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Ecosystem models are mathematical representations of underlying mechanistic relationships among ecologi-
cal components and processes. Ecosystem modeling is a useful tool to visualize inherent complexities of ecolog-
ical relationships among components and the characteristic variability in ecological systems, and to quantitatively
predict effects of modification of systems due to human activities and/or climate change. A number of interdis-
ciplinary programs in recent 20 to 30 years motivated oceanographic communities to explore and employ system-
atic and holistic approaches, and as an outcome of these efforts, synthesis and modeling became a popular and
important way of integrating lessons learned from many on-going projects. This is a brief review that includes:
background information of ecosystem dynamics model; what needs to be considered in building a model framework;
biologically-physically coupled processes; end-to-end modeling efforts; and parameterization and related issues.

Key words: ecosystem modeling; parameterization; biologically-physically coupled processes; synthesis and
modeling; N-P-Z model
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whe} o] =X d(theoretical model), 7§ & 2 (heuristic model) ~1&] 17

5549 (predictive model)= FF3IAT o]EREL Atdlo]| 1
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thsk #Hlo] o RHA | Xt R (regional)oll A =3E 7] A|AILE
Aol ZAste] BAE REo] 7k nEiE ofl5sk=t] 2ol A
7} gol §irt. - E3ke B2 +=5°], IPCC (Intergovernmental
Panel on Climate Change)’} A=A|7" 1. (global)e] 7|+ = 4
W= 7INke R F7FR A oA AASHRE TheFsE AlvkE] 2ol 7t
3], 7F7ke- vl efel ®Hold Adsdel] oisl, 1 w2 3 (uncertainty Y&
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Rdlo] AARay of| SR do] F 7hx] W] AR A9t
o] ZolX= HHFA e e 98 E A (ecosystem dynamics
model)2] o2 W& 231, 71 o5 A, Y
Al aEalof g AR 9 HE FEel diste] nEstE Ehﬂr.
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Malthus (1798)= AlZtel W Q1= JHAIT; N)2 718k
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Fig. 1. Examples of exponential (Malthusian) growth (a) and density-dependent logistic growth (b).
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1 5ok ufgh Ale] W QP e EoPdAd AolA)yS o
53 QUThFig. 2). PR 2] P4 4 (stability analysisy-
o717} At} & 59, Liapunov, von Neumann, Poincaré-
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a. Lotka—Volterra predator—prey population model
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b. Phase plot for prey—predator system
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Fig. 2. Examples of Lotka-Voltera prey-predator population model (a) and phase plot showing equilibrium (b).
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Fig. 3. A schematic of bio-physically coupled model illustrating how
physically driven upwelling enhances phytoplankton production (modi-
fied from Walsh, 1972).

(19727 3% B5aole) BEAE ATe) 919 EelpEt

BUE A AA H2 BYE DA ROIEE g ).
OIE B YL RE ek e e Aol Fuele

& % iz, ofz Rk g U] A A il shs

7§A}14+ B 1ol AE sk AR vE Y e
CV7IHE e, B4 2a)F o9 AAA s dgd 2l
A5 BolF= 71xdAe]7] wiEoltt.

TR

aloF A Rl oA REEA] arefafjof o A2 Al
T8 dgdelct. 53, 31% i& Q1o wsle} Tef wh Est
2 HkSo] ) oE A FAL4A B4 (dimensionless
scale analysisyS &3l % 5}0]'0% g el 2t g Fa4
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(Michaelis and Menten, 1913; Dugdale, 1976), =2 FHA| &
Z2 55 (grazer)oll &k 41418 ZETE Ivleva]o]Th(Ivley, 1955;
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of th3k 7F &4 (scale analysis)©. = 1125} 1, O’Brien and
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GLOBEC (Global Ocean Ecosystem Dynamics)© 1990 %
ghol] AlxE] o] 2000 Fkel] Ek slF SAFEY TRl
AA T2 5L sl AriAlY] 72 W 7Ts ol gt olsligl 8
alF AeiAle] 257 % ael, a8, 7% wst B ko R
Qe A7) W} aloF Aeel olwi s e A= A%
o=3l7] Y3 B o T wiEojRT}, o] TR 0] £E T FQ
A= IMBER (Integrated Marine Biogeochemistry and Ecosystem
Research)@ &3t o] 218l Folt},

o] Sl 4 B3 sheF Bdo] Wik o] el £
(watershed), 317 (estuary) & A2t S| A ] &4 £33} A=
=8| 2o =88 95 LOICZ (Land Ocean Interactions in the

Coastal Zone), 3% th7]2] 2Yx|s}et ol Fe]2l <=8 248l
#4515 & SOLAS (Surface Ocean Lower Atmosphere Study) 5=
AR 3 W BE ] el @ Al e
=oltt. 9ol AFs FAFEY JASS =5 IGBP (International
Geosphere-Biosphere Programme)?] 344 X2 730=01d] IGBP= A
T Az, =, setAQ) g A e A AT R
o AR 4l o590 RkALsIeke] WA sl Slste] ERE
=2 g8 Zraolrk 9] it AtakAlEe] Ak F3)
4l 2 a3 (synthesis and modeling)®] HFElZ WS Al
71 SR AN olv] B =ee Fal EEE I tH(http:/
/www1.whoi.edw/publications/index.html; http:/www.globec.org/index.
php?id=249).
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72 3t 3R ¥
*EEHﬁ] lelle] G

Qo) TE ARWAT ARG sl A0
‘46}715 311t (Fig. 4). ©] SolM= sfgk
AEls 59, 1A 24 552 v)

T+ R 293 SEEE o SAltkFig. 5). A ew, &
Energy Storage System
()
Source Qi ~
“Store” I -

Passive electrical equivalent

Jo 8 Resistor Q
————— >~
AN RC
Q0 .., (I
[\ ;oA A
SRS SN
: Heat
Capacitor

Adapted from H.T.Odum (1994) Fig. 3-8, p. 35

Fig. 4. A comparison between Odum’s energy circuit and electric
circuit diagram (http://en.wikipedia.org/wiki/File:PassiveAnalog.jpg; by
Sholto Maud).
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Fig. 5. A flow chart illustrating relationships among three compo-
nents: dissolved inorganic nutrient (nitrogen); phytoplankton; and
zooplankton. MLD represents fluctuating mixed layer depth (mod-
ified from Franks et al., 1986b).
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(1946)7F AIRFA Fefellx] FA HlolbA] okt

z} gre] siepnlelgle)] tiste] 1ids] Alshd, A (7)8] =
A A 2 Aol AugRo] AEEFTIRY U= 5T 7
2} (uptake kinetics)E W= Michaelis-Menten?] ©] 3 (R}bA| gk
8-> Dugdale (1967; 1976) 323 R), 5 F WA &2 2
EEHAES APEES A v A o ® B/l Jlolar, v
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=Y F(P), A ANER,) 9 71e7] TR 1
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% (upwelling), W7+ E & (turbulence mixing)s 3 2> =841
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1-D, 2-D ¥ 3-D FE|2 7Pr[3lsld= w8 o] EAlek=t,
o @A s I 5 4ol

Fasham ef al. (1990)2- 77FA A 7-373 &4, o}, 4]
EEHAE, TEEHAE, gl 8 AVI-A, FE)eR
o] FolH e AE A9-3L, o] F2 EFF UlelA g Alztell
e 1S BARIET, o] A2 9o 3% Zlole] 4434
2 W3lof| wWE Z3F o] % (entrainment T detrainment) Y S
0-D 22 (box model)S F3l BARBIATH: Aolt}. AAE2 &
e Zolo Algte] e S1Hs the ) 2ol g 2lgt ¥, Evans
and Parslow (1985)%] E3% S4toll wpE 7t Ael] 7d9+%2] =
T HAste) digt 7S 283l



Sl A

(10)

o|7} EAshz ET dloll EAlsk =
: 9] - w7t 34
Ha@usid, 35 ol e AR AR Wk /1Y), &
5 el 57t S7FskAl Bt o
EHS BREYIE o) P —h) L9 2 FEjz 7}

% =45 Wl HARe] S ek
(Fasham et al. (1990) i 2] (7) 2T A). vIA 2, A&
EFAE, 181 FEAY 2 7R A 9sgol

Q7] W, £FF0] QoiHH S AR GREYTE vk
THZ ERF ool Bl ), Bz EE30] Gobw

5L £9F ool @Al ®2E (detrainment), A F-3)F
B Wsbt ol W3t Al Wk ol (049 PR AEe
AE W A A Al Aslel B3 Sl gt s
& RiskE seprEskeioitt. duddt 2o] £85 1 w0t
T A9l 2830l ZolA|, vE Fag w5 S
% I (entrainment), Z3Fo] LolAW FEWHIE
(detrainment). ©] H=3F h*(t)ﬂ 22 R Sty e gl
F71kATh. 1714 ht(f)=max(h(z), 0)(Fasham et al. (1990) =i
21 )¢} (19) Z=3 A1), ¥|S Fasham ef al. (1990)2] Al%E 2
HAQ An A EolE T3 AE-Ee e A4
(explicit) A of AW, 315 Skl gk AlAIA 571 9l
= A AEAEel dig ARl =uAl B9k 9 74
sh=t] &gk Whioltt. kAR, 0-D B E35 ofgflelld A
ofihzs BRIl e AAA FAlekaL, el A g 9
= oJgA Beleh=ttel we} dElA|=(Eigenheer er al., 1996)
FAE Adt.

1-D AE-E8 S o]gste] A 7Md(Martin and Fitzwater,
1988)= A Ao ® T Bl AEEE T8 weith. 4
7Pdolsh AL Bk s dEEgk o] A T el F
5 Aol AEEFaE AuEel o]ds] v ol Ht
o] wgko 2 EAsh= 7] AU (micronutrient)o] #|$F2Q1 S
2 28] Mied Zow sk, vAadYa rEAd ¥
wol AEEFAE s S0 5 lvhs 7Mool o] 7
of thgh =4 W /A APE T T w8 FE 1990
o] AFH o= o]F|H=tl, Denman and Pefia (1999)= 1-D
E¢] £3 29(Mellor-Yamada level 2.5)%} N, P, Z, D, ] 7}4|
TR HY] TSRS H R sk Aur s
dgheto] 2] S Al & oE 1-D Ae-se 4%
1Elo] o= Doney ef al. (1996)> BERAY} F7edhe ¥
SF=(turbulence scheme) KPP (K-Profile Parameterization; Large et
al. 1996) 1-D &2] E3 2els Agsle] JGOSFS At} 22 77191
Bermuda Atlantic Time-series Study (JGOFS-BATS)elA =3&
T AAYE AEEA B AAFEeIT

Franks et al. (1986b)> WA| 5 F(Gulf Stream)O ZH-E
28 WA A8-50] (warm-core ring: WCR 82B)7} mlaH=o] 2]
T ARl aFo] WshiM BT OoR JUH Fwo] oFoA A

9 zh 27

(Franks et al. 1986a)= A sto] A g 2E 4538 ik
(cylindrical coordinate) E]Z FEHSIITH 11).
2 2
Q4S8 — e ZE 108, ke (28) 1 s (11)
ot  or Oz or° ror (074

T OE 2-D AE-ET AE9] o2 Wroblewski (1977 2.2
(Oregon) 3|99 85283 UAAYALe] BAIE 2-D wdolA]
Avgaigict, et 39 HE71ee &5 7IkE Bt AEE
FHES-QB o R 5 AFAJC R ) 450 FS 9
FHE BTl TFEte] gAbiAte S7E SXIgTE o] o St
B AEEFIES AleH] AL oS vk A7) 45 9
H 9 e 7] So wet gepAE), I ol R Y

|-83te] AEELTEC] FPAS T 5 = gl AR
AlZH(residence time)°] FL3817] wlEo|th JUA T S5 2
EEGIEY 75 Ul AR AR sk 08 &
A2l B F53F v 2D AE-Ee A3 ndy

o2
il
flo

o]

2
Feh g

Fasham et al. (1993)3} Sarmiento et al. (1993) & tlA] 2]
fgdlel A oA = A 87 Zakg FA(nitrate budget) X
AlAHnew production)s A48} $13ll, Fasham et al. (1990)2]
AJEEELS 3.D gl =8k Hdlef] A3lslo] tief 71 (basin scale)
oMo FAAPE Al=sisict, B2d v = Wt slle] A sef
L7’ 478 (Ocean Weather Station “India”)oll A F=F¥ AlA]
4 AuE ARl AHE sl o8 2Ee] 99 (domain)y>
IAE w9l 300 F9] 68°F EFFetal, 7 s EE 20,

3 257 (zleve)= OFo1A Qlut. o9} 2 3D A=-Ee] A%
R 2 53] 1990 v FFRHTE] AJ5Eo] Al W sl
P

1 dlo] AJel] F-H & (sub-module)S 7' 2 & (implementation)
skl Sl FolH, TRkt sjofol] 2 g-xojxl W Al Aol
Lot 1o glrt. o] AH) FREES] FEHE A Yell
A ol x| = thefet sk Ausha I vl REA Q] FHjolA
wh A S5 mE SHARl BxE 258 dE Y 2 BE
2 FA A (tracer)® ko] 98t & UlH-(on-line)ollA EE14]
2457 3 AXt(embedded)dIIt. Table 12 AF 3il4- =%k
S AASIGITE O B a7 Zdlel| oist f-83 R
Tk Lo Eof| 27l 9l thwww.stommel tamu.edu/~baum/
ocean_modelhtml). 7+ . Elo] e BRE 15 §3) A8 s g
AH T2 AJEkgit.

[

uf2 e8| %=|XS}(parameter optimization)

ATAPL Qe A AlS sk 3 Bt vk
AR ARAle] AYslels @4 FHE ) W 7SSk
o] 2ol ZAst] Al Aol Pl 7HEEE Holrt, wiite,
A e Aol AREE skEElZ) 7R E EEAYE 1 He
v s = ik ddekA webd, o] BE gtetu]E e 94
Aol HHE S F8 TESto] niEAsh shARE, dAS

T 21 =
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Table 1. Ocean general circulation models (OGCMs)

¢ e md Grid Vertical Coordinate
Regional Ocean Modeling System (ROMS) Structured G,s
Princeton Ocean Model (POM) Structured G,s
HYbrid Coordinate Ocean Model (HY COM) Structured Hybrid (z, o, isopycnal)
Miami Isopycnic Coordinate Ocean Model Structured isopycnal
MIT General Circulation Model (MITgcm) Structured r
GFDL Modular Ocean Model (MOM) Structured z
Environmental Fluid Dynamics Code (EFDC) Structured G,s
Coupled Hydrodynamical Ecological model for Regional Shelf seas (COHERENS) Structured G,s
Ocean PArallelise (OPA) (NEMO ocean related engine) Structured Z, S
QUODDY Unstructured s
ADvanced CIRCulation model (ADCIRC) Unstructured s for 3-D version
Finite Volume Coastal Ocean Model (FVCOM) Unstructured G,s

o& &83kA = AUt Bt olF S5 fE B AT
Z7F A © 2 Bl W 0 R F 77} Sl 7] ofw]
HAE sEEES 285kl B2 e dlellA ojst wzt
= 4 (sensitivity analysis)y= A3t & AR&3h= o] 1 st
Lho] a1 (sl & &, Fasham et al., 1990); U} shiie X553}
(data assimilation)9} 2> A2 7IH& ARE3Sto] dEu|EE F
2 3} (optimization)*| 71 Zolth. MAFe] A= datel] = =
Ho] Aurpz o] AT, Baks gste] AMTAr & wj, =
2 Aot A A oS A%, 1 e dJls 2SS
th= olgfgol St &, B¥ A5 712 Zjol7} A= ARE-sf
S v R 9] ghepulE R gk ZI1A|, ofyH, BE A ¢ &
ARl FARFE A7 FAAE & 4 SIchHurtt and Armstrong,
1999). W, 2= AAAQL A= o)zl spAek w]x| o] gket
HHES HAglsl] dste] sdEe FXdAt o] et B
ofJg}, W& =go] QFHT} Fasham ef al. (1990) AFAE2
R2def 22l n|x]¢] stetu|ElES HAgket] flsted, 2008 ©]
74e] Ato] Fesirtar Harsisict.

o] ZollM= gEtu|g Al tigk AE 11ds] sk gt
21122 B Adx, )9 AR (x,) 1] ZFol, A3k (objective
function) B 54 8<=(cost function)z} E=T},

s

JP) = X (Sxo=afx) (12)
u|g 9] HAgh= o] BATE A4} sh= Zlo] F2R1d),
ole] 2ol AL (E I F)CZE T AH A (conjugate
gradient methods) (Fasham and Evans, 1995), & 4%} (least
square methods) (Prunet et al., 1996a,b), H=4RPH (variational
adjoint methods) (Lawson et al., 1996; Spitz et al., 1998) 5°]
27W= It} Fig. 6= Spitz ef al. (1998)°0] AF&-3t slehn|E] 4
st wgoltt. ¢4, HAgetaat she slebulE e 27] FAX

(initial guess)ys ARE-slo] ke el Axel AA ARE vl
sfo] BAGGE AR F, Fubadjoint) FEkE o]-g8to] ARt

o] g0 ANSHA I TPgel stetlele) 2] F4A0e o)
B AR Ae] T TS et 2 gl Ad, 51
o) FHE FOISE WS velshE, RS W A W el

Start
A%

Initial guess
#7) 7 oteto| g

|

New parameter Run model
_—
A Ih2to| E D ol
I !
s
II
Gradient J ;
Sxista 4 ,/ | Cost function (J) Data
==a T / B XEEA 7:"A|- Xz
ZhaHbSE XN | [ S HET Al t
O+ oo T o

f

Adjoint model
Sur e

Fig. 6. Schematic of the adjoint method for parameter optimization
used in Spitz et al. (1998).

njeof] WA WslE Fol, HF H3EQl BRI Hislel &
s sHs 719olnk. Sloll Ahe # 43 e
s JHE Aabs Bal] Aozl HAgko]l Ao F 4 7h(global
minimum)°] obd =R F AFk(local minimum)¥ 7Fs/do] =a1
(Fig. 7 %), 7] %A (initial guess)°ll "¢ 2]&2lo|t}. o9}
e S FEI AAH @S FH] Hs WHe=E o
2]A (random)®] 1 &4 Q1 (stochastic) 2 g o] 5 WPHOl A&
lo]E]= oA ¥ (simulated annealing) (Matear, 1995; Hurtt and
Armstrong, 1999)¢} 7 %11 2] F(genetic algorithm) (Vallino,
2000y & 5 ATk Bk ZASE Y82 #H U7HE Journal of
Marine Systems (vol 76, 2009) 1-2Fol|A] Thaksh 1d 7)< H7}
(skill assessment) ¥ Te}u|E]s} WS AASEL ST



Minima and maxima in cost function
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<« global maximum

« local maximum

local minimum —
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Time

Fig. 7. Examples of minima and maxima in cost function.

End-To-End 2 &!

20001 ] $HF 501, FljeF e 3R A7AEe] FE WY T
5T Tk 22902 sk gt (lower trophic level)2t A4S
A&7l (upper trophic level)2] ENAIES oJE Al Agtste] &<k
AENA A9EE o225 HE(HF, end-to-end EHo|2}F &2
©]% E2E BHlo|g} F2Athe ‘?}% ZQ1 AJefl thgt alo]r}

(Fennel, 2007; 2009). X1377}11 o] ZellM a7lE WHE UAE
REES T2 A =3k 2152401 Avks 71, skl 9
FAleAM ] =48] = 1 ZRE UE o5, o] REES

o 239 Oﬂohﬂrﬁﬂyr«] WAE oA 1e w AREEE e
A1 AFFE ] (8)8] APEE gy ARESte] @
d A AE FRITH PRVAIE, 9 °§°oh%7ﬂ-4 e
2 A (agessize class) T3] o A BEoA= 7191w
(recruit) 0131 8] 27| YEAKF ZHIE U 2o DAl ol
AR ods] F=ato] seulE st o, 719)E ol =
o] o] A& wst desl] 5 EFAEG, OﬂweT)-oJ ek
g3} o] wlg] A ¥ (prescribed) #ko] 2hol= 497t Wt )
2hA o] F JUAAE o2 E2E BH9 ‘r% = B ED]-
P St Fejo s AEAIE EAbetE e aRleA E2aki
H].%l—x] 3} H]—zs]:o]a]_jl i]:]_

E2E R oA 940 A= 71EAR) Al “da e
&F9l Gl L 7§ A (individual) $H 2] 791 Gl
A3} oA A Z17proltt, X]:L”]'X] B ) R
Al Rdle A Al T8 (©]E XF model currency2} F-STtH7F
A9} 22 7] A, 3] oéook A B o] (AFT)

Ao e WA S s wEel I 7] 9l A
L= FA7Y H5 WA F49 22 (individual-based model)©]
]%‘:]' ol A& ok SRS JAATE B A
]‘D]' ol whA|, sk9] WY WAl BHM ME tE F
A FEAE V1RGSR 2ol daelE B9, Aa
oh2 Zd_é} ] 93l C:ChH]&3} Redfield Hl&- (12, C:N:P
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=106:16:1°]thyS ARE-Sh= 213} HlSzait.

3 o5 S0 A3} Tto er al. (2004)2} Megrey et al. (2007y=
A e d AEAIE 7o R TEER B Y T
2 dl NEMURO (North Pacific Ecosystem Model for Understanding
Regional Oceanography)S Rudstam (1988)°] th ok o] AgAk
ZFE 3] S8l st A= olu=] 2d (bioenergetics model)iﬂr
Agkélel NEMURO_FISHE 7lsit}. o= E2E B¥19] 52 o
2hal & 4 ik

dWw CAL.
g~ [C-(ReSHFERP) (13)
SHEE = f%—f’t o) F2] w9 WA FF(wet weight)d A<

W3S UeRal, = &2 C, R, S, F, E, P= Z}Z} 23H](consumption),

. (respiration), ’\E}(spemﬁc dynamic action), Hll’d (egestion),
4] (excretion), ©15 A4 (egg productlon) wpx|eko 2 C4L, 9}
CALi= 247} 99 =lo] B INE BEEYAE )} L4
F00) Solt, $3 7 el AN felulels) AFL 9l =
TES Frad et 2] AR, vl A0 SR
AHISR= oolA ofstel thAEE, A3, i) B el
= UAE ot of7)A] o] sl ol
Al AlFE= wolQlel, NEMUROCIA EARE &
Ol “34 FoFtA ] Holx2 AAH) FAlel 072
5]_ EH/‘]' )\}\%o olx]. _9'_7] sz u] ohjL]o]. =%
} o) }74] 2 T ZoprhAl ot dE9] oisk Adktwo
way coupling)QHl, ©] Aol olFolxew glol 7k AFAR
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14gN _ lg dry weight.  1g wet weight. 10 /
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=10"g wet weight m” (14)
sk o2, 9] 2 Megrey et al. (200724 AR Q757

Ak FFEEE)S A FHOR ABSH o]t
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to] &) 3th(DeCoursey, 1992; Friedrichs et al., 2006; Fulton

et al., 2003). oJ¥ Ho|£o] Ruls s AEh)sk Z191x]d
3k s AsA YA btk N-P-z Rella} 72+ sk 1y
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& 27137 43, 71 AEE 73 Qo B Yl 35l
GolstArt, H3s =ul4 S e LA WSkl 2 d
de ANE T ok dRE AEEREAE SRRl Wl
TR el tEAQl Allolt). vhd, 5 dAds = o AR
Ao BAksl] flsl v W AdEpdaeet s E ARehe
et mele v g5 Al=sie vk A ARe] F
A g A2 seprlE sl BedAdoR A8 Ao g5
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(Franks, 1995).
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o] FA A7E BEl AR ol o] 539 3 F ATE T
she @4 5 e AY A9 SRR & 3 HEe-
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A A 2ol steju|E gl 7 Ee] FHlEA o R T
om o5 Falsle= A Holx] ¢t 1= o Ald
sk Adfigbe, 2 2001 @ Ft YA 2dE sk ik
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FAES JFA F5 7121 Michaelis-Menten 2} 1 7]¢lo
B4 55 712N (enzyme uptake kinetics)®]al ©]= Dugdale (1967) ©]
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