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Analysis of Lake Water Temperature and Seasonal Stratification
in the Han River System from Time-Series of Landsat Images

Hoonyol Lee' and Hyangsun Han

Department of Geophysics, Kangwon National University

Abstract : We have analyzed surface water temperature and seasonal stratification of lakes in the Han
river system using time-series Landsat images and in sifu measurement data. Using NASA equation, at-
satellite temperature is derived from 29 Landsat-5 TM and Landsat-7 ETM+ images obtained from 1994 to
2004, and was compared with in situ surface temperature on river-type dam lakes such as Paro, Chuncheon,
Euiam, Chongpyong, Paldang, and with 10m-depth temperature on lake-type dam lake Soyang. Although the
in situ temperature at the time of satellite data acquisition was interpolated from monthly measurements, the
number of images with standard deviation of temperature difference (at-satellite temperature - in situ
interpolated temperature) less than 2°C was 24 on which a novel statistical atmospheric correction could be
applied. The correlation coefficient at Lake Soyang was 0.915 (0.950 after correction) and 0.951-0.980
(0.979-0.997 after correction) at other lakes. This high correlation implies that there exist a mixed layer in the
shallow river-like dam lakes due to physical mixing from continuous influx and efflux, and the daily and
hourly temperature change is not fluctuating. At Lake Soyang, an anomalous temperature difference was
observed from April to July where at-satellite temperatare is 3-5°C higher than in situ interpolated
temperature. Located in the uppermost part of the Han river system and its influx is governed only by natural
precipitation, Lake Soyang develops stratification during this time with rising sun elevation and no physical
mixture from influx in this relatively dry season of the year.

Key Words : Landsat, at-satellite temperature, in situ interpolated temperature, stratification, lake-type
dam lake, river-type dam lake.
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Fig 2. Detailed Locations of in sifu{red dots) and satellite(white boxes) temperature measurement
on each lake. All images are at the same scale.

Table 1. Characteristics of the dams and lakes in the Han river system.
The average water depth is the value measured in front of each dam.

Dam Dam Height | Dam Altitude [Average Water Dam Dam Height | Dam Altitude | Average Water
(m) (m) Depth (m) (m) (m) Depth (m)
Soyang Dam 123.0 203.0 70.0 Euiam Dam 230 71.0 12.3
Hwacheon Dam 81.5 184.5 543 Chongpyong Dam 310 530 240
Chuncheon Dam 40.0 107.0 31.0 Paldang Dam 29.0 32.0 22.0
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% 297119 g/olcHTable 2). A&42S A3 54
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3. Landsat YALZ 42 A&

2 7oA A Landsat—5 TM¥} Landsat—7
ETM+2] €44 G/dollAl izl DN gt F047
4]0l whet WAL E (Radiance) 302 WatElm o}

Al Al oJste] 222 HeEct WA, Landsat
A 94 DN 2 thS $=4]0f) of3) FAR =
L& HZEAHChander and Markham, 2003).

Ly =({(LMAX - LMIN/(QCALMAX - QCALMIN))*

(QCAL - QCALMIN) + LMIN, 1)
L = spectral radiance at the sensor aperture in watts/(meter
squared#sters:tim)

QCAL = the quantized calibrated pixel value in DN
LMIN; =the spectral radiance that is scaled to QCALMIN
in watts/(meter squaredssters.m)
LMAX =the spectral radiance that is scaled to
QCALMAX in watts/(meter squaredssters£m)
QCALMIN = the minimum quantized calibrated pixel value
(corresponding to LMIN ;) in DN
=1 (LPGS Products)
=0 (NLAPS Products)
QCALMAX = the maximum quantized calibrated pixel
value (conespondmg to LMAX) in DN
=255

Table 3% 4= 22} Landsat—5 TM# Landsat—7
ETM+¢] Spectral Radiance Range®|th HARI=S
LE2 HBAA FE= Folls NASA 847

Table 2. Landsat images used in this study.

Satellite Date PATH ROW Satellite Date PATH ROW
Landsat5 TM 1994/06/16 115 34 Landsat7 ETM+ 2002/02/14 116 34
Landsat5 TM 1994/07/26 116 34 Landsat7 ETM+ 2002/03/11 115 34
Landsat5 TM 1997/06/16 116 34 Landsat7 ETM+ 2002/04/28 115 34
Landsat5 TM 1997/12/25 116 34 Landsat7 ETM+ 2004/01/03 116 34
Landsat5 TM 1998/10/02 115 34 Landsat7? ETM+ 2004/02/04 116 34
Landsat5 TM 1999/03/02 116 34 Landsat7 ETM+ 2004/02/20 116 34
Landsat5 TM 1999/05/21 116 34 Landsat7 ETM+ 2004/02/29 115 34

Landsat7 ETM+ 1999/06/30 116 34 Landsat7 ETM+ 2004/03/23 116 34
Landsat7 ETM+ 2000/03/13 115 34 Landsat7 ETM+ 2004/04/01 115 34
Landsat? ETM+ 2000/04/06 115 34 Landsat7? ETM+ 2004/04/17 115 34
Landsat? ETM+ 2000/05/08 115 34 Landsat7 ETM+ 2004/04/24 116 34
Landsat7 ETM+ 2000/09/04 116 34 Landsat7 ETM+ 2004/06/11 116 34
Landsat? ETM+ 2000/09/29 115 34 Landsat7 ETM+ 2004/07/29 116 34
Landsat7 ETM+ 2001/09/23 116 34 Landsat7 ETM+ 2004/09/24 115 34
Landsat7 ETM+ 2001/11/19 115 34

-256-



Analysis of Lake Warer Temperature and Seasonal Strarification in the Han River System from Time-Series of Landsar Images

Table 3. Landsat-5 TM Spectral Radiance Range (Chander and
Markham, 2003).

Table 5. Thermal Band Calibration Constant.

Units W/(m2* sr* (1m) Kelvin
TM Spectral Radiance Range Constant X1 K2
watts/(meter squared * ster * /m)
Landsat5 607.76 1260.56
Bund | %Fi‘:g%aﬁh 21603 After May 5, 2003 Landsat7 666.09 1282.71
Number Y,
LMIN LMAX LMIN LMAX
1 -152 152.10 -1.52 193.0 L st 7b7b thErh Table 55 ZH2Ro] Ak Kl
2 -2.84 296.81 -2.84 365.0
3 SNt Ve o K2E uehd Zo|t}, Landsat-7 ETM+2] A9oll=
2 151 206.20 151 210 A2 A ME7} high gaind low gaing] & 7[AR
5 037 27.19 037 30.2 TFAE0] QlojA ME b Zhe: ARESlY] &S AME
6 12378 | 15303 | 12378 | 15303 st F WEE ARRShe} 253 T Aol B 0.5
7 0.15 14.38 0.15 165 T olg}2 Ve oH, ol B o1o] 422 03} 1o

Hjgte] wu|st7] wiizol| oj WHES ARgslolk FF

RESTEC 9%, 2181 Quadratic 5o £t & ot Ao AekE et

Ao A=, post—calibrationol 23t B2 AAka]
oF AZ2] AfoofA] & AMEAE Hola=(3Ed,
FAIA, 1998) NASA A4S o]&ste] tha} o]
A RE(T)1E a3t

K
T= . 2

K, )
Inf—+1
H(La

T = effective at-satellite temperature in Kelvin;
K2 = calibration constant 2 in Kelvin;
K1 = calibration constant 1 in Kelvin;

ok 22 W 0 2 1994 20047k FofH
2971 Landsat GZ Al low gain FAMIA TZH Al
Abstltt, 2t @ ¥ 2 Fig, 20 vebd 873 92 27
A& S408 5x5 o4, 10X10 o[ste] HA= o]
Folzl L9 T7HE Bste] SAAEL AdHs
2Ty S APZBIT, o] o, 7 FAoA The] BEH
A= 0.5T olsks Ho, 2ANAEE $4eg 314
o 2 WSk B o2 A oE vEhdth 3, AL
Gl A s BHO Fgoll 23t 0T ol L=

AzollA] Alelstaic
SIo4 Pl T WROIA 243 4= A2}

NASA A¥A& Landsat—5 TM¥ Landsat—7

ETM+of| tfste] 4=4] ()5 &Lt AMgsHA|Tt st
AAGHO R vl EA Hokth Fig 32 24 @3]
Table 4. Landsat-7 ETM+ Spectral Radiance Range(Chander and Markham, 2003).
ETM+ Spectral Radiance Range watts/(meter squared * ster * fim)
Before July 1, 2000 After July 1, 2000
- Nﬁ;"&r Low Gain High Gain Low Gain High Gain
LMIN LMAX LMIN LMAX LMIN LMAX LMIN LMAX

1 6.2 297.5 6.2 1943 6.2 2937 -6.2 191.6
2 -6.0 3034 -6.0 2024 -6.4 300.9 -6.4 196.5
3 4.5 2355 -4.5 158.6 -5.0 234.4 -5.0 1529
4 -4.5 235.0 4.5 1575 -5.1 241.1 5.1 1574
5 -1.0 4770 -1.0 31.76 -1.0 4757 -1.0 31.06
6 0.0 17.04 32 12.65 0.0 17.04 32 12.65
7 -0.35 16.60 -0.35 10932 -0.35 16.54 -0.35 10.80
8 L 50 244.00 50 158.40 47 243.1 4.7 158.3
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Table 6. Statistics of temperature difference between satellite-derived and in sifu measured (and interpolated) temperature on the
takes in the Han river. All data taken on 1997-12-15 were deleted from outlier removal. Four other satellite images (grey
background) take were unable to perform statistical atmospheric correction due to standard deviation of temperature
difference higher than 2.0°C.

AT Statistics Before Statistical AT®™ Statistics After Statistical
Atmospheric Correction (°C) Atmospheric Correction (°C)
average** | std.** average** std.**
Year mm-dd | average* std.* A—Ts[irial Ot average* std.* (iero by nate) | (same 2s before)
1994 06-01 2.8 22 3.1 1.8 03 22 0.0 1.8
1994 07-26 5.2 1.0 5.2 09 0.0 1.0 0.0 09
1997 06-16 08 36 12 | 30 uncorrected
1997 12-25 All data deleted by outlier removal
1998 10-02 4.3 1.0 43 | 12 0.0 1.0 0.0 1.2
1999 03-02 09 1.8 -09 1.6 0.0 1.8 0.0 1.6
1999 05-21 -3.0 2.7 33 2.5 uncorrected
1999 06-30 04 1.7 0.7 1.1 0.3 1.7 0.0 1.1
2000 03-13 23 43 24 07 0.1 43 0.0 0.7
2000 04-06- 0.3 1.6 0.2 09 0.1 1.6 0.0 09
2000 05-08 14 2.1 12 09 02 21 0.0 0.9
2000 09-04 -0.6 1.0 -0.6 0.9 0.0 1.0 0.0 0.9
2000 09-29 2.2 09 -2.1 09 -0.1 0.9 0.0 09
2001 09-23 3.6 1.6 -3.6 1.2 0.0 1.6 0.0 1.2
2001 11-19 27 1.7 2.7 0.7 0.0 1.7 0.0 0.7
2002 02-14 -1.5 1.0 -1.5 0.7 0.0 1.0 0.0 0.7
2002 03-11 02 0.8 0.2 0.5 00 0.8 0.0 05
2002 04-28 -1.0 20 -12 1.4 0.2 2.0 0.0 1.4
2004 01-03 -0.3 1.8 -0.2 1.0 -0.1 1.8 0.0 1.0
2004 02-04 -23 1.2 24 1.6 0.1 12 0.0 L6
2004 02-20 -1.1 1.2 -12 2.1 uncorrected
2004 02-28 -1.7 14 -1.9 20 02 14 0.0 2.0
2004 03-23 0.1 1.5 0.0 0.8 0.1 1.5 0.0 0.8
2004 04-01 2.7 1.7 2.9 1.1 0.2 1.7 0.0 1.1
2004 04-17 0.0 2.2 -0.3 14 0.3 22 0.0 1.4
2004 04-24 -04 2.0 -0.6 0.9 0.2 20 0.0 0.9
2004 06-11 2.5 13 2.3 1.6 0.2 13 0.0 1.6
2004 07-29 2.8 23 2.8 24 uncorrected
2004 09-24 -3.2 1.1 -32 1.1 0.0 1.1 0.0 1.1

*: values calculated over all lakes
*%: values calculated excluding Lake Soyang

Ospatial 0} 2.0T 0]’6‘}?_] 2474 Og}bl'oﬂ tiste] E spatial < " =‘A_Txpmiul é
235 1 adr)o B0 amy 2. F

‘?] oi}: 2y GArol 7| ST E ol of Zol Opatial 0] 2.0CHTH 2 474 YANS U)7) AT} 27

st Aoz BRen, ol5 Aol detoluis 9 VA4
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Fig 5. Examples of atmospheric correction. (a) and (b) are the successful cases while (c) and (d) are the cases unable to correct
atmospheric effect due to high value of standard deviation (scene inhomogeneity).
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Fig 7. Relationship between the interpolated in situ and at-satellite water surface temperature (7jnp and TEIe respectively) on each lake
after applying statistical atmospheric corection. The average and standard deviation of temperature difference (A_D‘Z”,,T,’go,a, and
o i fespectively), and the correfation coefficient (0°"™) were calculated over time. Note correlation coeffiecient is improved from
0.915 10 0.950 at Lake Soyang and from 0.951-0.980 to 0.979-0.997 at other lakes after applying statistical atmospheric correction.
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Fig 8. Seasonal variation of temperature difference on the lakes after statistical atmospheric correction (A72™). Note large deviation
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Fig 9. Vertical profiles of water temperature in Lake Soyang from the year 2001 o 2004.
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