and water color anomalies in the Xiong’an New Area
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Figure 4.5 The results of the hue angles a of the water bodies in the Xiong’an New Area in 2017-2018
B 4.1 2017-2018 FEHEZHT X 53 KK 5 — R R GEit 45 R

Table 4.1 The result of anomaly and normal pixel in Xiong’an New Area in 2017-2018

I} [ F KRR 5 EE(%) —FOKARAR R &5 EE(%)
2017-04 20% 80%
2017-05 3% 97%
2017-06 0.4% 99.6%
2017-07 0.2% 99.8%
2017-08 0.4% 99.6%
2017-10 15% 85%
2017-11 37% 63%
2018-04 6% 94%
2018-05 2% 98%
2018-06 0.3% 99.7%
2018-08 5% 95%
2018-09 1% 99%
2018-10 15% 85%
2018-11 3% 97%
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Figure 4.6 Statistic of water body hue angle o changes in waterbody No.5 and waterbody No.8 in Qigihar City
from May 2016 to October 2019
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Table 5.1 Image-selection schedule

2016 2017 2018 2019 2020
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11 A - 15 12 9 19
St 35 69 52 62 82

5.1 FUI KBIEHHEETM

K51 72 2019 4F 5 H 21 HAT 22 HAE BT R AR I 7KK SR8 IR SO 3 Ros(A) H5 4 AN
2019 4F 5 F 23 H Sentinel-2 MSI 45 [ fiA KIS ROGTE . i T 32 2R (0 R RN
52, 7E 570nm. 580nm. 650nm. 700nm I &, 7E 675nm T tHIURHIES . 18
Kl 5.1(a)F(b) A LAMIZZ R, ESR Sentinel-2 MSI B2 B0 E(E 945nm 4k HI IR+ B &
iR 2%, (B2 945nm #EIFAS S FUI KEFREIITTHE, HASEmM FUL KEREITH

69



FT 0 e 2 TR MORKAAOK G 23 20 i 5 3 i KAl

#E B . Sentinel-2 MSI 35 % IR 5@ Sentinel-2 Y613 M I pR E0EE 2P G 1E TR+ 40 4
L, H 2 T SRR S 8T R Res(2), H1T FUI KB EUEIE T ELE TR, FrPlaik
T B B e 22 B P AR 2

0.02

0.015

J.”E 0.01
=1
0.005
0
Wavelength:nm
(a)
0.02
0.015
=
2 001
]
-
0.005
0
400 450 500 550 600 650 700 750 800 850 200 950
Wavelength:nm
(b)

Bl 5.1 () EVEE 2019 45 5 H 21 HAN 22 HSEIRE RS2 Rys(4); (b)) VEVE 2019 45 H 23 H
Sentinel-2 3 B2 A5 5 WG U R

Figure 5.1 Baiyangdian Lake (a) In-situ remote-sensing reflectance R.s(4) on 21 and 22 May 2019 and (b)
the equivalent spectral reflectance of Sentinel-2 on 23 May 2019
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Figure 5.2 Scatterplots showing the derivation accuracies of FUI from the remote-sensing reflectance of the
Sentinel-2 image compared with the in-situ remote-sensing reflectance Rs(7); Note: each point number
represents the number of points
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Figure 5.3 Spatial distribution of FUI of Baiyangdian Lake from 2016 to 2020
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Figure 5.4 Mean monthly FUI value derived from Sentinel-2 data for the Baiyangdian Lake and its seven sub-
regions
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Table 5.2 Statistical results of mean annual FUI values of the Baiyangdian Lake and seven sub-regions
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Figure 5.5 Mean annual FUI values of Baiyangdian Lake and its seven sub-regions in 2016-2020
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Table 6.1 Image-selection schedule
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Figure 6.1 Scatterplots showing the derivation of the accuracies of Sentinel-2 derived SDD in comparison with
in-situ SDD
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Figure 6.2 The verification sample points; (a) Three Gorges Reservoir; (¢) Wuhan City, Hubei Province; (c)

Nantong City, Jiangsu Province
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Figure 6.4 The spatial distribution of SDD of the Yangtze River from 2017 to 2020
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Figure 6.7 The spatial distribution of SDD of the Yangtze River in 2019
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Figure 6.9 The results of Seasonal variation of Upper Reaches, Middle Reaches, Lower Reaches, Yangtze

River
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Table 6.2 The annual mean value results of Upper Reaches, Middle Reaches, Lower Reaches, Yangtze River

SDD
L (m) FRE (m) T (m) KT (m)
2017 0.91 0.43 0.29 0.55
2018 1.2 0.76 0.35 0.77
2019 0.79 0.35 0.25 0.47
2020 0.82 043 0.26 0.51
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Figure 6.11 The relationship among runoff, Water Level, PRCP; (a)the relationship between PRCP and
Runoff; (b) the relationship between PRCP and Water Level; (c) the relationship between runoff and Water

Level
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Figure 6.12 The relationship between the upper reaches of the Yangtze River Main Stream and runoff, Water
Level, PRCP; (a) the relationship between the SDD and runoff; (b) the relationship between the SDD and
Water Level; (c¢) the relationship between the SDD and PRCP
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Figure 6.13 The relationship between the middle reaches of the Yangtze River Main Stream and runoff, Water
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Figure 6.14 The relationship between the lower reaches of the Yangtze River Main Stream and runoff, Water
Level, PRCP; (a) the relationship between the SDD and runoff; (b) the relationship between the SDD and
Water Level; (c¢) the relationship between the SDD and PRCP
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