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per discusses how to set up a coupled ice-ocean-ecosystem model in a 3-D setting and how
to couple this model with physical ocean and sea ice models. The parameters and processes
related to the coupled biological models are discussed according to observations and previ-
ous modeling studies in the Bering and Chukchi Seas. Applications of the model to other
seas or the global oceans are possible if proper attention is paid to the regional differences of
some parameters.

2 Coupled ice-ocean ecosystem model

The ecosystem model consists of physical and biological submodels for the water col-
umn and sea ice. There exist several types of 3-D coupled ice-ocean models that are based
on different types of ocean and sea ice models, such as those in the Arctic Ocean coupled
ice-ocean Model Inter-comparison Project ( AOMIP, Holloway et al. 20070'#1). Our eco-
system model has been tested to be coupled with the IARC Coupled Ice-Ocean Model ( CI-
OM, Wang 2005!151) and the Parallel Ocean Program ( POP) and Los Alamos National
Laboratory (LANL) sea ice model ( CICE, Hunke and Lipscomb 20061191

The physical model equations and their numerical solutions have been extensively doc-
umented in the literature and therefore are omitted in this paper, except for illustrating the
coupling with biological models. The focus of this study is the coupled ice-ocean biological
model and its coupling with the physical model in both vertically 1-D and 3-D forms.

The biological model equations are described in two parts as in the flowchart of the bio-
logical compartments ( Figure 1) : sea ice and sea water. The following sections introduce
the model equations in vertically 1-D form first and then their coupling with the 1-D and 3-
D physical models.
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Fig. 1 Flowchart of the coupled ice-ocean ecosystem model ( biological component only).
2.1 The sea ice ecosystem model equations and coupling with physical sea ice model

Ice core data showed that most of ice algal biomass is concentrated at the bottom skele-
tal layer, because of the stable environment that is favorable for growth. The upward distri-



A coupled ice-ocean ecosystem model for 1-D and 3-D applications in the - 221

bution of ice algae is limited by nutrient availability and the high brine salinity characteris-

tic of the sea ice interior when temperatures are low!!”). Therefore, the ice algae are calcu-

lated only at the bottom layer of the sea ice. In the previous studies!> =] | this layer is 2
cm thick, but it is adjustable in the model if more observations prove that the active layer of
ice algal growth is different.

Zooplankton grazing in the sea ice is still under studied, and is not included in Jin e
al. (2006b) 13 because the grazing pressure of sea-ice meiofauna is low compared to
daily primary production rates of less than 5% / day!!'®-'®]. Similarly, grazing impact on
the ice-algal standing stock at the ice underside in summer is low, e. g., 1. 1% in the
Laptev Sea and 2.6% in the Greenland Seas[?%!. But the grazing of ice algae in the water
is included similar to diatom in the Bering Seal?). Although the ice bottom grazing has
been observed, a quantitative description of the process is undeveloped. Thus, zooplankton
grazing is not included in sea ice ecosystem model equations.

2.1.1 The biological equations

The biological model in the sea ice includes four compartments (ice algae: Ai; in u-
nits of mmol N/m? , and three nutrients : NO;, NH,, and Si in units of mmol N/ m®, mmol
N/m? and mmol Si/m?, respectively) in one layer at the bottom of sea ice. The biological
equations follows Jin et al. (2006b)('3],

612?3 = Caon * NHy ~ fro, Ai(GY = RY) + (37'10(;77.]\]()3 * %( wi 61:19%) (2)
612?4 = AiRg" — (1 - fio,) Ai(G* = R*) = Cypoy * NH, + % + i( wi 612?4)
; (3)

where Np. ,Sijgc 4. are ratios expressing nitrogen, silicon and light limitation. K, is the
molecular diffusion coefficient between the liquid in the bottom layer of sea ice and sea sur-
face layer. Terms G*', R | Rg"' are phytoplankton growth rate, respiration rate, and mor-
tality rate, respectively.

G = pg'e® 95T x min( Ny, Sigge  Lpe ) E3RY = 0.05ug°e s Rg* = Rgge's":

(5,6,7)
NO NH, . Si
Ve = K 2 N0 Ky NEL T RE, 451 (8.9)
SNO, 3 ‘ SNH, 4 SSi !
Ijae = (1 = 71" Pous) e 1"/ Pr (10)
NO, NH, )
= - 4 /N ac (11)
Swo, Ksvo, + N 03e fr

where T is the temperature in the bottom 2 cm skeletal layer. Term £ is an empirical salini-
ty-dependent ice algal growth rate calculated as in Arrigo and Sullivan (1992) 7). Brine
flux volume in the skeletal layer has a high correlation (R? =0.994) with ice growth rate
(dH,,/dt) during the ice growth period'?!1, The water-ice interface transport T, is calcu-
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lated using (11a) during ice growth period and (11b) during ice melt!'3];

dH. ) 2
Tui = Cyi[9.667 x 107 +4.49 x 10~ - 1.39 10-3(‘”;&) | (120)
t

dH, 2
Ty = Cui[4.49 x 107 =2 —1.39 x 10-3(“’_”) ] (12b)
dt di
where the coefficients have been adjusted for metric units and T,; is expressed in units

of ms ™!,

C,; is a constant coefficient which is a combination of many factors, such as the
fraction of the skeletal layer that is open to convection, layer depth etc. Its value was deter-
mined according to model-data comparison: C,; is 72 during ice growth and 720 during ice
melt! 3] Table 1 provides a list of parameters used in the sea ice ecosystem model, their

units, and values.

Table 1. List of parameter values for sea ice ecosystem modell3 ~!3]

Symbol ( definition)/Unit Value
Rgo ( maximum phytoplankton mortality rate at 0 °C)/h ™! 9.23 x1074
r, r,(temperature coefficients)/Deg " ! 0.0633, 0.03
1485 (maximum growth rate at 0 °C)/h ! 0.06
C .,  nitrification factor)/d ~! 0.015
kg; (silicon to nitrogen mole ratio) /Si: N 1.8
Kfho, Kb /M - N L
KE./uM - Si 4
¥/ (mmol + N) ~!m? 1.46
/P, (light-limited slope/maximal photosynthetic rate)/W-~!m? 0.8
BY/P_.. (slope of light inhibition/maximal rate)/W ! « m? 0.018
W4 ( sinking velocity of ice algae within sea ice)/m/h 0
K,,; (diffusion coefficient at water and ice interface)/m/s? 10 -3

2.1.2  Coupling with sea ice model

In vertically 1-D case, only one column of sea ice is calculated and the coupling only
requires the following variables from the physical model or observations: ice thickness and
vertically distribution of temperature, salinity, and light intensity. Thus, the coupling is a
direct utilization of those physical outputs and does not involve any new equations to be
solved.

In 3-D case, the coupling is complicated by the mixtures of open water, thin first-year
ice, thicker multiyear ice, and thick pressure ridges in the Arctic and Antarctic sea ice
packs. Most of the existing sea ice models use multi-category ice thickness method to com-
pute the thermodynamic and dynamic properties of the different ice packs in each grid cell
(such as CICE by Hunke and Lipscomb, 2006['%); CIOM by Wang et al. 200507 ;
etc. ). Therefore, biological variables must be calculated in each category within a grid
cell. The exchange and redistribution of any scalar variables between categories are tied
with the ice thickness distribution function g governed by :

dgu; dgv; df;
g __dgwi dgv Wi (13)
ot ox ay oh
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where u; ,v; are the horizontal ice velocity, f; is the rate of thermodynamic ice growth, and
V¥ is a ridging redistribution function due to ice convergence. If number of categories is NC
and the ice thickness in each category is centered with A =h,, hy, -, hyc, then g(h,) is
defined as the fractional area covered by ice in the thickness range centered with &, at a giv-
en time and location. Usually, the first category is defined as open water with h; =0. The
average ice thickness h and ice concentration A in a grid cell is therefore expressed as

NC
k=73 g(h)h,;A=1-g(h=0) (14,15)
a=2

From the above equations, the ice thickness distribution function and thus ice thickness can
be changed due to both thermodynamic ( growth and melt) and dynamic ( advection and rid-
ging) reasons, but only the thermodynamic caused ice growth rate can cause the water-ice
interface transport T,; in the ecosystem model. Therefore, the ice growth rate (dH,,/dt) in
the ecosystem model refers to thermodynamic related and should be equal to f; in the sea ice
model, which is calculated by balancing the heat budget on the upper ice surface and the o-
ceanic heat flux out of the ocean surface in the coupled ice-ocean model. While dh/dt de-
notes a composite growth rate of the mean ice thickness in a grid cell caused by both ther-
modynamic and dynamic reasons.

The 1-D biological model is calculated in each ice category with the physical input of
ice thickness growth rate and vertical distribution of temperature , salinity, and light intensi-
ty. For any biological variable b in the bottom of sea ice, its mean in a grid cell is ex-
pressed similar to (14) .

b= Zzg(hn)bn (16)

The horizontal advection is calculated for each ice category using the same numerical
scheme of the sea ice dynamic model.
obu;  aby;
db = - Lo — (17)
ot ox oy

The redistribution of ice in thickness space occurs during both thermodynamic ice

growth/melt and dynamic ice ridging (including other mechanical processes) that convert
thinner ice to thicker ice. Those processes cause the biological variables to redistribute be-
tween ice categories in the same time. The calculation of those processes must follow the
numerical algorithm in the sea ice model and be proportional to the redistribution of g to
conserve the mass of biological variables.

2.2 The pelagic ecosystem model equations and coupling with physical ocean model

2.2.1 The biological equations

The pelagic ecosystem model is based on Jin ez al. (2006a)[%! with an addition of the
ice algal compartment. There are ten compartments in the water column (nine in Jin et al.
2006al®!) ; three phytoplankton ( diatom, flagellates and ice algae: D, F and Ai), three
zooplankton (small copepods, large copepods, and microzooplankton: ZS, ZL, ZP) , three
nutrients ( nitrate + nitrite, ammonium, silicon; NOB;, NHB,, Si) and detritus ( Det).
The biological model equations consist of biological source/sink terms plus a physical ad-
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vection and diffusion term at the end of each equation that will be used in the coupling with
physical ocean model ;

% = Ai(GM - RY - Rg") - I'*S7S - IZL - I'PZP + "(W;# + @y (18)
?’le) = D(G” - R? - Rg?) —FDSZS—FDLZL—FDPZP+M+¢D (19)
‘l—f = F(G® - RF -Rg") - Ir*5z8 —FFLZL—I’”’ZP+M;#+¢>F (20)
aa—ZzS = ZS[AS(I™ + T + I + T™) (1 - Ex%) = M) + &y 1)
"f—f = ZL[AM (Pt + Pl 4 P+ TPEY (1 - Ext) - ME] + ﬂ@ + @y (22)
% = ZP[AP(IPP 4+ IT*P 4+ PFPY(1 = ExP) = MP] - TPSZS - TPLZL + dzp (23)
aNO; D F F L A Ai
ot =~ fno, [ D(Gp = R”) + F(G" = R") + Ai(G" = R") ] + Cyon * NHy + Do,
(24)
al\;f[“ = ZS - AS(IPS + TFS + 1S 2 TPSYERS + ZL - AL(IPh + [FL 4 AL 4 [PLY Ext
+

ZP - AP(IP? + PP 4+ TAPYEXM + D - Rg? + F - Rg¥ + Ai - Rg"' + Det + RgP® -
(1 = fro,) [D(G” = RP) + F(GF = R) + Ai(G¥ = RY) ] = Cpoy - NHy + Py,

(25)
38_5;' =~ ks[D(GP -~ RP) + 4i(G% - RY)] + @ (26)
agtet =ZS-[(1 =AY (" + P + 1% + 7)) + M5 +
ZL - [(1 = ALY (PPE 4+ IFL o AL 4 PPLY + ME] +
ZP - [(1 - APY(IPP + ™ + %) + MP] - Det - Rg™ +B(—WI:;DLI) + Ppe
(27)

where superscripts D, F and Ai denote diatoms, flagellates and ice algae in the water col-
umn. Superscripts S, L, and P denote small copepods, large copepods, and micro-zoo-
plankion. Terms G, R, Rg are phytoplankion growth rate, respiration rate, and mortality
rate, respectively.

GY = ufeT x min( Ny, ,Sigge s pe.)  (for diatom and flagellate) (28a)
GY = ﬂgieTﬁ“"-T X min( Ny, Sigrac , Ifge )€ (for ice algae by Jin et al. (2007))
(28b)

RY = 0.05ufe'™;Rg* = Rgpe's’  (28¢, d)

The superscript X denotes D, F or Ai. ud is maximum phytoplankton growth rate at 0°
C. Tfeee is the freezing température of the sea water. Ng,.,Sis,. , 14, are unitless ratios ex-
pressing nitrogen, silicon and light limitation as defined in Eslinger et al (2001 ) 4], Sifrac
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is only used for diatoms. I"XY denote the grazing rate of zooplankton Y on phytoplankton X,
formulated as modified Ivlev-type grazing with temperature dependant rates, similar rates

are also applied to small and large zooplankton Y ( ZS and ZL) grazing on microzooplankton
X(zp)yla-21,

Y = [y (1 - e oty o1 (29)
Zooplankton grazing rate is also expressed as temperature dependant ;
MY = M(’),e’ T (30)

The sinking rate of phytoplankton and zooplankton ( WX, WY), the remineralization
rate of detritus ( Rg”") , and the ratio of phytoplankton growth due to nitrate uptake to that
due to both nitrate and ammonium uptake (fyp,) follow Eslinger et al. (2001) (4] Silicon

losses due to uptake are restored back to the bottom layer instantly[ﬂ , that conserves the
silicon in the whole water column. This is important for the model to run longer than one
season.

The equations for calculating N, ,Sig,. , [, of diatom and flagellate are in the same
form as (8) to (10) for ice algae, just with different parameter values ( Table 2). Table 2
provides a list of parameters used in the pelagic ecosystem model, their units, and values.

Table 1. List of parameter values for pelagic ecosystem model in sea water! 361
Symbol ( definition )/ Unit Value
Rgy (maximum phyloplankton mortality rate at 0°C)/h ~' 9.23x10*
R, rg( temperature coefficients)/Deg ™! 0.0633, 0.03

.005, 0.003, 0.01, 0.013, 0.003,
.01, 0. 005, 0.003, 0.01, 0.01,
01

.50, 2.73,2.73, 2.73, 2.73, 2.73,
50.2.73,2.73,2.73, 2.73

Ips,FpsIop s Tess Tre o Trp s Tais s T Taip s Tps o ey (1v-
lev-type grazing constants)/h ~!

ApssApLsAppsArssAprs Apps Agis» Apir» Auip s Aps, Apg (Ivlev-
type grazing constants)/pM ~!

—~ o900

Dg,Dy,Dp Fg,F ,Fp,Aig,Ai; Aip,Pg, P (Ivlev-type grazing 0.25, 0.50, 0.50, 0.25, 0.50, 0.50,
constants) /uM - N 0.25, 0.50, 0.50, 0.25, 0.25

AY ( assimilation ratio of grazed phytoplankton) 0.7

ExY (egestion ratio of grazed phytoplankton) 0.4

M{ (natural mortality rate of zooplankton at 0 °C)/d ! 0.06

Kg; (silicon to nitrogen mass ratio for diatoms) 1.104

wd pd pdf (Maximum phytoplankton growth rate at 0 °C)/h~!  0.07, 0.038, 0.07

K8vo, ,KSvn, . Kfno, K,/ M + N 2.5,2.5,0.6,0.6

K% KL/ pM - Si 3,3

a®/P,,. ,af /P, (light-limited slope/maximal photosynthetic
rate) /W~ « m?

B°/P,.., BF/P... (slope of light inhibition/maximal rate )/
wW-! . m?

0.0536, 0.0536

1.795e-3, 1.795¢-3

2.2.2 Coupling with ocean model
The pelagic ecosystem model equations (18)-(27) already include the advection and
diffusion terms @ at the end of each equation, which is defined as the following operator on
the corresponding biological compartment .
d ad d d d d ) d d
(p_a_x(A”£)+a_y(A”a—y)+az(K”g)_uax_”ay_waz (1)
In vertically 1-D applications, only the derivatives along z-direction in the above equa-
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tion are used. The transport across the water-ice interface is supplied as the upper (lower)
boundary conditions for the pelagic( sea ice) ecosystem models. The algorithm is that the
bottom layer of the sea ice ecosystem model is considered to a layer above the sea surface,
but with molecular diffusion coefficient and vertical velocity specified by T,; in the sea ice
ecosystem model.

The ecosystem model can have one feedback to the ocean model by applying the phyto-
plankton and ice algae self-shading effects in the calculation of the light attenuation coeffi-
cient in the physical model. E. g. , the self-shading coefficients of ice algae in the sea ice

and phytoplankton are 0. 005 and 0.015 m?(mmol + N) ~! in our previous studies®- 13,

3 Model applications and discussion

The pelagic ecosystem model has been applied in both 1-D and 3-D using an earlier

6,13,23

version of the ecosystem model! J. The coupled ice-ocean ecosystem model has been

successful in 1-D applications on the landfast ice offshore Barrow in Chukchi Sea and the
NOAA/PMEL mooring site 2 of the southeastern Bering Seal® 1. In Jin et al.
(2007 )3}, only the years (1997 and 1999 ) with ice-associated phytoplankton blooms
were discussed. Here we show the comparison of fluorometer data with simulated total phy-
toplankton from 1997 to 2002 ( Figure 2) to demonstrate the model performance on the fol-
lowing aspects: 1) a continuous model run can reproduce the annual events of phytoplank-
ton blooms in the region; 2) the phytoplankton bloom consists of both ice algae and open
water phytoplankton species ( diatom and flagellate) and the dominant species change with
physical environments (i. e. , temperature, timing of sea ice presence, wind speed etc. ) ;
3) both ice-associated and open water phytoplankton blooms compared well with mooring
observations in cold (1997, 1999) and warm years ( 1998 and 2000 to 2002).
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Fig.2 Comparison of {luorometer with simulated total phytoplankton at 12 m. The ice algal concentration, dia-
tom and flagellate concentration (D +F) are also included.



Implementation of 3-I) ice-ocean ecosystem model coupled with POP and CICE is one
of our ongoing projects in collaboration with S. Elliott, M. Maltrud and E. Hunke of Los
Alamos National Laboratory. Preliminary results of ice algal biomass from the global ecosys-
tem model ( Figure 3) when including features of the ice ecosystem model showed the feasi-
bility of the model coupling schemes''*'. The ice algal biomass in April was consistent with
higher in the ice of 60s to 70 degree north, but much lower at higher latitude due to light
limitations ( Figure 3). The timing of an ice algal bloom outside Barrow in April was con-
stant with observations in Jin et al. (2006b)'"*'. The model grid is 1-degree with the north
pole displaced to Greenland and the spatial and temporal difference of the biological equa-
tions are treated as passive tracer ( like temperature and salinity ) in the POP and CICE
(see user’ s documents for POP at http://climate. lanl. gov/Models/POP, and CICE by
Hunke and Lipscomb, 2006''®' ). Although the model is applied to global oceans to avoid
the difficulties of providing open boundary conditions in regional applications, our emphasis
is on the Bering and Chukchi Seas, and model validation in a wide range of the subarctic
and arctic oceans is still under way. Since the parameters introduced in this paper have only
been validated against observations in limiled regions and cases, it is important to conducl
more model validations in different ocean and sea ice conditions. The set of model equations
should be suitable for applications in other seas or the global ocean. Once the model
scheme and parameters are justified, the coupled ice-ocean ecosystem model will be an im-
portant tool o quantify primary production from open water and sea ice habitats, and to e-
valuate their relative function in regional to global biogeochemical cycling. The model is al-

so important for investigating the response of the polar and subpolar ecosystem to short-term

weather variations and long-term global climate change ms.

TIME:01=MAY=1981 00:00 NOLEAP DATE SET:iceh. 1981-04
sen ice mode output for

40

20

50 150 250
¥
ice bottom algae (chlorophyll) (mmol/m-~2)
Fig. 3 lee algal biomass in the bottome 3 em of sea ice from the 3-D global ecosystem model. Note the concen-

tration should be divided by 0.03 m to be in unit per volume.
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