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The Cause of Metalimnetic DO Minima in Andong Reservoir, Korea. Park, Jae-Chung*, Jung-
Won Park! and Jae-Ki Shin? (Andong Dam Office, Korea Water Resources Corporation
(KOWACO), Andong 760-360, Korea, 'Department of Biology, Kyungpook National
University, Daegu 702-701, Korea and 2Korea Institute of Water and Environment, KOWACO,
Taejon 305-390, Korea)

Distributions of water temperature and DO profiles were investigated in Andong
Reservoir from 1992 to 2004. Thermal stratification began to form from May of every
year. Increasing water temperature of epilimnion, temperature difference between
epilimnion and hypolimnion increased until August. Lower oxygen layer was formed
at metalimnion from June or July of every year and there were 2 layers depending
on each year. The two lower oxygen layers were affected by rainfall and inflow
between July and September when thermal stratification was formed. The
metalimnetic oxygen minima strongly formed at 2 layers, upper and lower part,
when the average rainfall and inflow were =170 mm, =50 m® sec™?, respectively. It
formed weakly when they were >400 mm and >200 m® sec™! for one month. The
upper part of low oxygen layers formed on the interface of epilimnion and metal-
imnion showed larger decreasing rate of DO than temperature and it disappeared
around November. The lower part of those formed on interface of metalimnion and
hypolimnion existed until December and disappeared in January, this layer showed
larger decreasing rate of temperature than DO. DO increased between the upper
and lower part of the low oxygen layers. DO on hypolimnion increased under
metalimnion and dramatically decreased near the bottom of the reservoir. Tempera-
ture of the inflow during rainy season was similar to that of the reservoir’'s metal-
imnion, DO was similar or higher and BOD, COD and SS increased. Density layer
caused by turbidity was formed in metalimnion, and turbidity increased under the
upper part (oxygen increasing layer) of metalimnetic DO minima layers reaching the
maximum at the direct upper part of the lower DO minima layer. The upper part of
DO minima layers formed on the interface of epilimnion and metalimnion is related
to organic activity on the surface, and the lower part of those was considered to be
the result of turbid water inflow to metalimnion during rainy season.

Key words : Andong Reservoir, inflow, metalimnetic oxygen minima, monsoon,
rainfall, stratification, thermocline, turbidity
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Metalimnetic DO Minima in Reservoir 3
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Fig. 1. Map showing the location of the sampling stations
(®) in Andong Reservoir.
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Table 1. Inflow water quality at Andong Reservoir. The
values indicate the monthly average, standard
deviation (=SD) and maximum/minimum dur-
ing the period between 1992 ~2004 (n=156, data
from http://water.nier.go.kr).

Tempe- DO BOD COoD SS
rature (°C) (mgL™) (mgL™) (mgL™? (mgL™)

Item

MeaN 130490 11322 10+03 23+0.7 33+34

Max./

Min. 30.0/0.0 17.0/6.2 2.4/0.5

5.6/0.9 20.3/0.3
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Table 2. Limnological and environmental factors at the Dam Station of Andong Reservoir. The values indicate the
monthly average, standard deviation (+SD) and maximum/minimum from 1992 to 2004 (n=156).

s Air Water P
Precipitation Inflow Secchi disc Chl-a
Item z temperature temperature ‘
(mm) (m®sec™) %C) FEOC) depth (m) (Mg L™
Mean=+SD 103.4+117.9 35.2+50.1 12.0+9.3 15.4+8.6 3.0+£0.8 46+2.8
Max./Min. 787.0/0.1 311.2/2.2 28.3/-3.7 30.5/1.7 6.1/1.0 14.4/0.8
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Fig. 2(a). Monthly temperature (solid line) and DO (dotted line) profiles at the Dam Station in Andong Reservoir from

1992 to 1996.
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Temperature (°C), Dissolved oxygen (mg L™1), Turbidity (NTU)
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Fig. 2(b). Monthly temperature (solid line), DO (dotted line) and turbidity (dash line) profiles at the Dam Station in
Andong Reservoir from 1997 to 2004. Numerials indicate turbidity (NTU) at each depth.
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=
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Table 3. Changes in minimum DO and temperature at the metalimnetic zone in Andong Reservoir for 5 years. The
asterisks (x) show the maximum DO and temperatures between the upper and lower zones.

DO (mgL™) Temperature (°C)
Month/Year - -
Upper zone Intermediate zone  Lower zone Upper zone Intermediate zone Lower zone

Sep. 1995 0.4 3.6* 1.2 19.2 18.2* 9.4
Aug. 1997 3.4 6.1* 3.4 20.3 18.4* 13.5
Sep. 1998 1.6 7.7* 35 20.8 19.9* 11.4
Sep. 1999 1.0 5.8* 4.3 19.8 17.8* 14.9
Sep. 2004 0.9 7.2* 5.0 20.3 19.0* 11.7

Table 4. Temporal, spatial changes of mean turbidity and DO in Andong Reservoir from September 2004 to February
2005. JUJ, MAD and DAM are upstream, midstream and downstream, respectively.

_ 2004 2005
Item Station
10 Sep. 21 Sep. 8 Oct. 4 Nov. 2 Dec. 10 Jan. 4 Feb.
bidi Jul 28.3 36.2 25.5 22.0 19.3 - -
T‘(‘,{IT'U')W MAD 23.4 17.9 15.9 14.1 19.9 14.1 -
DAM 20.1 17.0 15.9 12.0 12.5 15.9 13.1
Jul 6.5 10.8 13.4 11.4 5.8 - -
(mgf,l) MAD 5.5 6.8 9.3 9.4 6.2 11.0 -
DAM 6.6 7.8 9.4 9.0 5.6 7.9 13.6
°] DO} H]LF ALY} =& 239l 1.2~50mg Lt #H9) 7 FHd 11NTU7ZEA] F7)skede (Fig. 3C), (B 5,
7MA] ZFAsk A Al oAl Fr18E 3 A4x] npe 2005b). A1 AHA| $Ae] Hi BEE AR (JU)eA
B F43) 7F4sedc(Table 3, Figs. 2a, b). 36.2~19.3NTUL] #¢= Az} volg or}, 3 (MAD)
oA 1197h4] 23.4~14.1NTUL] He 2 A} o}x|
4 A2z A] - T74H W 7} 1296)= 19.9 NTUZ Z7}3F & 196] 14.1NTU
2 dolxE= AL wYu FH v E §F
F2of 2719 FEld AAlaZoe] EA7 51 Fol|A (DAM)O| M= 1197}x]= 20.1~12.0 NTUS] W= o
20041 1‘41%21 A 2m =2 Al - F7HAEQl 2, ofbgl o} 1293} 1946 72t 12,5, 15.9NTUR Z7}814]
9 gxWis zARIg Y SHslE Cddg fAb 37 2%46] 13.1NTUE yholxith(Table 4).
?{P 733E B9l ov}(Fig. 3A), Bl o3 743RE =4 F2oll AataZzo] YA F = $4 8m7kA|E DO}
15~20m HéJol = F37 100NTU o]A4te] sEekZo] & vl Fdslgon o] 3p7tsldA =39 DO F
A 8k (Fig. 2b). d=2 [zl 7o Aoz A eh 4o 20l
7 (DAM)S] F3ol A3 HpT2 B3 HHFE AF QUM = AT717E Foll T HAkaZo] A
gAML 9 FH3 g () 47t 79 110 HA] ekekar, 44 36 mPE =7 (MAD)o| A= 90| 2

NTU (20 m), 84l 54 NTU (25 m), 9] 50 NTU (28
m), 10e]] 31 NTU (30 m), 11¥el] 21 NTU (30 m), 12
o 18NTU (32m) 2 1¥e]] 17 NTU (34 m)2A] =9}
FAle] AxpH oz bt (Figs. 2b, 3C). T3l &4
e A e EES AR QUI)E 1299 2EEH
o} % - 37 (MAD, DAM)o| A= 1ol $1A3] 2]
o A] - FZHHQl zfolE B3t} (Fig. 3C).

35 (DAM)®] g 2Egto = A 4lolA 1°C
u]ﬂ&«l $2alo] S Hol: 1¥o] 12Y ¥ 4] 32m7}
L A~5NTU ¥z 278l vlgolA] F7 10m

L

A

A faeel oFel BAERent 1196 £EEE.
3+ (DAM)E 99 Z<ol= 4] 10 me} 30 mel], 9
F<eoll s 14met 32mef|, 104 el:= 16 me} 32mell 72}
A sl o, AR AAEAaSS 1149 3] A E o

Z7 (MAD)RT} 2719 Ax 27 =A%t (Fig. 3B).
3] Adape] £ ) 9] DOE 1084 4
3 2.6 mg L 7}A] ZrAastdoh AA] Al o] HF

DO 3ol 27)9] Aakade] EAlsh: 10974%
DO7} 1.2~1.6mg L™t |2 Zr}s}lg] o) AR xAb
Aol £EEE 1193 3 AAkaZFe] AEEE 12
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Fig. 4. Relationship between temperature and DO at the
Dam Station in Andong Reservoir for 5 years
(August 1997 and September 1995, 1998, 1999
and 2004). A-Epilimnion; B, C and D-Metalimn-
ion; E and F-Hypolimnion and arrows indicate the
direction of water depth. The values are mean+
SD (maximum/minimum) concentrations of DO at

ueh 1~2749 % 89 Aol 4
elA HAHe] 129744 EAlskden 1
35~40m ¥l A A=)} (Figs. 2a, b).

Fzol 279) AAkade] Fhsl HAR W 4
W 23 DO 67H9] category® T-&-E %l o (Fig.
4), &= (epilimnion)2 17] (A), 3= (metalimnion)-2 3
(B, C % D)%Y A= (hypolimnion)2 27} (E, F)<]
category”Z} s|FE U 23 (A)H AF ()2 HF &2
7} DO: 717} 25.4+1.6°C,85+1.9mg L1 (A)9} 6.4+
0.9°C, 7.3+t1.1mg L (E)e]glon], Al=o] m2nr} o
& ARE nosh 720 AR AAnE @) 3

423} DOX 7Ztzb 20.9+1.2°C, 1.941.0mg L=
(A) BT} HF 423 DO} zHzF 4.5°C, 6.6mg L
7}A| Z}Aasl3 Tt (Fig. 4B).

ZF29] A4aZ7}E(C)olHE DOZF JF 59+1.2mg
L7k Z7lslelon 428 18.2+1.0°C2 FHaseltt
(Fig. 40). Qdoz Wedkselr Sae] o4
= £ 317} ulg}l DOE 27} (orthograde curve)dte}
(Thornton et al., 1990; Kalff, 2002).
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Fig. 5. Changes in temperature (A), DO (B) and turbidity (C) below the epilimnion boundary in Andong Reservoir from

September 2004 to February 2005. units; temperat

ure (°C), DO (mg L™, turbidity (NTU).
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negative heterograde DO curveE Ho|3 2]3}5o||=
positive heterograde DO curve”} A=A (¥ %,
2005h). o] 7= ® A77|ztl = wid viehd Ao zm,
F2AZol FAE] Aol AA Aol Fds B
3l DO7} 4% Al7]ell 233 5 A AbelollA]

43| 74 (negative)sl7| W&ol ©hA] =7} (positive)
HE dANAM veptbs datoz sdE. S35l 270

o] AMAakaFo]l FAHA b 1994K15} 199610l = &
Al FAET] o)A FFE/A F3FelA DOZF F7t
HARE FAE A A7) (GR)ell= 22 A Azl
A 2749 A% Rele (Figs. 2a,b).

Z2= AAra=0] A YL oJ=- T2oA] 2A7}et
YA} B4 (Stauffer, 1985; A, 1998), 1etg=e]] €]3F 4
%% (Soltero et al., 1974; Kim and Cho, 1989), SEZ&}

zE AA3 3F3F% (Shapiro, 1960; Landon and
Stasiak, 1983; Horne and Goldman, 1994) 2 A F&%=
(Drury and Gearheart, 1975; Kalff, 2002) 5-¢. 2 t}ofs}
A BarEle] Qloh ks Hit Chl-agt FH = 747}
46+28pug LY 3.040.8 mo]x|qt oJ=He||= Chl-az}
Y 14.4ug L7H] 7183 FHEE H 4 1.0m7hA]
ZA438le] (Table 2), 1527]o A EEgFo] Fshs <&
S lolEh 0 5 20050). FE0) AR Aakaze m4
2719 chert AEBE Giotigel} A4Ae] EEow
YR =194 F7197 @biotiorh Bt Feke

.

O

w23} 359 AAMANA AHeF 208 Eolehe 7|
£ ATEy BT ym At (Kim and Cho,

1989; A, 1998; ¥} 5, n|txzlg).

HbHe| $40] $2A3%3 DOol| A3 AP AFE
F= Aol AL LA A TALA | ZEkE
o] Qlor F3ol A7 YA FE 27h9 AaknZel A
B g Aot sl %%011 FA=EE 2749

Aeg FAA ARES 71E ATE

1.9 #] 7} (Kim and Cho, 1989; A{, 1998; ?ﬂ % 1998; An,
2000), 3} 89 Aol 4] 25~30m 9|l
A A ] o 57Y Et A &FHH ) eseslow

SREE D

243 %] gloiA = Al7]ell
H Aok (Figs. 2a,b). A45-2] A4

$A] 35~40m HeJ A A
kA= (Fig. 4B)2 5~15m

o] FAZA AR, sH5-F2] FAE 10m A =2 A
ddHez gkgkery Aaprql A3 (Fig. 4E)el &= DO

r—‘—'

7} Al FThekde ek A4
DO+ 3.6+1.3mg L 1=A] FAhxS] A
4C)Hr} H 23mg L FFAaslg e
(Fig. 4B)Erh= 3+ 1.7mg L7} &2 AdlE 2tk
R AMARASO] HF S 129+25°CEA] AR
A AZH o= 5.3°C W& Alg| gt} (Table 3).
ul £ (2005b) 317} (2002~20041)2] QHEol o
ATl A 1Ers 23T BE=F7E 9@ A olF
dto] FFell Az %ﬂl% FA st A717E A7,
B F e 34 AelMe T2 9=
o] AoldelA FF HW= 4 Hel= ] ol 5%
El H} At B Aol gz f8dee] d F
2 13.0°CEA] ¥ AR =22] o =
ok om (Tables 1, 2), 29l 27]2] *
H)5gk A7 (7~99)9] #5 Hi ‘I_Q""]'
DOx: 7}7} 21.0~25.0°C, 9.2~10.3mg L™1¢] W92 7
FA0] 2F sRelM FF AR Akl 42, DO #x
9} $AFsE A= ®.lY) (Table 5, Figs. 2a, b). =3},
20041¢] Al eF A7) (6~849)°] gl et
DO¥ 77} 18.3~23.8°C, 8.6~9.2mg L 12| W92 o]
Al718] AR AAkaZ AR (AaFTER) e fAFEAY
ESkHt (Table 6). S35 174e] AAAaZwE A=A
199435} 199610 AAkAZ ool A DO7} F7}=
o] AZe AL & AHE fAEAA
o
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Table 5. DO and temperature of inflow at Andong Reservoir for 5 years. Bold values are approximately the same time as
those found in Table 3 and Fig. 4 (Data from http://water.nier.go.kr).

DO (mg L) Temperature (°C)

Year

Jul. Aug. Sep. Mean Jul. Aug. Sep. Mean
1995 7.6 9.3 10.3 9.1 26 26 21 24.3
1997 9.1 9.2 10.1 9.5 22 24 20 22.0
1998 9.5 8.8 9.4 9.2 14 23 22 19.7
1999 9.0 7.9 10.3 9.1 26 28 25 26.3
2004 9.4 9.6 10.1 9.7 21 28 21 233
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Table 6. Inflow water quality of the rainy season in Andong Reservoir (Data from KOWACO, 2004).

Date Temperature DO BOD COD SS Inflow
(°C) (mgL™) (mgL™ (mgL™) (mgL™) (m® sec™)

21 Jun. 2004 18.3 9.2 1.7 2.9 22.6 1,694

7 Jul. 2004 19.6 9.1 11 2.0 15.7 382

17 Jul. 2004 21.7 9.0 2.3 3.8 28.4 1,212

19 Aug. 2004 23.8 8.6 2.0 35 275 1,344

Mean 20.9 9.0 1.8 3.0 23.6 1,158

Table 7. Distribution of rainfall and inflow when the metalimnetic oxygen minima were formed from 1992 to 2004 in
Andong Reservoir, except for 2000, 2001 and 2003.

It Month Unform Weak form Strong form
em

Ivear 1994 1996 1992 1993 2002 1995 1997 1998 1999 2004
Jul. 79.2 164.4 259.0 288.8 2316 1715 343.4 2411 1526  298.6
Rainfall Aug. 170.6 1220 1518 4228 787.0 309.4 169.0 354.7 3943 3287
(mm) Sep. 26.8 29.7 157.7 87.7 824 34.2 71.2 162.0 3832 1711
Mean 92.2 105.3 189.5 266.4 367.0 171.7 194.5 252.6 310.0 266.1
Jul. 70.2 52.6 547  107.9 59.0 40.3 150.2 115.3 30.7 147.6
Inflow Aug. 18.0 145 39.8 2200 3113 88.7 50.2 186.2 1624 1124
(m®sec™) Sep. 8.7 8.4 45.3 315 93.5 24.2 10.3 23.6 203.1 60.5
Mean 32.3 25.1 46.6 119.8 154.6 51.1 70.2 108.4 132.1  106.8

mm, <30m?®sec'd wj (1994, 1996 3)¢l| = FZo 17}
o] AARATRE Btk 270 8] MAkaFo] ofstAl 3
239w (1992, 1993 9 2002%)ell= 7F9-=FI f-i el
Z}7} 189.5~367.0 mm, 46.6~154.6 m® sec*
=asHA 3FAE o (1995, 1997, 1998, 1999 L 2004y])
o] &= 171.7~310.0 mm, 51.1~132.1 m® sec12] W24
o F30 MARSTE 7~949] A AT FUF
o] Z+Z} =170 mm, =50 m® sec o] 27117} A
AEdont UNLzEe] HY 7 3%kl >400
mm, >200m? sec 1l A= oFslA FAFHYT
(Table 7). 4] (1998)= WA 52| AFolA 7}-$-sFo] =7}
3 ASTRr mRtE s 7Y Feol 1 odske] Fo
w, 3] 5(1998)2> Aol ok ARE F4¥
7 (79) HEF7F F5 Wl 93 8dels 29
Z°] S sy

2 A7 5 Ao T F02E 1) 19931
84 (422.8 mm, 220.0 m® sec 1)} 20021 84 (787.0 mm,
311.3mé sec o= =23} =90 HL2x10|7F AT
2o Aoz AFL sz olFHow, o] A7)
Fo A3 AMARZ el o A FAHAH
(Table 7, Figs. 2a, b).

53 E HRI] a%s, AN E BE 717 F

F eqnsieke] F7hskn F3e] mepdel YA

(Kim and Cho, 1989; A1, 1998; & %, 1998; 3] %, 2000;
An, 2000; ¥} 5, 2005b). )F53 2 FEE $5F] dF
& AAEE F573e] < 3+ BOD, COD ¥ SS+= 7}
7} 1.0, 2.3 % 3.3mg Lto]g) o} (Table 1), 47]4l
20044 6~8Y9 HF7S 747+ 1.8,3.0% 236mg L
24 Al S F71BAY) fAFe] Frkesn
(Table 6). 7]l HF F-U= ] ol 3y
2 A7 AFIe Al71e] 34 o 539
DO %9} §A}8l7v} =9k} (Table 6, Figs. 2a, b). &t

nP‘-l

Z‘:QT_‘:

2o S NES B SEE AR Gelor) 43
o2 B Qe dkn 525 4] AR

# 3 gt=F B3} (Fig. 2b), (4 5, 2005b).

5o 4 10m FZojA 33*4F4L 5o AN
AAFAZL 200400 = 4] 8~10mel|A] =23} DO7}
747} 1.8°C, 6.7 mg L™ '742] HH =2 FFAstodet o] 44l
7}A] g 10NTU o)3t=2 Y& Alelgj om 44 16 m
HE] 40NTU o]Ato g Z7)5)e] 28mel H1 gxr) 2
Z3F3i ) (Figs. 3C, 5C). A5 AAalaS el r= DO
o} gwrt 7 ke AR s Bolmz e
=9 %"‘#7} A AARRTE ol (AT =
ARFA] o= oz AekElg. o] AakaF
e 2mutet g=2o] o 4.9°C7HA] F43] 3173t
T A 30mellA FAHH, o] fAldelA DOE FH
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13mg L7744 2kt 5 Frieisdert 3o v
ZollA FA3] Aashs S Bl (Figs. 3B, 5B).
TN TF Al A= AT T4l
dE aEae] R sl o AddH 1Y
= BHeNA 2Fo] YEHFo £ FTo= f3d
AbskEa} #e] 9l Zlow FwkElvh (A, 1998). 1
2t 6}%91 AArEZe F2d A7|7F AR 2
Tl I f - FIUAE T AFe] AAE A
A, Zﬂvﬁ}tﬂﬂ DOE &Esly] wied A== Aoz
AtsEot

ol do 12

b s

oft ¢

= -]

=3 A] 19923 RE] 20041 7FR] A7) 7ol DA 4=

W Rz el DO WES AL wid 5é—rE1
3 1 FAE7) AR 230 Ak
7kA] A - B 2Abele FkEH T3 ]‘E
g 6~7é—rE1 Aakago] HAE o™ Axel wet
2707k EA) sk 2709 AAkAZS SoA]=o] AR
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¢

<k

o

jg

7~9998] 739 fdEFell odskE Wik o] A]7]9
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v 225 42 AR 3
W S ARLEE 12870 EAAE 1200 &

m o] ZelA: DO £ Fragel T, A -
shre] AAaF AbeloAE DOZL Z7bstelet Az
DOE %% olejollAl Z7hstadon] M4A) vheh 3ol
A FA8 Aashs AE Both $47060 fa1e
P AA FFo iz fAkElgler Dox
FAFAY =33, BOD, COD % SS¥ %7} £7ls)
Q. sz %;—oﬂ Yyl er), dur F3
37N S s A
=2 EAsgn 2335 33

H

& A AEE AR A 23A 0 AE
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2 fd" st el Aoz Alsdd.

[ ==
2 EEH
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2005h. QlF3zoA B
T

F 7Sl o3t T_‘%]'—T—Z—E] o) Z3} AWEA. T84T
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] 31:1-
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