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PREFACE and ABSTRACT

This Technical Note describes three coupled atmosphere/ocean models that are

being used at NCAR for studies of climate sensitivity to increased C02 concentra-

tions. Such models represent pioneering ventures into the realm of coupled climate

systems - designated as a central scientific theme for NCAR's research programs

in the next decade.

The atmospheric model was adapted from the original version of the NCAR

Community Climate Model (CCM), which was based on the Australian spectral

model (see Bourke et al., 1977; McAvaney et al., 1978). The model has been

modified by adding a substantially revised radiation/cloudiness scheme and then run

with perpetual January and July simulations (see Pitcher et al., 1983; Ramanathan

et al., 1983).

To make the model suitable for CO2 studies, it was modified to include an

optional seasonal cycle, with predictions of soil moisture, snow cover, and sea ice.

Also, three different types of ocean models were made optional features: (1) a

swamp or energy balance ocean with annually averaged solar forcing; (2) a simple

mixed-layer ocean with seasonal cycle, and (3) a comprehensive primitive equation

world ocean with salinity effects. References to examples of the simulations from

these coupled systems are given.

The authors wish to thank Gerald Meehl and Robert M. Chervin for many

useful suggestions and comments on the report.

A portion of this study is supported by the U.S. Department of Energy as part

of its Carbon Dioxide Research Program. The National Center for Atmospheric

Research is sponsored by the National Science Foundation.
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1. INTRODUCTION

This report describes the addition of interactive surface hydrology and sev-

eral types of ocean and sea ice models to a version of the Community Climate

Model (CCM). The initial version of CCM (CCM0) was not suitable for performing

meaningful enhanced CO 2 experiments because it had prescribed surface hydrology,

ocean temperatures, and sea ice distributions, none of which varied with time. In

order to allow more realistic feedbacks in the coupled climate system these con-

straints had to be removed. This document describes the various types of additions

to CCM0 that have been incorporated in CO 2 studies as part of the Carbon Diox-

ide Research Program, U.S. Department of Energy. So far these modifications have

been added only to the version of the CCM which is designated as CCM0A (see

Washington, 1982, for documentation on CCM0A); the modifications may be added

to a future version (CCM0B) (see Williamson, 1983). Specifically, the modifications

are:

1. Surface hydrology: Addition of predictive equations for snow cover and soil

moisture.

2. Energy balance ocean model (sometimes referred to as "swamp" ocean)
with a very simple sea ice formulation.

3. Simple mixed-layer ocean with a thermodynamic sea ice model.

4. Coupling to comprehensive ocean model with dynamics, thermodynamics

and salinity effects, and a thermodynamic, sea ice model.

In the following sections, emphasis is placed on the mathematical formulations

and physical approximations involved in developing a more realistic model of the

coupled climate system. Some discussion of numerical algorithms is also included

in cases where standard references are not easily available.



2

2. ATMOSPHERIC MODEL

Description of the Atmospheric Model

The model described in this Technical Note is a variant of the NCAR Com-

munity Climate Model that evolved from the Australian spectral model described

by Bourke et al. (1977) and McAvaney et al. (1978). Some of the physical param-

eterizations used here come from earlier Geophysical Fluid Dynamics Laboratory

(GFDL) models (for example, see Manabe et al., 1965). This model uses a sigma

(i.e., normalized pressure) vertical coordinate system with nine levels (a = 0.991,

0.926, 0.811, 0.664, 0.500, 0.336, 0.189, 0.074, and 0.009) and the spectral trans-

form method for computing horizontal nonlinear transport terms. The truncation

wave number is rhomboidal 15, and the associated Gaussian grid has 40 latitudes

between poles and yields approximately a 4.5° resolution in latitude. There are

48 longitudinal grid points that give a 7.5° resolution. The time step used for the

computation is 40 minutes. The principal change in the atmospheric model from

that described by McAvaney et al. (1978) is a new radiation/cloudiness scheme

described in Ramanathan et al. (1983). The absorptance formulation for CO 2 in

the new scheme is in excellent agreement with observed absorptances (Kiehl and

Ramanathan, 1983). The cirrus formulation assumes that upper layer clouds have

emissivity of unity and thus are treated as perfect blackbodies independent of liquid

water or ice equivalent content. The ramifications of this assumption on the simu-

lation of the temperature and wind structure have been explored by Ramanathan

et al. (1983) (see the section entitled "Variable Black Cirrus"). This is a revised

prescription from that of Pitcher et al. (1983).

The atmospheric model forms several types of interactive clouds, including

both convective and nonconvective clouds. Convective clouds are formed in the
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model when one or more layers undergo moist convective adjustment, which takes

place when the following two conditions are satisfied: (1) the vertical gradient of

equivalent potential temperature 6Oe/6z < 0, and (2) the layer relative humidity

exceeds 80%. Thus clouds form only when precipitation occurs (see Ramanathan

et al., 1983).

For nonconvective clouds the horizontal fractional cloud cover is specified to be

95%; for convective clouds the maximum cloud cover is specified to be 30%. The

radiation model assumes that clouds are randomly overlapped. See Ramanathan

et al. (1983) for details on the applications of random overlap of cloud cover and

some of its limitations.

In the vertical direction, clouds are assumed to fill a layer completely, i.e.,

cloud tops and bottoms are located respectively at the upper and lower half levels

adjacent to the sigma level. Clouds are not allowed to form in the thin first sigma

layer adjacent to the ground since the cloud radiation model does not properly take

into account such thin layers.

Comparisons for constant July and constant January between the observed

climate and climate simulations with specified ocean temperature and surface hy-

drology are given by Pitcher et al. (1983) and Ramanathan et al. (1983). In these

studies the evaporation rate over land areas was assumed to be one-fourth the po-

tential evaporation rate. In the models described in this Technical Note the surface

hydrology makes use of model-derived precipitation and evaporation/sublimation

rates to simulate the change of soil moisture and snow cover. The details of the

method of incorporation into the coupled atmosphere/ocean model will be discussed

in the section on surface hydrology.



4

Atmospheric Prediction Equations

Following Bourke et al. (1977)(also see Washington and Parkinson, 1986),

the atmospheric predictive equations in the spherical polar coordinate system for

vorticity and divergence are

a:=- 2 -+Cos2C1 sinOD+--
at a cos 2 A + cos894 d 9 a

+k V x (hF + vF) (2.1)

9D 1 8B 9A U

at acos2 d A 8cosn an

- V2 (E + V' + RToq) + V. (hF + vF) (2.2)

where
.V RT' q

A= U + a+ -- Cos+ 0

B - ~V -o- ,°v T (2.3)
Aca a 9A

U 2 +V 2

E--
2 cos2

where ~ is the vertical component of relative vorticity, D is the horizontal divergence,

U and V are defined as

U u cos (2.4)

V = v cos O (2.5)

q is log p, is surface pressure, T is temperature, { is geopotential height, 4 is

latitude, A is longitude, f is the earth's rotation rate, a is radius of the earth, u and

v are horizontal components of wind, R is the gas constant, V is the spherical hori-

zontal gradient operator, a = p/p*, and & is the total time derivative da/dt. The F

terms are various momentum diffusion parameterizations representing subgrid-scale
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processes where hF is the horizontal momentum diffusion and jF is the vertical mo-

mentum diffusion. A subscript 0 denotes a horizontal mean value, and a superscript

prime denotes deviation from the mean. The horizontal wind vector, V, along a

sigma surface is defined from the Helmholtz theorem in terms of a streamfunction,

b, and a velocity potential, X, V = k x VO + VX. Thus vorticity can be represented

as - V 2 and divergence can be represented as D V 2X.

Closely following Bourke et al. (1977), the continuity equation is

q/lat = -v . Vq - D - a&/la (2.6)

Vertical integration of (2.6) and use of the boundary conditions a = 0 at a = 1 and

a = 0 yield

(i) a prediction equation for the surface pressure, p*, where q is log p

aq/t V Vq + D (2.7)

(ii) a diagnostic equation for vertical velocity, ra,

a {(1- )D -D c } + {(1 - o)V- Va )}) Vq (2.8)

where ( ) = f= 1 ( )9a and ( ) is the evaluation of this integral with the upper

limit a - 0.

The hydrostatic relation is

aql/a = -RT/a (2.9)

The first law of thermodynamics is

A 1 [A (UT') + cos q (VT')
+ + cos + v(2.10)

+ H + hFT + vFT
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where H is

H = T'D + &- + RT/cp[D + (V + V) Vq] + Hc/cp (2.11)

where cp is the specific heat at constant pressure, H, is the rate of heating due to

nonadiabatic processes such as radiation, precipitation, etc.,

= (RT/acp) - (aT/la) (2.12)

and the moisture mixing ratio prediction equation is

aco 2= - co (UM) + cos b (VM')]
At a cos 2 [AA M (2.13)

+I +h FM +vFM

where M is the moisture mixing ratio and

I = M'D - a(8M/8a) + C (2.14)

where C is the rate of change of M from condensation and convection, and the F

terms are horizontal and vertical diffusion parameterizations of sensible heat and

moisture, which will be discussed next. More thorough derivations of the equations

and their numerical representations can be found in Washington and Parkinson

(1986).

Horizontal Diffusion of Momentum, Heat, and Moisture

The horizontal diffusion terms hF, hFT, and hFM in (2.1), (2.2), (2.10), and

(2.13) are given by the following equations:

k. V x hF = Kh[V2 + 2(/a 2 )] (2.15)

V hF - KhV 2 D + 2(D/a2 )] (2.16)

hFT = KhV 2 T (2.17)

hFM -= Kh VM (2.18)
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Kh is the horizontal diffusion coefficient which is dependent on the horizontal wave

number (Bourke et al., 1977).

Vertical Diffusion

In (2.1), (2.2), (2.10), and (2.13) the quantities JF, VFT, vFM denote diffu-

sive parameterization of subgrid-scale vertical processes for momentum, heat, and

moisture, respectively. The formulation is as follows:

{r, FT, FM} = (g/p*)(9/aa){r, r{ , 6} (2.19)

where

- p (g/p*)Kv(8V/aa)

7 = 5p2 (g/p*)Kv(aO/8ar)

= p 2 (g/p.)K, (aM/aa) (2.20)

Kv is the vertical diffusion coefficient which is given in terms of a mixing length,

/t, and the magnitude of the wind shear, i.e., Kv = p(g/p*)t 2lI9V/da\, where A/ is

assumed to be 30 meters for a < 0.5, and 0 for a > 0.5; therefore, vertical diffusion

is used only in the lower part of the atmosphere. The V used in the Kv term

involves only the global mean, thus Kv essentially is a global constant throughout

the lower atmosphere.

The boundary specification of the stress at the earth's surface is given by bulk

formulas parameterizing flux mechanisms at the surface for momentum, r*, heat,

r7*, and moisture, jg, as follows:

r.= plCDViIV1 (2.21)

7* - EPCDIV1I(O* - 01) (2.22)

t. = PlCD|VI1(M,(T*) - MI) (2.23)
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where the subscript 1 refers to the lowest model layer at a = .991, and CD is the

drag coefficient, which is specified as 1 x 10 - 3 over open ocean and 4 x 10 - 3 over land

and sea ice. M,(T,) is the saturation mixing ratio at the surface at temperature

T., and 6 = (p/po)R/cp.

Surface Hydrology: Addition of Predictive Equations for Snow Cover and

Soil Moisture

The method of adding snow cover and soil moisture follows that used by GFDL

(Manabe, 1969) and later implemented at NCAR in early versions of general circu-

lation models (Washington and Williamson, 1977).

The basic equation for soil moisture is

9W
W= P-, 3 +Sm .(2.24)

where W is total soil moisture in meters stored in a surface layer of soil, P is

precipitation rate in terms of rain, ft the evaporation rate, and Sm the snowmelt

rate which is computed from the surface energy balance. The evaporation rate can

be related to the soil moisture in the following manner:

if W > W then =-/3 (2.25)

and

W
if W<Wc then B = ?I- W (2.26)

WC

where Wc is the critical value of soil moisture and id is the potential evaporation

rate for a saturated surface. The above equations state that if the soil moisture

amount is greater than Wc, then the evaporation rate is a maximum, /#, and if

the soil moisture is less than W, then the evaporation rate is reduced linearly as

a function of W. We assume field capacity for soil moisture, WFC, is 0.15 m and
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that W, is 75% of that value (following Manabe and Bryan, 1969). If the soil

moisture amount, W, exceeds the field capacity, WF, then additional precipitation

is designated runoff, Rf. Thus,

Rf=P-P3 (2.27)

The runoff field does not feed back to the oceans to change the water volume or the

salinity.

If the air temperature in the lowest model layer is below freezing and precipi-

tation is occurring, then snowfall is assumed and the snow cover equation is

s = -P-- Sm (2.28)at

where S is the snow cover amount in liquid water equivalent, P is precipitation

rate, (3 is rate of sublimation, and Sm is snowmelt rate. It is possible for the snow

cover to melt and increase soil moisture as seen in (2.24). Also, if rain falls on snow,

it is assumed that the snow does not hold the water, but instead that the water

seeps through to increase soil moisture amount. If snow covers the soil moisture,

we assume no evaporation of soil moisture can take place, although sublimation is

allowed.

The amount of snowmelt is determined by the sign of Sm, i.e.,

Sm -= L [S + F-F FT Lo8] (2.29)
L f

where Lf is latent heat of fusion, So is absorbed solar flux at the surface, F1 is

downward infrared radiation, Ft is upward infrared radiation, i7* is sensible heat

flux, and L is latent heat of evaporation. If setting the surface temperature To = 0 ° C

yields Sm > 0, then melting is put into (2.24) and (2.28). Otherwise, Sm is set to

zero.
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Since surface albedo is highly dependent on surface type, this feedback on the

climate system has been incorporated by making albedo a function of the existence

of snow or sea ice (see Washington and Meehl, 1983, 1984).

The finite difference scheme used to solve (2.24) and (2.28) is a simple forward

difference in time such that

- at B (2.30)

becomes

An+ = + A -+ tBn (2.31)

where n + 1 and n are two consecutive time steps.
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3. ENERGY BALANCE OCEAN MODEL (SWAMP OCEAN)

The use of an energy balance ocean model often is referred to as a "swamp"

model, in that a swamp usually is saturated with standing water and has very

limited heat storage capacity. Application of this term to a simple ocean model may

be a misnomer since this model has no heat capacity, but it does act as a saturated

ocean surface whose temperature can change via the surface energy balance. Such

a model cannot be used for meaningful seasonal or perpetual simulation of either

winter or summer because there is no heat storage, and in the winter hemisphere

the ocean temperatures in the extratropics will fall below the freezing point of sea

water and create sea ice too near the equator. Most simulations with this type

model are made with annually averaged solar forcing, although even in this usage

the sea ice, typically, is too far equatorward of its climatological position. Therefore,

experiments with this model should be limited to examination of first order effects

since the simulation in the polar (and possibly other) regions will be unrealistic.

However, since the energy balance ocean model ignores ocean heat storage, it has

the advantage of coming to equilibrium more quickly than other types of ocean

models.

The surface temperature equation for the swamp ocean is

s* + F-t _ F -T _ L 0* 0 (3.1)

where S, is absorbed solar flux, F1 is downward infrared flux, FT is upward infrared

flux, and d and L are sensible sensible and latent heat fluxes, respectively. The equations

for Y7* and #i3 are given in (2.22) and (2.23). The Newton-Raphson iterative method

is used to solve for the surface temperature, T*.

Whenever the ocean temperature drops to 271.16 K, sea ice with a 2 m thickness

is specified, with accompanying changes in surface albedos from sea water to sea
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ice and with a small amount of heat flux through the sea ice (see McAvaney et al.,

1978). An example of an atmospheric simulation using this model can be found

in Washington and Meehl (1983), where experiments with 1 x C02, 2 x C02, and

4 x CO2 were performed. Washington and Meehl (1986) also have used this model

to investigate both the effects of a different snow/sea ice albedo formulation and

the effect of temperature of the basic state on model sensitivity with a doubling of

C02.
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4. COMPUTATION OF OCEAN SURFACE TEMPERATURE

WITH SIMPLE MIXED-LAYER MODEL THAT INCLUDES SEA ICE

Ocean Surface Temperature

The next step in the simple ocean model hierarchy involves not only computing

sea surface temperatures via surface energy balance as with the swamp ocean, but

also adding seasonal heat storage. This allows the model to run with an annual

cycle, which is not reasonable with the swamp ocean. Seasonal heat storage can

be crudely accounted for by including a surface layer of water of some specified

depth. Washington and Meehl (1984), Meehl and Washington (1985), and Meehl

and Washington (1986) have used this type of simple mixed-layer ocean formulation

with a fixed ocean depth of 50 m for climate sensitivity experiments with increased

CO2 concentration. The 50 m deep mixed layer approximates a global and seasonal

upper ocean mixed layer depth.

The surface temperature equation for a simple mixed layer is

aT_ [S, + F1 -FT -i., - ,
pocoO--- (4.1)

pocoadt Az

where po is density of sea water, co is specific heat of sea water, To is temperature

of mixed layer, t is time, SF is absorbed solar flux, F1 is downward infrared flux, FT

is upward infrared flux, and T7* and L/?» are sensible and latent heat, respectively.

The term Az is thickness of the mixed layer. The sensible and latent heat flux

parameterizations are given in (2.22) and (2.23).

The backward implicit method is used for computing ocean surface tempera-

tures in the mixed layer. This backward implicit method in time used to solve (4.1)
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is

a T* AT*
=__ -AT (4.2)
at At

where AT =T + l - T,. Thus (4.1) can be rewritten as

(poCoAz)AT = At *, + F 1 - Ft - aF AT*
aT,

-. * - Ar.T* - L.* - L A AT* (4.3)

Equation (4.3) can be rewritten as

At[S, + Fl - FT - t, - Lf- 44T*+l = T+ + (4.4)
poCoAZ + a + a7 + Lao (

where

a-F = 4'TT3 (4.5)

9, / p R/c~
aT=e Pi CD CPJ VV81(4.6)

a/_, L P
aT* 461 (T 2(P - e)) (4.7)

The variables in (4.5)-(4.7) are defined earlier and in Bourke et al. (1977).

Sea Ice

If the ocean temperature drops to the freezing point of sea water, 271.16 K,

sea ice is formed (0.2 m thick initially). The changes in sea ice are predicted with

the simple thermodynamic model of Semtner (1976), i.e.,

AI (h - F.) (F - FB) (4.8)
at q + qB

where I is sea ice thickness; the heat flux through the sea ice, F8, is

k.TB S + Ik (4 9)
F8 = S + I(k./ki)
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TB is the freezing point of sea ice (271.16 K), and hTr is the sum of the surface heat

flux, i.e., the terms in the square brackets on the right-hand side of (4.1). T. is

the surface temperature, FB is the heat flux from ocean to sea ice, and S is the

snow depth. In the mixed layer model, it will be assumed that the sea ice is in

thermodynamic equilibrium with the ocean water; thus, FB = 0.0. The terms q8

and qB are different heats of fusion at the top and bottom of the sea ice, respectively.

Following Semtner (1976), the values are

q, = 26.2 cal cm - 3 or 3.0125 x l0 8 J m- 3 (4.10)

and

qB = 64.0 cal cm- 3 or 2.6778 x 108 J m- 3 (4.11)

The terms ke and kj are vertical conductivities for snow and ice with values of

k8 = 7.4 x 10- 4 cal cm- 1 s- 1 C- 1 or 0.3096 J m-1 s- 1 °C-1 (4.12)

ki =4.86 x 10 - 3 calcm-1 s-1 °C- 1 or 2.0334;Jm- 1 s- 1 °C- 1 (4.13)

The first term of (4.8) is zero if hT - F8 is < 0. This indicates that the surface is

not melting and thus is not decreasing the ice thickness from the top.
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5. COUPLING TO THE COMPREHENSIVE OCEAN

AND SEA ICE MODELS

Coupling Method

The most realistic and also the most complicated ocean formulation in the

model hierarchy involves the use of a comprehensive multi-level ocean general cir-

culation model. The coupling of the CCM to such an ocean model will use a

somewhat different strategy from that used when the ocean GCM was coupled to

an earlier NCAR general circulation model (Washington et al., 1980). The primary

reason for the difference in coupling strategy is that the CCM runs substantially

faster than the earlier model, allowing full yearly cycles to be run rather than the

short time samples of each of the seasons used in the previous study. This ocean

general circulation model (slightly different configuration) has been used for simu-

lations with specified observed atmospheric forcing by Meehl et al. (1982), and will

be described in the next section.

The atmospheric model provides wind stress, precipitation, and components

of surface energy and sea ice distribution to the ocean. In turn, the ocean model

provides surface temperature and sea ice data to the atmosphere. The interactions

are shown schematically in Fig. 1. The atmospheric model is run for one day, the

variables are time-averaged over the number of time steps in a day, then the ocean

model is run for one day. The atmospheric model uses 40-minute time steps (36

iterations per day) and the ocean model uses 30-minute time steps (48 iterations

per day).
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The momentum flux (wind stress) at the surface is given by the component

form of (2.21)
rT = CDP1U1V1

(5.1)

r7' = CDP1V1V1

where rx and ra are longitudinal and latitudinal components of wind stress, re-

spectively, subscript 1 refers to variables in the a = 0.991 layer, CD is the drag

coefficient, Pi is density,

V1i= i+ 2 , (5.2)

and ul and v1 are longitudinal and latitudinal components of surface wind, respec-

tively.

The sea ice treatment is the same as in the mixed-layer model described pre-

viously except for heat flux from ocean to sea ice. This heat flux from the ocean to

the bottom of the sea ice can be approximated in the ocean model by

AT
FB = Pocoo az- (5.3)

or in finite difference form as

FB = pOCOICO /2 (5.4)

where tc0 is the ocean vertical thermal eddy diffusivity directly under the sea ice

(0.3 x10- 4 m 2 s- 1 ), T1 is the temperature of the first layer in the ocean, To is the

temperature at the freezing point of sea ice (271.16 K), and Az is the thickness of the

ocean's top layer (50 m). The term po is density (assumed to be 1 x 103 Kg m - 3 )

and the term co is specific heat for sea water (4.02 x 103 KJ m - 3 °C).

The Ocean Model

The ocean model is adapted from Semtner (1974) using the primitive equations

for a hydrostatic, Boussinesq ocean with a rigid lid and following the numerical
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scheme developed by Bryan (1969). A semi-implicit treatment of the Coriolis terms

is made in the equations of motion. The horizontal finite difference scheme makes

use of a second order energy conserving method and second order time differencing

approximation (Semtner, 1974, 1986).

With the above assumptions, the equation of continuity becomes simply

a w 1 o 9 Uc1 a(v cosq) (5.5)
az acos-- a9 acos4 '9 4'

For ocean modeling, the equation of state relating density changes of sea water to

changes in temperature, T, salinity, S, and pressure, p, from Eckart (1958) is

p = p(T, S,p) (5.6)

where T, S, and p are given; the p is computed. The empirical approximation given

is less cumbersome than the precise relationship but is sufficiently accurate to be

used in large-scale ocean dynamical models.

Following Semtner (1974), the remaining basic equations for the ocean model

will be presented in the spherical coordinate system, with depth, z, defined as neg-

ative downward from z = 0 at the surface. In this system the horizontal equations

of motion are

9u uvtan q _ 1 ap _2u

-at + L(u) - a - f poacos aA / az2
(5.7)

+AfV'^2.. (1 -tan2)u 2sinq!f av
a 2 a 2 cos 2 b OA

9v u 2 tan 1 ap 0 2v
- + L(v) + a + fu =-- o- + z 2
Ot a poavq a9oz2

(5.8)
+ Amf72V(1-tan2 )v 2sinq O9u

' - }'t a 2 cos 2 < OAa2 ~ aCo
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where the advection operator is defined as

1 r a a
L(a) - -i -(ua)) + (C a) + -(wa) (5 9)a cos [ La 99 z

and a is a dummy variable, po is the density of sea water, assumed constant, p

is the vertical eddy viscosity coefficient, and Am is the horizontal eddy viscosity

coefficient. The involved form of the diffusion terms (curly brackets) is needed for

conserving angular momentum properly (see Bryan, 1969). The vertical diffusion

of momentum terms on the right-hand side of (5.7) and (5.8) can be related to the

wind stress at the surface (5.1) by

Po u rA (5.10)

a 2v are
Po' z r (5.11)

The hydrostatic equation is

ap= -_pg (5.12)

The first law of thermodynamics for the ocean, with explicit terms for the

vertical and horizontal eddy diffusion, is

aT a 2T
I:+A(D=^ +AHV 2 T (5.13)-t + L(T) r e z 2 T (5.13)

where ic and AH are the vertical and horizontal eddy diffusivity coefficients, re-

spectively. The specific heat for sea water does not appear in (5.13) because it was

factored out of each term.

The prediction equation for the mass continuity of salinity is given by

as a 2s(5.14)
---+ L(S) =-az2 + AH V 2 S (5.14)
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The vertical diffusion of temperature in (5.13) and salinity in (5.14) must be

related to surface fluxes of heat (S. + F 1 - Ft - ?* - L/,3) and salinity as equiv-

alent salt flux from the precipitation/evaporation difference obtained from the at-

mospheric model (see Washington et al., 1980). Methods of solving (5.5)-(5.14)

numerically are discussed in Bryan (1969) and Semtner (1974). In the Arctic Ocean

only, forecast variables are smoothed longitudinally following a method suggested

by Schlesinger (1976).

Bottom topography (Fig. 2) has been included on a scale consistent with resolu-

tion (see Bryan, 1969). Convective adjustment returns adjacent layers to a statically

stable state whenever the model becomes gravitationally unstable. The rigid-lid for-

mulation does not allow net mass flux across boundaries; thus the water flux at the

surface due to precipitation and evaporation is represented by an equivalent salt

flux boundary condition in the salinity equation. For simplicity, the run-off from

land into the oceans is not included.

Table 1 summarizes the major characteristics of the ocean model.
Table 1. World Ocean Model'Characteristics

1) Vertical coordinate depth
2) Horizontal domain global (latitude and longitude)
3) Horizontal resolution 5°
4) Horizontal approximation

of derivatives second order
5) Vertical resolution Az1 = 50 m, Az 2 = 450 m, Az 3 =

1500 m, Az4 = 2000 m
6) Topography included
7) Convective adjustment included
8) Salinity flux at surface included
9) Interaction with sea ice included
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Small-scale features such as mid-ocean eddies and concentrated aspects of the

Gulf Stream are not resolvable by the 5° latitude/longitude horizontal grid. It is not

known in detail how they contribute to horizontal and vertical transports of heat and

momentum, however they can be crudely parameterized with eddy diffusivities. In

the ocean model, the vertical eddy diffusivity for heat is 10- 4 m 2 s-1. As suggested

by Albert Semtner (personal communication) and similarly by Philander and Seigel

(1985), the vertical eddy diffusivity for momentum is 10 - 3 m 2 s - 1 at the base of

the top layer except at the equator, where it is 2 x 10 - 3 m 2 S- 1. Elsewhere in

the model it is 10- 4 m 2 S- 1. The horizontal momentum is 1 x106 m 2 s - 1, and

the horizontal sensible heat diffusivity is 2 x10 4 m 2 s - 1 x cos(b)2 . The cos(/) 2

factor decreases the diffusion near the polar regions. Without this factor there was

a tendency to have polar ocean temperatures substantially warmer than observed

(Washington et al., 1980). These values were chosen to give smooth predicted fields

with the 5° grid spacing, even though they may substantially overestimate effects

of subgrid scale processes.
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6. INTERPOLATION BETWEEN ATMOSPHERE

AND OCEAN GRIDS

The horizontal grid structure used in the atmospheric model is the so-called

Gaussian grid with rhomboidal truncation of 15, where longitudinal gridpoints are

equal increments with a resolution of 7.5°. In latitude the grid distances are at

Gaussian latitude points which are not equidistant, but approximate a resolution

of 4.5°. The ocean model grid has a latitude/longitude resolution of 5°. Interpola-

tion between the ocean and atmosphere models must take these two different grid

resolutions into account.

The interpolation method makes use of a two-dimensional cubic polynomial

interpolation formula of the type found in Abramowitz and Stegun (1965). The

subroutines that perform this interpolation were written by Roger Daley and John

Henderson as part of the development of Canadian spectral models in the mid-

1970s. (R. Daley of the Canadian Climate Centre pointed out the availability of

the subroutines to the authors.) One of the subroutines goes from a Gaussian grid

to a latitude/longitude grid and the other goes in the reverse direction. Essentially

a 5x5 grid array of values is needed to interpolate values near the center of the

array. Interpolating from the atmospheric Gaussian grid to the oceanic grid is

relatively straightforward because the atmospheric fields are continuous over the

globe; however, since the oceanic fields are not continuous over the globe because

of the intervening land masses, special treatment is required in interpolating them

to the atmospheric grid. The method used assumes that the land values in the two-

dimensional cubic polynomial are the same as the nearest ocean point along a given

latitude, thereby assuring that gradients in latitude are not produced artificially by

extrapolation into the continental regions. This method is suitable for large-scale
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features, although it does not account for many important coastal effects which are

less than a grid size.
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SUMMARY

The use of coupled atmosphere and ocean general circulation models of the

climate system will increase. The coupled model system described here will ac-

count for the first order interactions between atmosphere, ocean, hydrosphere and

cryosphere. Obviously many practical simplifications were made in order to have

a coupled model that could be used with today's computer capability. This report

describes the details of each of the components of the system, including its cou-

pling to a particular version of the CCM. Finally, the models discussed here will be

forerunners of more complete and detailed coupled climate models of the future.
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