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Abstract

Global scale chlorophyll mapping technique by mean of satellite ocean color remote sensing has
been developing since 1978 when CZCS ( Coastal Zone Color Scanner) abroad on Nimbus-7 satellite.
Advanced ocean color sensors are going to launch in coming decade for the purpose of study on the
global scale marine primary productivity. Primary productivity is assumed as the function of
chlorophyll content and incident quantum PAR (photosynthetically active radiation). To estimate
water column productivity by remote sensing data, the primary productivity function ® was defined
in this paper and the study on vertical distribution of ® around Japan was done. Although long wave
part (~600nm) of PAR has high quantum energy at surface, those are rapidly absorbed by water at
surface layer. Vertical distribution of ® is highly effected by PAR compared to chlorophyll
concentration. It means the surface optical information can be useful indicator for estimation of

water column primary productivity.
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Fig. 1. Shiptrack and station locations of the RV Fig. 2. Typical observed data by underwater
Shunyoumaru. SY87 are surveyed at Aug. photometer (MER-1010). The solid line
1987 and SY88 at Sep. 1988. shows expected value under 60m depth.
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nm rapidly drop down.
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B —{ Table 2. Spectral distribution of simplified
- extra terrestrial solar radiance (Fig. 4)
band Wm=2 nm™!
1.5
350nm — 400 E (A)=1.0
400nm — 425 E )=1.7
1.0 425nm — 450 E (1)=0.016 2 —5.1
450nm — 480 E (1)=2.1
CIMO-VIIl (1981)
st 480nm — 700 E (1)=0.0027 A +3.4
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Table 3. Spectral distribution of simplified
optical thickness (7o + =y, Fig. 7)
*
.E band Optical thickness =
3 350 — 500 Logz = —0.00427 A +1.34
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Fig. 5. Spectral distribution of optical thickness ) ; A ) : ) | . |
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Fig. 6. Simplified spectral distribution of air
optical thickness from Fig. 5.
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Fig. 8. Optical character of some phytoplankton.

(after ARUGA 1965)
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Fig. 9. Diffuse attenuation coeffirient K for clear- Fig. 10. Vertical distribution of K (PAR) and
est natural waters (from SMITH and Quantum (PAR) for crearest natural
BAKER 1981). water.
Surface quantum Q (0) is from Fig.7.
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Table 4. The main substances which determine the optical properties of a water body.

(after GORDON and MOREL 1983).

CASE 1 WATERS RESUPENDED SEDIMENTS 4

from bottom along the coastline

and in shallow areas

1 LIVING ALGAL CELLS TERRIGENOUS PARTICLES 5
variable concentration river and glacial runoff

2 ASSOCIATE DEBRIS DISSOLVED ORGANIC MATTER 6
originating from grazing by zooplankton land drainage (terrigenous yellow
and natural decay substance)

3 DISSOLVED ORGANIC MATTER ANTHROGENIC INFLUX 7
liberated by algae and their debris (yel particulate and dissolved materials

low substance)

CASE 2 WATERS
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RFRNCRAOME L BT, HEREREL HS5E 528450, LArLELOMEKRDES, 1
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P T %%, GORDON and MOREL (1982) (¥, fEY)EFREE L 0 ~1.5 ug/lDK%casel DK E L TH
DI, BETELHERB TV, L THEICS5.3ug/lETldcaselOKELTIROHES T L8 TE
BELTWE, 2B, SEOBEYERDS b, FENCKE{EE T2 0074 VEZDERYTH
372X 7 4 FENRFRBENIEFCRCES>TWwE (K1), ATHES & UKFEEFFL b
KHRBZBWIHERZSET S I L RHRATEITAETH S, ThY I, FKRETE 7007 4L
—a b7 A7 4Fv—akBbELbOEEYERE L TRIES,

B 12 a. biz =ZEEEANFEIE CEREIL 2 EYERWE A E2 R T, £41987 &8 L 11988 4 9 A
BRHENZLDTH S, M7 —5 & b BEERIRILAAETH 225, AFFOHBENC 1384 20~30 mfE
EYEEBEABLR NS, SRRTICL2REOHAFBRICL ZOEMERNATE Y, ERBEYER
BADEAEIZEKESHEEAROMAF) Y -2 ThHb LR b,

MEPEEC & 2 BIEKEERE (441 nm) OEBIRBK,  SAESH %K 13a. biznd, EWERHES
fi (M12) LESAMGLTWE I bbb, RERTZEVEROBERII»»b 5T, FIHIRRE TH
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Fig. 11. Absorption spectra of various chlorophylle and their corresponding
phaeophytins (after BOGORAD 1962).
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Fig. 12. Vertical section of phytoplankton pigment off Kashimanada.
upper : Kuroshio front is located on St. 16-18. St 14, 15 are located
to the south of Kuroshio current (Sep. 1988).
lower : Kuroshio front is located on St. 17-18.
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Vertical profile of diffuse attenuation coefficient K (441). Vertical dotted line is K=
0.05 at each station.

upper : Subsurface maximum are seen at St. 29-19 as Fig.12. a. St. 18-16 are
Kuroshio water. St. 14, 15 are located on the south of Kuroshio main current.
lower : Kuroshio front is located on St. 17. At St. 16, upper layer (0-40m) was coverd
by Oyashio water and lower layer (50-100m) was occupied by Kuroshio water.

41



42 o 2 RA-HE K B 8L

L °
150 ..
i L]
L] L]
- L]
L] L] L
— Py *
. L * *
- ° °
° L]
.100— °
) L]
- . .
K (441) _ . .
L] ..
_ ° o9 . °
L]
L]
o . . .
e J
.050 —| b
L] ° L]
- L] I
- .o °
] ° e, . 10m-75m
- L] L]
. % 1987 Aug.
— L]
. oft Kashimanada
R (| A S e S RN T S S A R e (R
.050 .100 .150
K (par)

Fig. 14. Scatter plots of K (441) vS K (PAR) for 10m-75m
water. Both data were taken by MER-1010.
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Fig. 15. Vertical profile of PAR at typical stations SY 87.
St. 19 show the pattern of Kuroshio water. St. 16 is
located on just north of Kuroshio front where is the
highest chl. -a water as shown on Fig. 16. b. St. 12 is
located on the Oyashio water.



HERE A PE I BB O SR AT 43

[ 15 (2 1988 FEERIE D (R EAHL SO PARSIEMER 27~ T, & 12 bic R 51 2 BEIFRAKDSt19, &K
A EREEO—FS\St16, RUHFRBICHEMERERS R S 15 St.12 DMES &L RRK/S
F— 2 LTER LT, FBHSICE T 2BHRAOECPREOER 2 ER L TREPARZEREL L2
SNEARTH B, CORIE, BHHEYEREES L CHRESAPEOENIC L DEREICE T 5PARD
BREZ2HL00, EBICET 2 A82PAROEAZHEEL TED, 25mBTREFKIBVLTY
13%, St.16 DEEYEREEKIIBVLTIR4BICETHEPILTLES ZEERL TR,

FIEEEE S T A ERLEENBEBONHRES

3—1 Z7nR74VRENRESH

M16127 007 4 L—a EEOMENMG 2R T, EERBRESMR (K 12) L [k, 10 mOEE
CHBAESH D, I OMEAIZIRELASE, SN AEICHEL TR 22, BEARUETERS
N, BEAFE CIEHE A —HRICEVEEZRLTVWE2DATH S, EOKRIZBVLTY 60mbl
EOr7un 7 4 b—a EBEREEICEY, RICEREXO 1% EvbTw2MERESERTREN
T3, Farmr7un7 4 V—a BREFEENRICHOHAL T, ERAAGEEE 2T Tw23 2 en
HEEN 5,

N (Oyashio) «— —> S (Kuroshio)
0 2.}
\
1
10+ i R
20+ 8

30

~ 500 .
E
£
£
-3
[
]

L
5+ |
H
)
100 1 1 1 1 1 1 L 1 1 1 1 1 7 B 1 1 0-5 1 j

St. 29 28 27 26 25 24 23 22 20 20 19 8 17 % 15 ¥

off Kashimanada
Aug.1987

Fig. 16. Vertical section of chlorophyll-a concentration (xg/1). White arrow
shows Kuroshio front. Small bar at each St. shows the depth of 195
surface Q (PAR).
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Fig. 17. Vertical profile of primary productivity function ®. Surface Q
(PAR) were normalized to 100. Small bar at each station shows the
depth of observed 40W/m? as light inhibition depth.
upper : for Aug. 1987 lower : for Sep. 1988.
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Table 5. Primary productivity function ® at surface and total water column. The water

surface PAR are normarized to 100.

SV 87 SV 88

St. Surface @ Total ® Ratio St. Surface ® Total @ Ratio

0 —20m 0 —100m % 0 —20m 0 —100m %
29 540 643 84 10 575 645 89
28 207 345 60 11 460 612 75
27 243 383 63 12 357 479 75
26 155 231 67 13 424 ' 615 69
25 518 766 68 14 351 483 43
24 517 616 84 15 500 584 86
23 564 752 75 16 394 462 85
22 634 800 79 17 326 395 83
21 647 942 69 18 253 389 65
19 713 1004 71 19 271 427 63
18 758 915 83 20 308 547 56
17 550 672 82 21 398 617 65
16 390 627 62 22 485 631 75
15 493 840 59 23 352 493 71
14 298 499 60 Ave. 2%

ruan 7 4 v—aBEREOEBIAR CIIORELNENAE L, LBICBT200LENE L, WICE
BIAE TR, o074 0—a BEMEVEIZQ (PAR) OMEARI/NE <, LD TEIZQ (PAR) 2
BRELTEBOEREEYRO TVD I NI 5, M 18 FHIESNIKFHPAR, Z7uu7 4 v—ahb
OEEHELLZDDTH S, INSDMESME»Z 7007 4 b—a DRI 2D S FEE 20
mPERICB U 32 EREENAEEBREEORTSEHOTWE LICRZ 2, INEAHRE L TEAE
BT BAEOL 20mEIZDOD L L7 D2ES5 TH 2,545 DRIFICHE W TERE 20 mElE T 60%
DEDEENZ, @FHIE 0B U EELHD TS,

VE—b Yy Y7 TROLNIEEEAESEBFBRCEIRBOBRL»E TN TR, ZOERIE
BRBHEREED 250 1 L 3T w5 (IR 1985), BRI EBE 3 HEE T4 20 m, 25
ABTHERKAOMBETH 2720, ZOABRICB T 2 EEIEHREFIIZELFI10m, 20meixs, £E20
MONFERSAEEALEROS OBFEED T2 2 L2 b, HRSKERIKEEES % H#EE
TE2RORETAERTHD EVE D,
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$t.12 time 16:30
off Jouban.Sept 1988

1 10 100 1000

T | IR B | P S A | ool

10+
20+
304

100

St.16 time 13:15

, off Jouban.Sept 1988

1 10 100 1000

10
20+
30

100+

Fig. 18.

St.23 time 16:00

off Jouban.Sept 1988

Vertical profile of chlorophyll-a (xg/1), PAR (¢ mol) and primary
productivity function ®. Each surface PAR has different value
because of different observation time. Small circle at PAR=180
show the light inhibition limit. Vertical plofile of ® is same as it in
Fig. 17.

upper : for Oyashio water. middle: for near Kuroshio front water.
lower : for Kuroshio water.
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sACPRECRI T B 15T

Heh3d B REL LM 2 EENAE S Z D, PARBEEOBERAER E 2 0BT B EINT
wdo L2L, HHEPARBKESEICKEL T30, BRECSLTLRIHCL ) hEELFEL
WEPARDRIEL 55, L7chio T, KEBEEITEE L 205 8RR L T O&E %32 0'H+1E, PAR
Lrzuu7 4 v—aREPSHEEL 0, EREENOEEL LTHARWL I ENTES - Lich
%o BEEHO 7 v 7 4 Vv—aiESFE RS L (”19), 7007 4 L—a fBARBI 80~120 mBIC

St.No. 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

100

200

DEPTH (m)

300

400F z e T T T Chidpgh)
: at West Pacific
O (1,0ct,, =22, Oct., 1985)

5001

St.No.

T——r——m

100

DEPTH (m)

150

200 Cchl (pg/) ’ i at West Pacific ( 22,Jun,-10, Jul,1985)

Fig. 19. Vertical section of chlorophyll-a consentration at western pacific.
upper : Equator is between St. 73 and St 74. St 62 is southern end
of the transect.
lower : Equator is between St. 6 and St. 7. St 1 is northern end of
the transect.
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HD, TOFEEICELTTIYSBEEHEF MG L 2D, OMEREELIT S IR 5,

TAKAHASHI ef @l (1971) F58NHERZ 7T > 7 P OEBFHBREIC L > TEL D, 1k luxDFRE
TIE->TWA7I> 27 b, SkluxBEECHENEER2B L, BbkluxOBRETECE-2TWS 77
v b, 10k luxE TREDORSICIGEL TRAREREIZEART 2082 L2 LT LA
HEIZEALBZWEL TS,

HARE 10 k lux | A EE7KEdo (PAR) 40 w/m2ICHHS T2 £ LT, ZhampEERA L L, KB»iRE
Fizh 2 EFOEERGRAEE LBE OB EREIEE S 2K 20 1R T, RO ER I EEE
KAEBELEBES L UJERLOV (1964) 12 & 2 FE#y kB 4340312 3D < Oceanic I b, Oceaniclll,
Coastal 1 DBADOWEFIHEGREK, 25 E L TELAPHEEE] (PAR) 40 w/m? EETH D, S
KM ST B E A CEE 31 m) Dkal2 & D ELRFEETH 2, HARFAMEAKLIEARE L UL
K EEAE TR R 1T & 2 Sk ek B3 Oceanic I bBI~TIHIC H D, % < I EBAE LD b
BOLHEFREEEL TV 70, WAKRTORAFEEZ OmPREBREL THELZZ RV I LIRS,

80 60 0
N I R SR T S 1 W1 HE = = 5= = = e s = By G
- o o o
80 60 40 20 o
5 ] | ] ] | | B | I 10h , 14h
80° 60° a0 20° 0 noon
1 £ 1 1 1 = 1 1
10 3 coastal 1 =
oceanic ||

~ Off kuroshio T=31m i

E o
L ’ ° . _
E ceanic Ip - 50
o
F — _
- clearest Natural water -
100

Fig. 20. Light inhibition depth at each water type under the ideal sky condition. Sun elevation has different
value for each latitude and time. The scale of latitude is for the case when Sun is on the equator.

B L L ORKH LRSI T 2, KRINEBREE AW EERGRETICE T 2 kP THEE
BEEERZ2E 6T T, COFECRERICET2 7V A VREIC L 2BEXOBEEISEIATY
B, KEEEOWEREAEIIERIC LD 2~30% EZLT 275, FRABHEABELZBEBEDO 7L AL
RETERIFRBRIEA A5 T 6%, 700012 T12%THD, £ 625K 2 HHERKTITE 1T 5 iELHEE
BREBEELES 255D TIREE LV,
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Table 6-a. Under water downward irradiance Epngx (W, m?) under the assumption of the
Kuroshio water (T =31 m) and Oyashio water (T =17 m) at clearest sky conditions.

Ed at each Dep. & LAT.
under ideal Air & off KOROSHIO watrer T= 31 m

LAT 80 70 60 50 40 30 20 10 0
0m T4 148.6 225.5 297.3 360.1 411.4 449 .4 472.7 480.6
5m 41.1 74.2 109.9 143.7 173.4 197.8 215.9 227.0 230.8

10m 29.7 51:7 75.8 98.8 119.0 135.7 148.0 155.6 158.1

15m 22.4 38.3 55.9 72.8 87.6 99.8 108.9 114 .4 116.3

20m 17.1 28.9 42.1 54.7 65.9 75.1 81.9 86.1 87.5

25m 13.1 22.0 32.1 41.6 50.1 57.1 62.3 65.5 66.5

30m 10.1 16.9 24.6 31.9 38.4 43.8 47.7 50.2 51.0

35m 7.8 13.0 18.9 24.6 29.6 33.7 36.8 38.7 39.3

40m 6.0 10.1 14.6 19.0 22.9 26.1 28.5 30.0 30.5

45m 4.6 7.8 11.4 14.8 17.8 20.3 22.2 23.3 23.7

50m 3.6 6.1 8.8 11.5 13.9 15.8 17.3 18.2 18.5

55m 2.8 4.7 6.9 9.0 10.9 12.4 13.5 14.2 14.5

60m 2.2 3.7 5.4 7.0 8.5 9.7 10.6 11.2 11.3

65m 1.7 2.9 4.2 5.5 6.7 7.6 8.3 8.8 8.9

70m 1.3 2.3 3.3 4.3 5.3 6.0 6.6 6.9 7.0

75m 1.0 1.8 2.6 3.4 4.1 4.7 5.2 5.4 5.5

80m 0.8 1.4 2.1 2.7 3.3 3.7 4.1 4.3 4.4

85m 0.6 1.1 1.6 2l 2.6 3.0 3.2 3.4 3.5

90m 0.5 0.9 1.3 i, 7 2.0 2.3 2.6 2.7 2.9

95m 0.4 0.7 1.0 13 1.6 1.9 2.0 21 2.2

100m 0.3 0.5 0.8 1.1 1.3 1.5 1.6 1.7 1.7

Ed at each Dep. & LAT.
under ideal Air & OYASHIO watrer T= 17m

LAT 80 70 60 50 40 30 20 10 0
O0m 74.1 148.6 225.5 297.3 360.1 411.4 449 .4 472.7 480.6
5m 41.2 4.7 110.6 144 .4 174.1 198.4 216.5 227.5 231.3

10m 28:5 49.3 71.7 92.9 111.6 126.9 138.2 145.2 147.5

15m 20.6 34.5 49.6 63.8 76.4 86.7 94.3 99.0 100.6

20m 15.1 24.6 35.0 44.8 53.5 60.5 65.8 69.0 70.1

25m 11.1 17.8 25.0 31.8 37.8 42.7 46.4 48.6 49 .4

30m 8.2 12.9 179 22.7 26.9 30.4 32.9 34.5 35.0

35m 6.1 9.4 12.9 16.3 19.2 21.7 23.5 24.6 25.0

40m 4.5 6.8 9.4 11.7 13.8 15.5 16.8 17.6 17.9

45m 3.4 5.0 6.8 8.5 10.0 1152 12.1 12.6 12.8

50m 2.5 3.7 4.9 6.1 7.2 8.1 8.7 9.1 9.2

55m 1.9 2.7 3.6 4.5 5.2 5.8 6.3 6.6 6.7

60m 1.4 2.0 2.6 3.3 3.8 4.2 4.6 4.8 4.8

65m 1.0 1:5 1.9 2.4 2.8 3.1 3.3 3.5 3.5

70m 0.8 1.1 1.4 1.7 2.0 2.2 2.4 2.5 2:5

75m 0.6 0.8 1.0 1.3 1.5 1.6 1.8 1.8 1.9

80m 0.4 0.6 0.8 0.9 1.1 1.2 1.3 1.3 1.4

85m 0.3 0.4 0.6 0.7 0.8 0.9 0.9 1.0 1.0

90m 0.2 0.3 0.4 0.5 0.6 0.6 0.7 0.4 0.7

95m 0.2 0.2 0.3 0.4 0.4 0.5 0.5 0.5 0.5

100m 0.1 0:2 0.2 0.3 0.3 0.3 0.4 0.4 0.4
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Table 6-b. Under water downward irradiance Epax (W, m?) under the assumption of the

Jerlov’s oceanic Il water and coastal I water at clearest sky condition.

Ed at each Dep. & LAT.

under ideal Air & Jerlov oceanic 3 watrer

10
472.7

20
449 .4

50 40 30
360.1 411.4

297..3

70 60
148.6 225.5

80

LAT

480.6

74.1

Om
5m

10m

57.6 85.0 110.9 133.5 152.1 165.8 174.3 177.1

31.8

28.3 40.8 52.6 63.1 71.6 77.9 81.8 83.1

16.6

9.1 14.9 2142 27 :1 32:3 36.5 39.7 41.6 42.3

15m

5.1 8.1 11.3 14.4 17.0 19.2 20.9 21.9 22.2

20m

9.2 10.3 11.2 117 11.9

7.7
4.2

2:3

6.1

4.5
2.5

2.9
1.6
0.9
0.5
0.3
0.2
0.1

25m

6.4

6.3
3.4

6.0

5.6
3.0
1.7
0.9
0.5

5.0

2.7
1.5
0.8

0.5

3.4

30m

30
1.9
1.0
0.6
0.3

33
1.8
1.0

0.5

1.9
1.0
0.6
0.3
0.2

0.1

1.4
0.8
0.4
0.2
0.1
0.1

35m

1.9
10

0.6

1.3
0.7
0.4
0.2

0.1

40m

45m

50m

0.3

0.3
0.2
0.1

0.3

0.2

0.3

55m

0.2
0.1

0.2
0.1

0.1

0.1

60m

0.0 0.0 0.1 0.1 0.1 0.1

65m

0.1 0.1 0.1

0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0

70m

0.0
0.0
0.0

0.0

0.0

0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0

75m

0.0

0.0
0.0

0.0
0.0
0.0
0.0

80m

0.0
0.0
0.0

0.0

0.0
0.0
0.0
0.0

85m

0.0
0.0
0.0

90m

0.0

95m
100m

0.0

0.0

0.0

Ed at each Dep. & LAT.

under ideal Air & Jerlov coastal 1 watrer

80
74.1

10
472.7
155.5

30 20
449 .4

411.4

60 50 40
297.3 360.1

225.5

70

LAT

480.6
158.0

148.6

Om
5m

10m

53.1 77.3 100.0 119.9 136.1 148.2

29.9

24.1 34.0 43.2 51.3 57.9 62.8 65.8 66.9

14.6

7.5 11.8 16.3 20.5 24.1 27:1 29.4 30.7 31.2

15m

4.0 6.0 8L 10.1 11.9 13.3 14.3 15.0 15.2

20m

7.6

1
3.8
1.9
1.0
0.5
0.3

3.1 4.1 5.1 6.0 6.6 7:2
3.4
0.1

2.1

25m

3.8
2.0

3.6
1.9
1.0
0.5
0.3
0.1

3.0

2.6
1.4

0.7

2.1

1.6
0.8
0.4
0.2

0.1

1.1
0.6
0.3
0.2
0.1

30m

1.7
0.9
0+5
0.2

1:6
0.8
0.4
0.2
0.1

1.1
0.6
0.3
0.2

0.1

35m

1.0
0.5
0.3

0.1

40m

0.4
0.2

0.1

45m

50m

0.1

0.1 0.1

55m

0.1 0.1 0.1 0.1 0.1

0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

60m

0.0

0.0
0.0
0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

65m

0.0
0.0

0.0
0.0
0.0
0.0
0.0

70m

75m

0.0
0.0
0.0
0.0
0.0

0.0

80m

0.0
0.0
0.0
0.0

0.0

85m

0.0

90m

0.0
0.0

0.0
0.0

0.0

0.0

95m
100m

0.0
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Table 6-c. Under water downward irrdiance Epsx (W,/m?) under the assumption of the clearest
natural water and Jerlov’s oceanic I b water at crearest sky condition.

Ed at each Dep. & LAT.
under ideal Air & clearest watrer

LAT 80 70 60 50 40 30 20 10 0
Om 74.1 148.6 225.5 297.3 360.1 411.4 449 .4 472.7 480.6
5m 48.9 89.6 133.3 174.5 210.9 240.7 262.7 276.3 280.8
10m 39.7 69.8 102.8 134.2 161.9 184.6 201.4 211.7 215.2
15m 33.8 58.4 85:5 111.3 134.2 152.9 166.9 175.4 178.3
20m 29.3 50.0 73.0 94.9 114.4 130.3 142.2 149.5 151.9
25m 25.6 43.3 6351 82.1 98.9 112.7 122.9 129.2 131.3
30m 22..5 37.8 55.0 71.6 86.3 98.3 107.3 112.8 114.6
35m 19.8 33.2 48.3 62.9 75.8 86.4 94.3 99.2 100.8
40m 17.5 29.3 42.7 55.5 67.0 76.4 83.4 87.7 89.1
45m 15.4 25.9 37.8 49.3 59.4 67.8 74.0 77.9 79.2
50m 13.7 23.0 33.6 43.9 53.0 60.5 66.0 69.4 70.6
55m 12..1 20.5 30.0 39.2 47.3 54.1 59.0 62.1 63.2
60m 10.8 18.2 26.8 35.1 42.4 48.5 52.9 55.7 56.6
65m 9.6 16.3 24.0 31.5 38.1 43.5 47.6 50.1 50.9
70m 8.5 14.6 21.6 28.3 34.3 39.2 42.8 45.1 45.9
75m 7.6 131 19.4 25.5 30.9 35.3 38.6 40.7 41.4
80m 6.8 11.7 17.4 23.0 27.9 31.9 34.9 36.8 37.4
85m 6.1 10.5 I5.7 20.7 25.2 28.8 31.6 33.2 33.8
90m 5.4 9.5 14.2 18.7 22.8 26.1 28.6 30.1 30.6
95m 4.8 8.5 12.8 16.9 20.6 23.6 25.9 27.3 27.7
100m 4.3 7.7 11.6 15.3 18.7 21.4 23.5 24.7 25.2
Ed at each Dep. & LAT.
under ideal Air & off Jemlov oceanic 1 B watrer
LAT 80 70 60 50 40 30 20 10 0
O0m 74.1 148.6 2255 297.3 360.1 411.4 449 .4 472.7 480.6
5m 45.6 83.9 124.9 163.6 197.7 225.6 246.2 258.9 263.2
10m 34.3 60.9 89.8 117.2 141.3 161.2 175.9 184.9 187.9
15m 272 47.3 69.5 90.5 109.1 124.3 135.6 142.6 144.9
20m 21.8 37.7 55. 1 71.8 86.5 98.5 107.5 113.0 114.8
25m 17.7 30.3 44.3 57.6 69.4 79.1 86.2 90.6 92.1
30m 14.3 24.5 35.8 46.6 56.1 63.9 69.7 73.3 74.5
35m 11.7 19.9 29.1 37.9 45.6 52.0 56.7 59.6 60.6
40m 9.5 16.2 23.7 30.9 37..2 42 .4 46.3 48.6 49.4
45m 7.8 13.3 19.4 25.3 30.5 34.7 37.9 39.9 40.5
50m 6.4 10.9 15.9 20.8 25.0 28.5 31.1 32.7 33.3
55m 5+2 8.9 135 1. 171 20.6 23.5 25.7 27.0 27.4
60m 4.3 7:3 10.8 14.1 17.0 19.4 21.:2 22.3 22.6
65m 3.5 6.1 8.9 11.6 14.1 16.0 17.5 18.4 18.7
70m 2.9 5.0 7.4 9.6 11.6 18.3 14.5 15.3 15.5
75m 2.4 4.1 6.1 8.0 9.6 11.0 12.0 12.7 12.9
80m 1.9 3.4 5.0 6.6 8.0 9.2 10.0 10.5 10.7
85m 1.6 2.8 4.2 5.5 6.7 7.6 8.3 8.8 8.9
90m 1.3 2.3 345 4.6 5.5 6.3 6.9 7.3 7.4
95m 1 1.9 2.9 3.8 4.6 5.3 5.8 6.1 6.2
100m 0.9 1.6 2.4 3.2 3.8 4.4 4.8 Bl 5.2
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Under water downward quantums distribution under the crearest sky condition.

Table 7.

Surface quatums are caliculated using by Fig.7. The quantums of light inhibition limit

are set as 1.0.

relative Q at each Lat. and Depth

under Ideal air & clearest natural water

1.0 means photo inhibition depth

80 70 60 50 40 30 20 10
11.8

LAT

12.0

11.2

10.2

8.8
4.8
3.6

(|

5.2
2.8
2.0

3l

1.s1
0.5
0.3

Om
5m

10m

6.7
5.0
4.0

3.4

6.5

6.2
4.6

5.6
4.2

3.4

39
2.8
243
1.9
1.7
1.4
1.2
1.1
1.0
0.9
0.8
0.7

1.6
1.2

0.9
0.8

4.9

4.0

3.7
3.2

2.9
2.4

1.6
1.4
1.2
1.0
0.9
0.8

0.3
0.2

15m

3.3
2.9
2.5
2.2
1.9

2.8
2.4

20m

2.9
2.5
2:2

2l
2.3
2.0

2.1

0.7
0.6
0.5

0.4

0.2

25m

2.1

1.8
1.6
1.4
1.2
1.1
1.0
0.9
0.8

0.7

0.2
0.1

30m

1.8
1.6
1.4
1.3

1.1

35m

1.9
1.7
1.5
1.4

1.8
16
1.4
1.3
1.1

0.1

40m

Ll
1.5

0.7
0.6
0.5

0.5

0.4
03
0.3
0.3
0.2
0.2
0.2

0.1

45m

0.1

50m

1.3
1.2
1.1
1.0
0.9
0.8

0.1

55m

1.2

1.1
1.0

1.0
0.9
0.8

0.7

0.1

60m

1.0
0.9

0.8

0.6
0.6
0.5
0.4

0.4
0.4

0.1

65m

0.1

70m

0.9
0.8

0.6
0.6

0.3
0.3

0.0
0.0

75m

0.7

0.7

0.2

80m

relative Q at each Lat. and Depth

under Ideal air & Jerlov Oceanic 3 water

1.0 means photo inhibition depth

70 60 50 40 30 20 10
11.8

80

LAT

12.0

T 1 8.8 10.2 11.2
3.1

52

1.1 3.1

0.3

Om

4.2

4.2

3.9

3.6
1.6
0.8
0.4

0.2

2.5

1.8
0.8
0.4

1.0
0.5
0.2
0.1

19
1.0

0.5

1.9
1.0

0.5

1.8
0.9
0.5
0.3
0.1

1.4
0.7
0.4
0.2

1.1
0.6
0.3

0.1

10m

0.1

15m

0.2

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

20m

0.3
0.1

0.3
0.1

0.1 0.2

0.1

25m

0.0 0.1 0.1 0.1 0.1
0.0
0.0

0.0
0.0

30m

0.1 0.1 0.1 0.1 0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0

35m

0.0
0.0
0.0

0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

40m

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

45m

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

50m

0.0

0.0
0.0
0.0
0.0

55m

0.0

60m

0.0
0.0

65m

0.0

70m

0.0
0.0

0.0

0.0
0.0

75m

0.0

0.0

80m
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BREEIC BT 2 WHRE I RLANC & D SBETRE 25T <, €20 13, EEEBOE B2
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Fig. 21. The estimation of light saturation depth under the
ideal sky condition at each time and latitude.
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Fig. 22. Vertical profile of chlorophyll-a (zg/1), ® and measured productivity by means of *C (ugec/1/hr).
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