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~ ABSTRACT

This report describes the design and verification of an upper
ocean stratification model suitable for coupling with an atmospheric
general circulation model at seasonal time scales. The model is based
on turbulence closure principles and is initially evaluated by re-
course to detailed temperature observations and heat budgets available
for Lake Ontario.'”Heat budgets for the northern hemisphere‘oceans are
"computed and‘the results‘are used to incorporate»Ekman'pumping-and

large scale advective effects into the model.

A series of model experiments is carried out _to evaluate the sen-
sitivity of the model to the turbulence closure parameters and to the
annual mean and seasonal components of surface heating, Fkman pumping,
and other advective effects.‘ It is concluded that adequate simulation
of seasonal variations of sea surface temperatures may be " achieved by
the simplest type of model responding only to the seasonal component

of surface" heating" and excluding all advective effects. e




1 INTRODUCTION

A s;riking_aspect of the combined ocean-atmosphere system is the
-apparent inéongruity of the chéfacteristic tiﬁe and space scales of
the respective sub-systems. Whereas the atmosphefic adestmentbtime
is.shorter‘than one year, the deep ocean may take more than one hun-
dred years to reach an equilibrium state. And, while-a épatial reso-.
lution of a few hundred kilometers appears'acéeptablg for atmospheric
models, a resolution of a few tens of kilometers is required to re-
solve the most interesting phenomena in the oceans such as eddies,
coastal curren;sband upwélling."The couplingvof an oceanic model with
an atmospheric GCM (general c¢irculation mbdel) is therefore not a

straightforward matter (Bryan et al., 1975).

-On the other‘hand, the processes at the ocean surface are among:
the'most.imporént feedback mechanisms to be included in a realistic
climate model. It is estimated that the oceans carfy nearly as much
heat from the equator: to the poles as the atmosphere itsélf (Oort and
VonderHaar, 1975). . The.oceéns are the basic . source of latent heat,
the transport. of which conStitﬁtes about one~half of the ;otalnpole-
ward heat transport in the atmosphere. The large thermal capacity .of
the ocean leads té‘a considerable reduction of seasonal climate. varia-
tions. In particular, there is the dynamic coupling of .atmospheric
winds .and ocean currents and the.direct interaction between air and

water temperatures at the sea surface.

"The above leads to the conclusion thag any climatic GCM must in-
clude some form. of qceanic component but thét the latter should.be
tailored to the specific space and time scales of interest. The pteQ
-sent study: is concerned with 1nteractiqns of oceans and atmosphere at
global space scales and seasonal time scales. .The principal purposé

of  the oceanic model component then is to provide the annual,dycle of



the SST (sea surface temperature) under influence of atmospheric in=
puts of heat and nomentum. Seasonal temperature variations in the
oceanS“are confined to the upper'few hundred meters. It wouldbseem
practical, therefore, to try and model this seasonal'layer without in-
cluding a complete description of the ‘deép ocean. Thus, the problem
of the long adjustment time of the deep ocean may be avoided by using

climatological mean conditions below the seasonal layer.

Although the annual temperature cycle appears confined to the
seasonal upper layer, this does not imply that only the upper ocean
responds to seasonal variations in atmospheric forcing. In fact, it
was shoWn by Veronis and Stommel (1956) that the response of mid-
latitUde’oceans to short-period forcing tends to be barotropic rather
than baroclinic and hence the circulation of the deep ocean must be
expected to vary at these time scales. Such effects may be explicitly
accounted for in a model of the seasonal layer by imbedding the latter
in a relatively course three-dlmensional ocean model as done, for ex-
ample, by Kim and Gates (1979). These authors suggest, in fact, that
large scale temperature advection cannOt'be,ignoredvin considering

seasonal fluctuations of the SST on a global scale.

Gill and Niiler (1973) analyzed the seasonal heat balance of the
upper ocean -and concluded that away from the equator an approx1mate
‘local balance~shou1d-exist between .the rate of heat storage and sea-
sonal deviationa of Surface-heating from the annual nean. Their re-
sults suggest that geostrophic advection is negligible but that there
may be a snall contribution from wind-driven Ekman currents. Wells
(1979) incorporated this effect into a seasonal upper ocean model -
'which_waé forced by an atmospheric CCM. He concluded that.the.heat
storage -was strongly affecteﬂ by Ekman advection but it appears that
he computed‘total-instantaneous'Ekman currents instead‘of just the

seasonal compornents.
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There is 1little doubt that turbulent verticél mixing of heat is

the primary factor in determining the vertical temperature structure

 of the upper ocean and hence the SST. It is also known that one-

dimensional models based on that principal (Niiler and Kraus, 1977)
have now advanced to the point where they can reproduce typical annual
SST cycles. Unfortunately, this is only.part of the problem; If the
ocean model would ‘merely reproduce the gross features of seasonal tem-
perture variations at the lowér boundary of the atmospheric GCM, it
could bé replaced by prescribed climatological SST valués. If, how-
ever, the purpose 1Is to evaluate effects of air—-sea interactions on
the response of a coupled ocean-atmosphere system, then the problem 1is
rather to similate deviations from normal annual cycles. This is
closely related to studies of correlations between SST‘anomalies and
atmospheric perturbations (Namias, 1972; Aden, 1975). Such anomalies
are not necessarily dominated. by the same physical processes which
céntfol the primary seasonal cycle as seen from the numerical experi-

ments of Haneyj(1980).

" Another question concerns the verification of such one-
dimensional stratification‘mbdels. The usual approach is to force the

model by an annual cycle of surface heat flux with no net heating over

- the whole year and to compare the model output with ecyclic temperature

variations in the ocean. In particular, data from ocean weather ships
have contributed greatly to model. development aldng theée lines. In
the context of a'climatic model, however, a‘ﬁéjor aspect of the pro-
blem is to simulate the net poleward transport of heat by thé.oceans
Qﬁer an annual cycle. - In other-words,-thgpe must be a net downwérd
heat flux at the ocean surface at low latitudes and a net upward flux
at high latithdes, Clearly then, a model which is perfectly tuned to
a cyclic surface heating will overpredict SST's at low latitudes and

underpredict them at high latitudes. Thus a crucial test of the ocean



modelvis to evaluate its ability to produce cyclic:solutions under

conditions of net sutfacé‘heating and cooling.

The present report addresses the problem in two ways. TFirst, the
annual heat budget of the northern hemisphere oceans is considered by
recourse to observations available in the literature. This type of
calculation is not novel but it is done hefe to set the stage for the
second part- of the report. This second part deals with the dgsigh and
verification of an economical and reliable upper ocean boundary layer
model ‘suitable for‘coupling with an atmospheric GCM. It is found that
uncertainties in the data base make it difficult to judge the perfor-
mance of different models, but it appears thét various ~advective
effects'considefed here do not lead to a systematic iﬁprbvement‘of

model results.

2 . HEAT TRANSPORT EQUATION
| : '
For a sfudy of the annual heatibhdget of the'upper‘oéean,.con—
sider theqheatzéonservation equation, ignoring_small compressibility .

effects and any internal sources or sinks of heat.

3T 3 - © . 3Q o . _
—— . P — TR — . 1

T + Y (wT) + 52 (wT) Nz + Ver o ‘( )
t =:time, vV = hotizoﬁtal gradient operator, z = vertical coordinate,
positive upward with origin at the sea surface, v = horizontal
velocity vector, w = vertical velocity component, T = temperature,

Q= vé:ticallcomponent of diffusive, sub—gridfscale, heat flux and




r = horizontal component of’diffusive; sub-grid—scale, heat flux vec-
tor, counted positive toward decreasing x, y, z. The horizontal and
vertical velocity compdﬁents éatisfy.the»quaSi;ihcomptessible con- .

tinuity equation

Vow +5 =0 o | (2)

The boundary conditions at the free surface are:

. . an | 7 | .
z =n: w»=-§; +weVn 5 Q=0Q - . (3)

where the downward surface flux of heat at the surface, QS, is con-

sidered known from the surface heat balance.

Integaation from the surface down to a horizontal leavel z = —h;
applying the rules for interchanging integfation and differentiation,
and using the boundary condition (3), results in the layered equiva-
lents of (1) and (2):

30 _ - ,
3t + Ve f dez —wT =Q - Q +VF (4)
an
=W

‘Y.V+-9—Ev h (5)




where:

A - o | |
vz vz, 62" Tdz, F= [ rdz (6)

“=h -h ~=h

The‘free.surface elevation is nEgligible'for all presentvpurpoSes.
The deptn h is taken to be the depth of penetration of seasonal tem-

perature variations and will be set at 250 m.

The total current, ¥, may be separated into an inviscid com—

ponent, wy, and a frictional Ekman component, v,, thus

vIv, tv, wg,z L7 o ' (7)
where wg is known as the Ekman pumping. The Ekman flow is confined

to a reletively thin iayer near the surface; below this layer the eor-
responding vertical velocity will remain constant with depth and equal
to Wa (ignorlng bottom frlction) The horizontal components of the

‘ inviscid flow will be in first approximation independent ‘of depth
within the layer of interest and the corresponding vertical velocity
will increase linearly with depth in accordance with (2) until it can-
cels the Fkman suction at a depth H which is in general much greater
than h. At the bottom of the seesonai'layer,'therefore,

wy = (h/H)w, << w,, which wmeans that w, may be replaced by

Ve in (4). This approximation is similar to the assumption that, as
far ag the internal flow is concerned, the Ekman pumping may be
applied as a boundary condition at the free surface instead of at the»

bottom -of the Ekman layer.

If it is assumed that vy is constant over the. depth of the
seasonal ‘layer and that the Fkman layer is more or less of the same

* depth as .the mixed layer where the temperature equals the surface




temperature Ts, then the horizontal heat transportbintegrated over

the depth of‘the seasonal layer ﬁay be written as follows:

[ wrdz =v,0 +V T : (8)
-h i es

and the layered heat conservation equation becomes:
— = - V-(vie) - V-(VeTs) + we?h + Qs -,Qh + V.F (9

To this order of approkimation the inviscid current is-nonQdivergent
and hence may be represented by a streamfunction. It should_bé noted,
howevep,vthaf'this holds true only fof tﬁe heat conservation equa-
tion. For the'dynamics, the divergence of ﬁhe inviscid flow is essen¥
tial becaQSe the cbrresponding vertical velocity must eventually can=
cel the Ekman Suéfiqn to satisfy the boundary condition at somé depth
H as ﬁoted above. The continuity equation associated with (9) appéars
now in the following form;”,. |

Vewy =0 VeV, = w, ' | (10)

For the present purpose it is convenient to write the heat bal-

ance equation (9) in the following form:

EE- v.(veTs,) + WéTh ‘ . S (llb)
"R = = Ve(wi0) + VoF - Q, : ' (11¢)




where E represents the total cdntribution'to the heat balance of the
:1aye;.dug4to Qind—driven Fkman currents and R is the residual contri~.
bution from inviscid (mostly quasiégeostrdphiC) currents and diffusive
processes. The_sum of these two terms will be referred to as the
"convergence of heat transport” whereby it is understood that such
transports include horizontal and vertical advective (grid-scale) as
well as diffusive (sub-grid-scale) processes. According to (1ia) this
convergence of heat transport equals the difference between the local

rate of heat storage and the dowiward surface flux of heat.

1t may be noted in passing that the convergence of heat trans-
port, as defined here, is the same for the upper oceanfc layer and for
the yho1e oceanic depth, because all-seasonal'heat changes aré présum—
ably sgqred in this»ﬁpper layer. This implies that the convergéncé of
horiiontal transport in the ldﬁef layer is balanced by the vertical

advective and diffusive transport terms appearing in (11b and 1lle).

‘»The'Ekman'heat transport (11b) consists of convergence of hori-
zontal transport in the surface layer and vertical transport through
the bottom of the layer due to Ekman pumping. . Alternatively, the
Fkman effect may be séparated: into horizontal and vertical advection

of heat by substituting (10) into (11b) with the result:

: = = V. oV - " L | . 12

E = 'We VTs we(is Th) . ' L . (12)
For the seasonal time scales ﬁnder'considefation, the horizontal Ekman
'transport integrated over the depth of the frictional layer may be

obtained from the steady state relationship -

fU, =15 x k | (13)




where £ is the Coriolis parameter, ts,is the surface stress vector

) A ’ . , ] ’
‘and k is the vertical unit vector. The vertical Ekman pumping follows
then from (10). '

The heat balance equation (11) is'usually separated into the
annual mean and seasonal deviations from the mean, denoted by bars and

primes, respectively.

-Qg =E+R ' (14a)

%2— - 'Qé = E' + R (14b)
anlineér‘fermshéucﬁ as the Ekman tréhéportév(IZ) may'bé}computed from -
the total inétantanedus temperatures and curfents and then separated
into annual and seasonal components. It is, however, of interest to
expand such terms into contributions from annual and seasonal com-
bdnents of temperafdte and éurrents.k‘in bafticular; the seasonal com-

ponené of (12)‘bécomes:

,v.'=__|.- L - W eUT' Sty o e
E [\Ve VTS + We(TS Th)] v [\Ve VTS + WeTS] €

(15)

€ = W'eVT' + W!'T' - W eVI' - w'T
e S e s e S e s

where use has been made of the assumption that the temperature remains

constant in time below the seasonal layer.

The.various terms of (14) and (15) wiil be computed in the

folldwing section of this report. Before proceeding to a discussion
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of the present results it 1s,:h6wever, ueeful td briefly review re-

sults of similar calculations reported in the literature.

Previous Results

Bryan and Schroeder (1960) compared observed seasonal changes of
'heat‘content in the upper 200 meters of the North Atlantic with esti-
dates of surface heat fluxes. For the March to August heating season,
the rate of heat storage was found to exceed the seasonal . change of
the surface heat flux at all latitudes between 20°N and 50°N. This
would imply that the heat storage in the upper. layer is amplified by
seasonal‘changesvin horizontal heat advection or by exchange across
the bottomfof'theVupper ocean layer, that is, the right hand side of
(py. |

Fofonoff and Tabata (1966) analyzed observations in the North
Pacific. and showed the seasonal variat10n‘of'sea.surface temperature
to be primarily determined by the heat . flux at the surface. Varia--
tions of. isopycnal depths were apparently related to the wind stress
curl in accordance with (10) and (13) but observed movements were- up
to ten times larger than calculated from observed winds. Near the
coast, vertical movements appeared related .to Ekman transports normal

to. the coast.

: Bathen’(1971),compared rates of heat storage in the upper
250 meters df the North Pacific'with seasonal variatione of surface
heat flux. He retained only nondivergent advection and horizontal
diffusion on the right of the heat -balance equation (11a), thus imply-
ing that the Fkman terms (l11b) are balanced by the vertical diffusion

in (11lc). GivenAmdnthly values of surface heat fluxes, he integrated
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'the'heat conservation,equation over an annual cycle for assumed circu-
lation patterns. The process was‘repeated until satisfactory agree-b
ment was obtained between observed and computed heat storage over an
annual cycle. His conclusion was that heat advection by nondivergent

currents could be twice as large as the surface flux of heat.:

Gill,and Niiler (1973) have questioned Bathen's result noting
that the rate of heat storage computed by the model does not balance
the surface flux when integrated over an area enclosed by a stream-
line. They argue that an approximate local balance is maintained bet-
ween the rate of heat stordge and seasonal variations of surface heat
flux, that is, the right hand side of (14b) tends to vanish. They

eliminated nondivergent advection by recourse to a scale analysis and

computed seasonal changes of horizontal and vertical heat advection by

Ekman currents for ‘the upper 200 m of the-North Pacific and North
Atlantic and found them to be an order of magnitude smaller than
observed rates of heat storage. They ‘did not atteémpt to balance the
terms of equation (14b) for the whole oceans but they did find satis-
factory local balance at weather ship stations and hence blamed the

data fordany imbalances at larger space scales.

The computation of Ekman transports, in particular,»has:received

a great deal of interest in the past. Fofonoff.(l962) discusses com—

puter programs for routine calculation of Ekman currents as well as

geostrophic currents for specified surface winds over the ocean. Gill

and Niiler (1973) and;others computed Fkman pumping from Hellerman's .
(1967) wind stress data for the world‘oceans. Recently, Leetmda and
Bunker . (1978) calculated Ekman transports from Bunker's (1976) wind
stress estimates.for the North Atlantiec. Meyers (1975) computed sea-
sonal variations of Ekman pumping in the trade wind zone of the North
Pacific and found that the observed deepening of the 20°C isotherm
during spring could be explained hy strengthening of the curl of the
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wind. 'White (1977; 1978) emphasized that changes in depth of the
thermocline are not just defermined by local”winds, but that there is
, an-additional‘response propagating from the eastern boundary in the
form of baroclinic Rossby waves. Schopf (1980), however, found the
process of Ekman pumping and Ekman‘drift‘able to account for observed
seasonal variations of hedt transport across the equator: The addi-
tion of wave phenomena within the framework of a bounded ocean model

'did not seem to alter the net cross-equatorial flow.

‘ A number of studiesvhave been devoted to the closely related
problem of anomalies in sea surface temperatures. 'The,aésumption is
then that the anomalies are governed by equafions similar to'(14b) and
(15) where the primes denote deviafions from the normal seasonal
cycle. Nanias (1965) used anomalbus Ekman Curfents to advect normal
sea surface isotherms in the North Pacific, ignoring‘effects of upwel-
ling or downwelling. In a subsequent paper, Namias (1972) related
SST—anomalies to ‘anomalous surface heat fluxes and to horizontal -ad-
vection by normal currents. Jacob (1967) also considered advection of
normal isotherms by anomalous currents’as-Well as advection of anoma-
lous isotherms by normal currents and effects of anomalous heating.
These studies seem inconclusive as to the telathe importance of the

various contributions.

White gg_glf.(1980) found the theriiocline in the mid-latitude
North Pacific to respond to anomelous atmosoheric forcing as. expected
-from Ekman pumping theory during most of the year. However, during
late autumn, the response of the thermocline appeared to be opposite
to the direction of the Ekman pumping, Haney (1980) 1investigated the
seneitivity of a 10-level Pacific Ocean wmodel to anomalies in pre-=
'scribed wind stress and surface heat flux and found qualitative agree-

ment with. observed anomaly development during the fall of 1976.
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3 HEAT BALANCE COMPUTATIONS

. The various terms in the heat balance equations (14a45),have been
computedvfromhélimatological deta for the northerﬁ hemisphere oceans;
The calculations were carried out'oﬁ a grid of 10° latitude by 10°
longitude and the results were averaged zonally eﬁer all oceans and
for the Atlantic and Pacific separately. To obtain seasonal values, '
"data were used for January, April, July and October, respectively, and

annual means were defined as averages of these four seasonal values.

Oceanic Heat_Stogggg_>

Oceanic temperatures and rates of heat storage in the ocean were
obtained from the Bauer-Robinson (1977) numericaliatlas. The atlas
contains temperétures_for every 1° quadrangle in the northern hemi-
sphere oceans from the eqator to 65°N in the Pacific and to 73°N in
the Atlantic. For each month, temperature values are presented in the
seasondl layer at 30-m intervals down to 150 m and at NODC hydrocast
levels below. For purposes .of computing monthly values of heat con-
tent, temperatures were interpolated llnearly between data 1evels.
Monthly rates of heat storage were then obtained by subtracting heat
contents for the preceding month from those for the following month.

‘Hence, they referﬁtobthe middle of each month.

DiStributiens of rates of heat storage in the upper ocean for
.January'andﬂJuly are presented in the upper parts of Figs. la and ib,
respectively. The contour interval is 100.ca1/cm2/day and negative
values are indicated by dashed lines. Zonal averages for each of the
four seasons are depicted in Fig. 2. ‘The individual poirits represent
averages over the oceanic portion of e_10° latitude belt and they have

been conﬁeeted by solid lines for improved visualization. The points
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eonneoted By dashes in the same figufeoindicate corresponding results
from Oort and Vonder Haar (1975). These authors state that their re-
sults are qulte similar to those obtained from Bauer-Robinson, but it
is seen that the d1fferences are not inconsiderable. The present re-
sults show a‘dlstinctly larger seasoaal amplitude, in particular Qhen
the greater depth‘of Oort and Vonder Haar's seasonal layer (275 m) is
taken into consideration,' An'exact'analysis of the differences is not
possible becadse the data base of Oort and Vonder Haar is not yet pub-.
licly available. N | ' |

Surface Heat Flux

Climatological values of total heat balance at the ocean surface -
were obtained from Budyko's atlas.as presented by Schutz and Gates
(1971; 1972; 1973; 1974). The heat balance data represent net down—
ward radiationzflux at the sea surface minus upward flux of‘sensible
and latent heat. The data are available on a global grid of 4° lati-
tude by 5° 1ongitude for the wonths of January, April, July and
October. -All land values were eliminated before obtaining averages
over 10° quadrangles to prevent contamination of values in nearshore
gfid points by land values. _The resulting distributions of downward
surface flux over the northern hemisphere oceans are shown at the bot-
tom‘of;FigSs la and 1b for Januafy and July, respectively. In January.
there is a good correlation between patterns of heat storage and sﬁr-
face flux withllarge heat losses occurring along western ocean boun-—
daries as a result of cold air flowing over relatively warm water. In
July the pattern shows a similar correlation but the magnitude of the
‘heat storage substantially exceeds that of.the_surface flux. At low
latitudes in the eastern»parfs of the oceans, irregular distributions

.of heat storage are found which are not reflected in the surface
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flux.'_Such changes'in heat storage are apparently telated to other

processes such as horizontal and vertical circulationms.

Zonal averages of surface heat fluxes for eachnof the four sea-
sons are presented at the bottom of Fig. 2 where averages refer again
to the land portion of eac¢h zonal belt and individual points are con-
neeted by_solid_lines. For comparison, poiats connected by dashes in=
dicate the corresponding values derived by Oort and Vonder Haar (1976)
from considerations of the atmosﬁheric energy budget. In the latter,
the surface flux appears as an imbalance between obseérved radiationm
flux at the top of the atmosphere and rate of storage and divergence
of transports of atmpspheric energy. It is assumed that the.land has
no heat capacity ‘and that the residual surface flux obtained from the
atmospheric energy balanCe‘is completely stored in the ocean. For a
~discussion of the discrepancies between the two sets ef averages, the

‘reader'is referred to Oort and Vonder Haar (1975).

Recently, new estihates of heat flukes over the oceans havevbeen
obtained on ‘the basis of ship weather observations. For the Atlantic,
monthly means for all months from January,:1948 tﬁrough December, 1972
are available on data tapes from the Woods Hole Oceanographic Institu-
tion (Bunker and Goldsmith, 1979). Comparison with Budyko's estimates
(Bunker,-1976; Bunker and Worthington, 1976) indicates that the over-
all distribution patterns are similar.. The major change is an anngal
medn warming of nearshore waters from Nove»Seotia down td-Cspe'm
Hatteras instead of the strong'eooling 6ver‘the.continenta1 shelf in
Budyko.'s estimates. Similar .calculations have.apparent1§ been per-—
formed'for the Pacific by N. Clark of the Seripps Institute of Ocean-
ography, but the results wefe not available at the time of the present

“study.
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Heat'Transngtt bytEkman Drift

Effects of Ekman currents on-the'heat:balanCe.of the upper ocean
layer have been di§CUssed in connection with (12). The effects essen-=
tially consist of convergence-Of.horizontal heat‘transports in the
surface layer plus vertical heat transport through the bottom of the
layer due to Ekman pumping. The horizontal components of the Ekman
drift are obtained from the surface wind stress in accotrdance with
(13) whereupon the Qertical Ekman pumping follows from (10). The pre-
sent‘calculations are based onvclimatolegical values of surface stress
over the world oceans presented by Hellerman (1967). The data are
available on a grid of 5° latitude by 5° longitude for each of the
‘four seasons. Seasonal surface temperatures were taken from the
Bauer—Robinson (1977) numerical atlas. The bottom temperature was

taken to be the annual mean temperature at the 250 m level.

| The Ekman heat transports (11b) were calculated on a 10° by.10°
grid with a'staggered distribution cf variables. Horizontal water
transports ‘were defined at the'sides of each quadrangle and tempera-=
‘ture and vertical motion at the centre. Horizontal heat transports
actoss -the sides. of grid squares. were obtained by averaging tempera-
tures of two adjacent squares. The. relationship (13) .between .the .
.Ekman driﬁt and the wind stress.can only be used in the open ocean.
On the lateral -boundaries of -the. oceans the normal component- of the
horizontal,Ekman.transport must vanish,n If this 1s used -as a boundary
condition and the continuity equation (10) 1is applied to all grid
'square53.upwe111ng will result'for Ekman drift away from the coast and
downwelling for onshore flow. The resnlt does not reflect the dyna-
mics of coastal regions and as such it is not: .meaningful. However, it
does satisfy conditions of mass balance and the effect is often more
clearly visible in_observational'data than the effect of the .wind curl

in the open ocean (see, e.g., Fofonoff and Tabata, 1966). Thus, the
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Ekman pumiping and the associated vertical heat transport are here com-

puted for all grid points.

Néar the equator, the Ekman relation (13) also breaks down. In
order to estimate the Ekman transports there, the wind stress is sepa-
rated Lnéo an annual mean component and the seasonal deviations from
the mean. The zonal component of the annual mean stress is taken to
be symmetric around the equator. The corresponding meridional com=-
ponent of the Ekman transport is antisymmetric and hence goes to zero
at the equator. The corresponding vertical velocity in the latitude
belt adjacent to the equatogrfollows then from (iO). The seasonal
coﬁponent of the stress is taken to be antisymmetric around the equa-

-tor as discussed by Schopf (1980) and it is”éSsumed to increase
liheArly with latitude. The cotrresponding meridional Ekman transport
is constant and the seéasonal vertical velocity component near the
equator must vanish according to (10). Like the corresponding calcu-
lation for the nearshore zones, this procedure only satisfies condi-
tions of mass’conservation‘bﬁt it does not take iﬁto account the dyna-—

mics of the equatorial region (White, 1977; Schbpf,_1980).

Annual Heat Balance

The indi?idua1~components of the heat balanée=(11)-aré discussed
for the ‘annual mean and.thé seasonal deviationms, separately. . The
annﬁal mean distribution of convergence of heat—trénspor: in the upper
ocean is shown in the upper part of Fig. 3a; As defined under (11),
this convergence of heat is obtained as the difference between the
Iocél race'ofvheat storage and the local surface flux of heat. In the
annual mean, thefefore; the convergerice of heat equals the upward heat
flux at the sea: surface. The left side of Fig. 4 shows the annual.

downward surface heat flux averaged zonally over all oceans (top) and
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for the;Atlantic (middle) and Pacific (bottom) separafely, At high

Iaticﬁdes there is an upward surface f1ux and convergence of heat
transport;vat 1§W'1§citudes a downward flux and divergence of trans-—
port; Ihtegration of heat convergence southward from the North Pole
gives'oceaﬂic'heat transport across givén latitudes (but not neces-
sarily invthe upper layer). Thus, the ocean transports heat from low
latitudes to high latifudes. As noted in the Introduction, the ocean

model should reproduce this result in the annual mean.

The annual mean dis;ribution of the total Ekman effect (11b) is

presented in the lower half of Fig. 31. The values are seen to in-

‘crease strongly toward the equator but the results haturally depend on

the depth of the Ekman pumping, here assumed to be 250 m. In the belt
ad jacent to the equator,upwelling and cooling are caused by the north--
ward EBkman drift across 10°N. = This is also a typical result of -
three-dimensional ocean. models (e.g., Bryan EE;Elf' 1975) but then -

this vertical circulation cell is much' shallower than assumed here.

In view of the uncertainty surrounding.the results of Ekman calcula-

tions near the equator, these values have not been entered in the map

of Fig. 3a, but, as a matter of interest, they are indicated by the

dash—-dot lines in the zonal averages of Fig. 4.

The heat advection by Ekman currents is subttracted from the con~

.vergence of total heat transport to obtain the residual term in the .

‘heat balance (llec), the anqual.average,of,which is presented in the

upper half of Fig. 3b. As defined byv(llc), this term includes hori-
zontal advection of heat by large scale inviscid (generally quasi—v
geostrophic) cufrents which, as discussed under .(9), may in first
approximation be considered non-divergént and. hence may be represented
by a streamfunction. An-estimate of the latter effect can be obtained

by combining the Bauer—Robinson (1977) upper oceén temperatures with
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dvailable_estimates of large écale ocean circulations. _By.way of ex-
aﬁple, a calculation has been madé for the NorthtPaCificAusipg the
:vstreamfunctiqn es;imated by Bathen.(1971). No adjustments were made
for any Ekman trahsports included in this cirCUlatién. The.stfeam—
function ié essentially zero at 10°N such_tﬁat the heat in the basin
is only fedistributed'but’the‘integrated’heat change must vanish. Thé
result. averaged 6Ver all-seasons is shan at the bottom of Fig.v3a and
averages for 10° latitude belts in the Pacific are i1llustrated by the
dashes in Fig. 4. | ' |

Seasonal Heat Balance

Seasonal deviations from the annual mean Cbnvergeﬁce of heat
transports in the upper ocean .are présented in the upper half of"
Figs. 5a and 5b for January and July, fespectively. As before, this
heat convergence is derived by éubtracting,the local downward-éurface
flux of heat from the local rate of heat storage (Figs. la and 1b) and
subtracting the annual mean based on the four seasdnai Qalues. The
results show irregular patterns, representing in wmany cases relatively
small differences hetween large numbers or slight phase shifts between
similar patterns of héat storage and surface flux. The results are,
therefore, more likely a measure of observational error than of physi-
cal processes. Zonal averages for all oceans and for the Atlantic and

Pacific separately are presented'in Figs. 6a and 6b.

Seasonal deviations from thé annual mean. convergence of heat by
Ekman transports are shown in the lower parts of Figs. 5a and 5b and
the corresponding zonal averages>arevincluded in Figsf.6a and §b.
These values were“obtained.by.computing the‘totél heat convergence ia
the surface layér due to horizontal Ekman transports and vertical

-Ekman pumping for each season and then subtracting the anhual-mean:
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shown in Fig, 3af Near the equator the results become unreliable and
therefore they have not been included in the maps. 'It was mentioned
before_ﬁhat tthSeaSOnal cqmpbnenﬁ.of Ekman,pumping’tendsito'vanish in
this region. This is indicated by the dash=dot lines in Figs.'6é and
6b: It should be added, though, that actual comiputdtions of the sea-
sonal Ekman éffect from the curl of the wind at the centre of this
belt (5°N) does,not‘produce small values but “in general shows positive

deviations in January and negative values in July.

The July results for the Atlantic (Fig. 6b) and similar results
for April (not shown) confirm the conclusion'ofVBryanvand Schroeder -
(1960) that the surface heat flux during the heating season would be
augmented by heat advection if these results ﬁere true. Seasonal
variations of heat advection by non-divergent éirculations were esti-
mated from Bathen's annual mean streamfﬁnction and seasonaliyrvarying
temperatures for the Pacific. The seasonal deviations from the annual
mean were found to be small in agfeement with the scale analysis of
Gill'and Niiier (1973). - The results could, however, be different if
the large scale circulation were allowed to- vary from season to sea-

SOnN.

As seen. from (15), the seasonal component df-the Ekman effect
consists of advection of annual mean temperatures by seasonal Ekman
. currents plus advection of seasonal temperatures by mean Ekman cur?
rents. These individual contributions are ilustrated in Fig. 7. The
total Ekman effect is presented at the top, the terms Withinithe-first
pair of square bréckets in (15) are displayed in the middle, and the
‘terms within the second pair of brackets are shown at the bottom of
Fig. 7. The last term on the right of (15) is found to be negli-
gible. -The other terms appear somewhat comparable in magnitude, not
Uniike the conciusiohs reached in studies of SST anomalies (Namias,

1965; 1972; Jacob, 1967).
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4  STRATIFICATION MODEL

An essential element of ﬁppef ocean models is the mechanism of
mixed-layer formation due to the interaction between wind-induced
mechanical turbulence and stability effects resulting from surface
heating. A second mechanism is the formation of a deep mixéd layer
due to_convectiye'ovetturning in the presénce of surface cooling.
TﬁeSe‘processes are in essence idcally determined and have been suc-
cessfully simulated by one-dimensional models. These models can be
diyided'info two main classes: mixed-layer models and turbulence

closure models.

A Mixed-layer modelé were introduced by Kraus and Turner (1967) and
have been reviewed by Niiler and Kraus (1977). An upper ocean layer
wiﬁh uniform'temﬁefaturefis postulated and the depth and‘temperature
of the layer are'estimaféd from energy considerations. Models of this
type have beern used to simulate observed annual temperature cycles at
weather stations in the Atiantic—(Gill and Turner, 1976) and the.
Pacific (Thompson, .1976; Haney and Davies, 1976), These -and other

: généralizations of the Kraus-Turner model (Kim, 1976; Garwood, 1977)
appear to reproduce the major properties of .the upper ocean tempera-
ture structure on an annual basis. Wells (1979) coupled this kind of
model to an atmospheric genmeral circulation model of the southern
hemisphere, téking into account advection of temperature and salinity
by Ekman drift. Kim and Gates (1979) embedded Kim's-(1976)‘model into

a four-layer general circulation model of the world ocean.

f.Turbulent'closure models are based on the conservation equations
-for heat and momentum in the_Reynolds-aQeraged form with turbulent
fluxes formulated in terms of mean variables énd higher moments of
-fluctuations. These formulations may be approximated in. various ways

,énd in the simplest type of équilibrium'closure the turbulent fluxes
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become propoftioﬁal to gradients of mean quantities (Mellor and _
Durbin, 1975; Kundu, 1980). The eddy coefficients involved are func-
tions of stability and turbulent: kinetic _energy and they may be deter-
mined empirically (Munk and Anderson, 1948) or to some extent be
derived (Mellor and Yamada, 1974). The maximum simplification of this
type of'médel.is achieved by prescribing the vertical current shear as
a function of surface condit1ons instead of solving the momentum equa-

tions (Sundataﬁ and Rehm, 1973; Walters ggigi., 1978).

The present study utilizes a model of the last type without ex-
plicit solution of the momentum equatibns. The model is based on the
turbulent closure model of Mellor and Durbin (1975) but the vertical
shear of the current is obtained from a golution of the steady-state
‘equations of motion. - This approximation was fpuﬁd to lead to a sub-
'staﬁttdl increase in robustness of the ‘model without any reduction of
the quality of ¢imulations of seasonal temperatures in Lake Ontario
V(Simons; 1980). A brief description of the model and its verification

will be presented here.

Model Equations

The model. is based on the one-dimensional temperature conserva-

tion “equation:.

ST _ 1 31,3 - o | |
LSt = = S . 16

ot pcp az az (-w'T ) ‘ _ - (186)
whete t is time, 2 is the upward vertica1~c00rdinate, T is tempera-
ture, p 'is density, cp is specific heat, I is radiation, w is verti-

cal velbcity,3thé’bars denote mean quantities and the primes denote
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turbulent fluctuations. The-turbulent’flﬁi éqUations may be-simpli—i
- fied By[redourse.to thé Kolmogorbff and Rofpakhypotheses for the dis-
sipation and pressure'fluctuatioh terms and by neglecting the time
variations as well as the triple COrfelations (Mellor and Yamada,
1974).  The result may be expressed in the form: |

“w'T' = K.El : ' Qan

9z

where the eddy diffusivity, K, is a function of the mixing length, the
turbulent kinetic’energy, and the stability as determined by the
Richardson number

)

. v o 1 | . o

|

where g is the earth's acceleration and v is the horizontal current.

For the stable case (Ri > 0) it may be shown (Simons, 1980) that
the diffusion coefficient is approximately given by: '

2 oV |

/2 o |
£ | 3z o ‘<19)

‘ 3
K= (1l - 4 Ri)

where £ is a mixing lehgth; assumed constant. For Ri > +25 turbulent
mixing is suppressed (K = 0). For unstable conditions (Ri < 0) satis-
factory results are obtained by augmenting the eddy diffusivity by an

amount

K' =y (-og %}) - | 20

where the value of Y determines the rate of adjustment from unstable

to neutral conditions.



In a complete‘turbulentvclosure‘model the current shear entering

in (18) and (19) is obtained by solving the time dependent form of the

equation of motion for -the héfizontal current. For the time scales of
interest here it was shown by Simons (1980) that essentially the same
results are obtained by a simpler procedure. based on the steady-state

equation of motion

fw x k +"§7 (='W’ = 0 | (21)

g . .o~ . ' .
where f is the Coriolis parameter, k is the vertical unit vector, and

the turbulent flux term takes the form

‘—w'w' = A

3121._f

(22)

The. functional variation of the eddy viscbéity A is similar to (19).

To solve this system, consider the nearly homogeneous layer bet-
ween the surface nd the thermocline were the eddy viscosity may be

approximated by the neutral valde

S N <

Ffom (22) andb(23) and the boundary conditions at the free surface it
follows‘that:
, To
: = .| :
lazl pAo Ao = 47 (24)

where T represents the magnitude‘of the stress vector and the sub-

script 0 denotes surface values. The problem posed by (21) to (24) ‘
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has been solved by Ekman (1905) and the solution fbr:the'Current shear

may be written as follows:

, — - 2 T .

oW v z . a0 - :
sl = Il (1 +5) D ES\E (25)
The‘vertiéal variatibn of the eddy viscosity is the same as that of

the current shear in accordance with (23).
The .unknown parémeter of the model 1is the mixing length, %.
Following Mellor and Durbin (1975) it is assumed that the length scale

is proportional to the ratio of the first to the zeroth-mgﬁent of the
turbulence field ' ' ‘

0 - — 0 A~ 1 A |
veo f fo (B e/ B - 3o 26)

where use has been made of (25) and where the prbpbrtionality factor

should be of order 6~0.1. Combining this result with (24) gives:

Ap = =2 e = 22 §2 = 0.01 ' @D

_ Thegekpression for ﬁhe néutral current shear (25) is now used to
'approximate the Richardson number (18).  With Trecoutse to (24) and
(27) the result is: - '

(28)
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The neutral value of the eddy diffusivity, K, 15 apprdximated by the
- yalue of the eddy viscosity‘correspanding to (23), (25) and (27) and
_ the result is adjusted for stability according to (19)

2

=8 EAN ) @9

K = fp (1 = 4 Ri)

For numerical calculations it is advantageous if the shear varies

more gradually with depth for z = -D than implied by (25). For depths
of order {AO/f this solution can be quite well apprdximated’by:

The corresponding expression‘for (28) is:

N2 AT - ;
Ri = (3) og 5, e722/8 - (3D

The vertical variation of the eddy viscosity is the same as that of
the shear (30) and the stability effect in (29) may be generalized to:

€T

=?p—-—

(1 + ori)” /A . o (32)

/
where the coefficient ¢ should be of order o=4 which is in reasonable
agreement with various empirical determinations (Karelse et al.,

1974).

It ié”eeen that in this model the wind—induced turbulence at all
depths is related directly to surface conditions through a Richardson
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number. The explicit solution of the momentum equation (21) is re-
placed by a functional relationship between vertical current profile
and surface wind stress. This effectively hﬁcouples the temperature
and current.structures but the essential.interaction befween wind and
stratificatidn is retained. A similar argument was used by Suﬁdaraﬁ
and Rehm (1973).

: AtAthe séa'surface, the vertical flux of heat mnst.be prescri-
bed. The total heat flux at the surface, Qg, is the balance of
shortane and iongwave radiation plus sensible and 1aten£ heat. All
of this is absorbed by the upper few meters of the ocean excepﬁ about
one-third of the incoming solar radiation which may.be represented by
‘ aﬁlexponehtial decay formulaa Since thevpenetra;ing;part bf,the
shoftwave rédiatioh is already accddn;ed for by thé‘first'term on the

right of (16), the boundary condition is:

Model Tests

| Figure‘8 shows results of this model as appliéd to the same ini-
tial temperatureiprofile used by Mellor and'DufBih (1975). The left
’hand diagfamlshows the thermoéline variation as a function of the in-
ertial pefiova=2ﬁ/f_for a steady wind stress T9=2 dYnes/cﬁz; The "
-1 2 g1
€=0.01 and 0=4.0. The solid 1ines in the middle diagram show the cor-

values of the model parameters are £=10"% s~!, 0g=0.173 cm s~
.respondihg profiles of the eddy diffusivity, K, and the dashed line
represeﬁts the'neutrai value of K. The right hand diagram comparés
results after 10 inertial periods for different values of the wind

stress and the stability parameter o. The effect of this parameter is
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as expected. On the other hand, the model is found to be relatively

insensitive to variations in the parameter € by a factor two or so be-

‘cause its effect on the neutral value of K tends to be compensated by

its effect on the Richardson number.

In otder‘to verify the model, data wete used from the 1972 Inter-
national Field Year for the Great Lakes. As part of this data base,
three-dimensional temperature distributions and heat budgets for Lake
Ontario are available at weekly intervals (Canada Centre for Inland
Waters, 1979). The data were averaged horizontally over the whole
lake to obtain a seasonal stratification cycle for space scales of in—-
terest in the present study. Calculations started on April 1, 1972,

with a homogeneous temperature of 2°C and continued for one year.

'Initial:experiments utilized the complete Mellor-Durbin (1975)

model with a vertical structure of 75 layers of 2-m thickness and a

time step of one day. The model has one ad justable parametet, viz.,

the coefficient & appearing in (26), which'was'set equal to '§=0.2 as

suggested by the original authors. As -shown by Simons (1980) this

value yields‘quite‘satisfactory'agreement with the Lake Ontario obser-
vations. ‘However,'the convergence of the iteration procedure required
for numerical solution of the model’eouations-was found to be poor. A
closely related problem is that substantial variations of solutions
may be>found'for~small changes of input parameters which are well
within the error margin of the data. The model ‘therefore, 'was not
considered to be a reliable and efficient computing device to model

the upper ocean as part of'a large scale circulation model.

The. Simplified model based on equations (16), (17),,(2Q), (31),
and (32) has three coefficients,: viz., Y5 €, and 0. The first one is
determined by requir1ng full mixing to occur under unstable conditions

which appears to be accomplished if v exceeds the value 107 cm2 s.
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The Secdnd coefficient_corresponds to the parameter § of the Mellor-
Durbin model by virtue of (27). 1t is assigned'a-Value‘e=0.0l as in
the eXperiméﬁts of Fig. 1, but, as noted above, the model is taﬁher‘_
insensitive to this paraﬁeter, The third coefficiént, o, should be of
order o=4, but it appears necessary - to réduce this to d=2 for better
agreemeﬁt with observations. The corresponding_resultslobtained from

the Lake Ontario simulations are shown in Fig. 9.

:While the simplified hodel has the drawback of a somewhat arbi-
trary étability parameter, ¢, it has considerable numerical advan-
tages.' The equations of motion are not solved and, furthermore, the
solution turns out to be quite independent of the.number of itera-
tions;zé single iteration being sufficient. The model, thgrefore,

appears suitable for the present purpose.

5 UPPER OCEAN SIMULATIONS

~ The stratification model presented above is now modified to in-
clude the adveetive»eontfibutions to the heat bélance of the upper
ocean‘discﬁssed‘in the first part of this report. The basic equation
is the heat conservation equation (1) combined with the continuity
equation (2)>and with the vertical componént of the-diffusive_heét
flux.formuiated according to (17)

oT

oT KID) - wil-geVT+Vr (34)

e
w52 Koz

where K is given by'(32) for stable stratification and by (ZQ) for un-
‘stable configurations. As noted under (7), the vertical velocity in
the upper ocean is due mostly to the Ekmah pumping; wg, Whereas the

horizontal current may be written as the sum of an inviscid compdnent
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v; and the Ekman drift v,. The temperature eéuatiOn may then be

written as follows:

3, T
(

3T o . -

‘a_f‘a_ KT)-+e+r (,35a)_
... eT : : ' : -

LS A o (35%)

r = - viPVT'+ ver . _ . .. (35¢)

' Vertieal integration of (35a) with boundary condition (33)'reSults, of

course, into the heat balance equation (1lla) with

Gyt 0 ‘ |
E = f edz; R = f rdz - Q : o ' : (36)

where Q is the downward heat flux at the bottom of the upoer ocean

layer.

Although Heat balance equations can be written down for the
ennual mean and the seasonal components separately as done in (lAa-b),
this type of separation is not practical for (35a=c) in view of the
nonlinear coupling terms. For subsequent analysis of model results it
is, however, 1nstructive to express the equation and the surface boun-
dary condition in terms of annual mean and seasonal contributions to
temperature variations. Denoting these components again by bars and

primes, respectiuely, one obtains:

T U0 () 4 mreny @Ay

5t at(l(az]+(e.+e)+(r+r) : . (37)
oT _ s S . ;

Koar|, = 5o | | (38)
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In the usual oceanic application, (37) is solved without regard to any
adVectiVé'effects (e=f=Q),and without tﬁe annual mean component of the
surfaéglhea; flux, thét is, with bouﬂdary conditions

. .
Long-term effects of suéhva surface heat flux with zero‘funning‘mean
over an aﬁhual éycle have, for instance, been analyzed in great detail
by Wetherald‘aﬁd Manabe (1972). For pirposes of climatic simulations,
however; this bbundary condition must be_rejected in view of the
established fact that the ocean extracts heat from the atmosphere at
low 1atitudes and returns it at highﬂigtitudes,. It follows that, if a
moHel_wéfe calibrated by using the boundary condition (39), it would
underpredict sea suffacejtemperatufes ap'highef 1at1tudes.under actﬁal
conditions as expressed by (38). Addihg the solutibn to (37) subject
to the annual mean surface heat flux, would not.  alter the resuit-bé-
céuse.thE'locaIiy upward surface flux is presumably compensated by ad-
vective and diffusive processes such that the left hand side of (37)
is zero in the annual mean. Consequently, (37) must be solved subject
té the compleﬁe boundafy condition (38) and the solution cannot be ob-
;ained'by.solving (37-38) for the annual mean and seasonal components

separately 'and then adding the results.

Method of Calculation

The'ﬁemperatﬁre.prediction equétion;(37) is .solved. at 75 levels .
below the surface with uniform vertical spacing of 3 m. An impliéit
‘time ethapolatiOnvscheme with a time‘step3off0ne‘day, an iterative. .
procedure for obtaining the diffusion cdefficieﬁt, K, and a matrix

'invetsion‘fOr solving the system of finite‘differencemequation in the




vertical'are used. The'modeiAparameters are assigned.values-similar
to those used in the Lake Ontario sinulations mentionedbabove, The
thermalkeXpansion coefficient defined by (18) is approximated by
recourse to climatological salinity data from the_Bauer-Robinson
(1977) numerical atlas. For this_purpose, the density is represented
as a quadratic function of temperatﬁre with coefficients determined

from local salinity data in accordance with the approximate equation

of state of Friedrich and Levitus (1972) and Bryan and Cox (19725
The thernal expansion coefficient then enters into the model as a

linear function of temperature with space-dependent coefficients.

. Model forcing, as well as initial and bOundary conditions, are
obtained from the same data base used for the heat balance computa-

tions presented above. As noted in,that,context;'heat balance com—

’ponents‘(11a4c) were'computed for January, -April, July and October.

For simplicity, a linear time interpolation was useéd for the Ekman

effect (11b) and the residual term (llc). Since the rate of heat

'storage'is available from the Bauer-Robinson atlas for every month,

monthly values of the surface heat flux'are obtained by subtracting
the linearly 1nterpolated values of the right hand side of (lla) from
the monthly rates of heat storage.' It should be noted here that the
"observed” Ekman effect (11b) is used only for this computation and
interpolation of the residual term, R, and the surface heat flux,

Qs' The Ekman;effect enters -into -the model in accordance with (35b)
and hence'it_is»determined by-wind—driven FEkman currents in conjunc-

tion with temperatures predicted by the model. - Only for a perfect

model,. the two effects would be the same.

In contrast .to the Ekman effect, e, the residual term, r, in

_(35a) is not*recomputedvfrOm predicted temperatures because the cor-

responding circulation patterns and effective diffusion coefficients

are not considered sufficiently’weil'knownae The question then arises




33

how the "observed” residual term, R, is to be distributed in the ver- -

_tical,,_In as much as this term is due to horizontal advection and-

diffusion, a reasonable first Apprbximation:would be to assume a uni-

form distribution throughout the surface layer, hence from (36)
r=(R+Q)/h - : . (40)

where h is the depth of the layér. After some éxperimentation with
more sophisticated vertical distributions as a function of temperature
profiles, it was concluded that (40)_was an acceptable approximation.
Note that in view of our sign cénvention for the vertical difoSion ‘
(positive,downward) it appears from (40) as if the vertical heat flux

at the lower boundary is added to the~residUal term R and then distri-

" ‘buted uniformly'OVervdepth; In actual fact, the term R includes the

bottom flux accbrdiﬁg to (36) and thus the latter is subtracted in
(40) such'tﬁat only the difference is distributéd over depth...

Since the temperature at the bottom of the model layer is better
known than the heat flux, the logical boundary condition would be to
prescribefthe‘tempexature. The heat flux would then be computed by
the models .Howevet,~;he turbulence model is designed to simulate .

stratification effects near the surface but does not render meaningful

information on any diffusive processes that may be operating at

greater depths. As a matter of fact, diffusion coefficients computed
from-this-type of model will always be negligibly small at the bottom

- of :the model layer‘unleSS the density pfofile'is unstable. . For stable

situations, then, prescribing the bottom temperature‘is equivalent to

‘prescribing zero heat flux. For unstable.conditiohs,:on’the-other

. hand, prescribing the bottom temperature allows for unlimited heat

supply in certain situations, for instance when the residual term

(35c) is negative. This is undesirable since the present model is in-

‘tentionally constrained by principles of heat conservation. After
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some experimentatlon it was therefore decided to use the zero flux
condition at the lower boundary. 1Its effect on the sea surface tem-
perature:is in any case much $maller than its effect on the heat

balance of the whole layer.

‘The Ekman‘currents entering into'(SSb) are computed by recourse

, to linearly interpolated seasonal wind stress data as published by
Hellerman (1967). The vertical distribution of the horizontal current
may be obtained from the COmplete Ekman solution corresponding to (25)
if'the vertical diétribution of the eddy»viscosity 1s assumed to be
sinilar to that of the eddy diffusivity. The vertical Ekman pumping
as a function of depth follows then from (2). Below the Fkman layer
_the frictionally induced vertical velocity will remain constant while
in the m1Xed layer its va:ietion is irrelevant because the temperature
gradient vanishes. As'long'aS‘thekaman depth is not much greater
than the mixed layer depth; it is therefore permissible to treat the
Ekman pumping as a constant in (35b). . The horizontal advection in
(35b) is, in the present model, the only term effecting a horizontal
coupling of the various grid points. It would seem inconsistent to
compute this term in great detail'while approximating the remainingv_
horizontal coupling terms (35c) in such a crude fagshion. 'An approxié
mation like the first term on the right of (12) should be acceptable.
Furthermore, while Fig. 7 shows that the horizontal Ekman ad?ection is
comparable to the verticel.advection for the seasonal component, it
"turns out -that both effects are very small. ‘The 'annual mean component
of the Fkman effect, on the other hand, is large at low latitudes but
this effect-1is. almost totally due to vertical advection. In view of
this, it was found convenient to 1imit explicit caleculation of the. .
Ekman effect to the vertical advection only. The residual term r
_appearing in (35a) was redefined to include the horizontal Ekman ad-
vection and the corresponding term R in (lla) was recomputed accor-

dingly;_
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Thé.Helléfman wind stress data are‘eq01Va1ent to»veétor¥averages
in time énd;'és such, they should be adequate for estimatipg Ekmén
pUmping. .By‘contrast; the-tgrbuience model'(32) is affetted by the
absolute value of.thevwind stress and hence the forcing must include
oscillatory components of the stress such as effects of storms and
other frapsient meteorological phenomena which are eliminated by
vector-averaging. In a study of a somewhat analogous problem,_Fissel
et al. (1977) found thét near 50°N the stress computed from monthly
averaged winds was typically half as largé és the monthly average of
daily stress values. This ratio naturally §aries strongly with lati-
tude. In particular, in the mid-latitude transition zone between mean
easterlies and mean westerlies, the vector-averaged stress is negli-
gible by comparison to the scalar -average, whereas at low latitudes
the winds are so steady that the two averages are ﬁearly.eqﬁalQ‘ For
‘the present calculations, tﬁerefore, monthly'averageé of'thejmagnitﬁde
of'tﬁe stress were computed from the U.S. Marine Climatic Atlas of the
World as revised in 1974 for the North Atlantic ‘and in 1977 for the
North Pacific. The atlas presents, for selected iocations, wind fre-
quencies for.eight directions and teﬁ_speed classes. For each class,
‘the stress was computed using the same stress coefficients adopted by
Hellerman (1967) and the scalaf averages of all results for a given
month and location were compared with the vector—averages. Lafitu—
dinal variations of seasonal values. are éh0wn in Fig. 10 for the North
Atlantic near- 40°W and the North Pacific near 170°W. Mbnthly means of
the magnitude of . the stress are shown by the solid curves; vector- .
averaged StresSes are denoted by dash-dots, and the corresponding-

“values computed by Hellerman a;e shown by dashes. Thé“différences
‘between the latter tw0vresui;3'are probably due to differences in the
data base and methods of interpolation. It-ﬁay{be added- that it is

"also possible to'éompute monthly averagés on the basis ofuthe'rate'of
3/2 '

production of -turbulent energy, T , but this does not lead to such

large differences.
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Results of Simulations

/
i

The - upper ocean modei presénted above was appliéd_tolthe nofthern
hemisphere oceans on a grid of 10° latitude by 10° longitude. All
simulations started in the middle of the month of April. initial ver-
tical temperature profiles were obtained from the Bauer-Robinson atlas
by linear interpolation between the seasonal temperatures at the six
available levels in the Surféce layer;and the annual temperature at
the lower boundary of the model (225 m). Ihe:overwhelming amount of
tesults render it impossible to present a'detéiled description of
model performance with regard to both time and space. Besides, it
seemed more_interestingvto first gain insight in the contributions
from. individual comﬁonents of the model toward the total solution. At
the risk of losing possibly interesting spatial informationm, it was
therefore decided to concentrate on selected latitudinal bands across
the North Pacific and the North Atlantic-andgto perform é rather com-
plete sensitivity analysis for those areas. Ihe present. discussion
will be limited in that sense. Any systematic spatial deviations from
the present pat;erns;tif.they exist; will be addressed when the model
is coupled with the atmospheric GCM.

The: 1latitudinal bands selected.for discussion are 3Q to 40°W in
the Atlantic And 170 to 180°W in the Pacific. The wind stress com—
bponentsngre:shown already in Fig.nlo.' Seasonal variations of the in-
dividual.components of the heat budgets (lla-c) for 10° latitudinal
portions of these bands are shown in the. left hand pahels,of Figs. 11
and.li,'respectively. Corresponding.variations of observed tempera-
tures at three leveis.in the_vertical are shown on the right. This
data sample.aﬁpears to include a rather complete_range of conditions
‘to be encountered-in the world oceans. Of particular interest are the
latitudinal variations>ofgthe relat1Ve‘coﬁtributions ftom individual

components of the total heat budget and the latitudinal variations of
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the vertical temperature structure. Specifically, as noted above, it
1s seen that the annual mean surface flux reverses its sign between
high and low latitudes with a corresponding sign reversal of the resi-

dual advection re presented by R.

To faciiitate comparisoh of results from various nodel experi-
ments, it is convenient to select one of them as a bénéhAmark énd to
consider all others in relation to this basic experiment. It will be
seen that effects of individual modifications bf the model are quitg
systematic in nature such that the result of combining a number of
such modifications can be readily anticipatéd. The choice of:the
basic model is.father arbitrary'but it is preferable that it be some-

'whefe in between the moét complete and the most truncated version of
(37)-(38). It was decided,_therefore,.to choose the model vérsion
which is not affected by any annual mean components of heat fluxes or
heat advection, i;e., Q;=E;;=O in (37)-(38). The model parameters ¢
andbo defined in (27) and (32) are assigned the values €=0.01 and o=l
in this basic experiment. Sea surface températures simulated by this
model are shown by the solid curves in the left hand panels of »
Figs;-13 and 14 for the Atlantic and'Pacific,-respecti§e1y. The
resﬁlts are to be compared with the solid curves‘in thé right hand -
panels - of Figs. 11.and‘12, respectively. It is seen that ih the.
Atlanti¢c seasonal temperature variatiogs tend. to be overestiﬁa;ed at
middle latitudes and underestimated at_ldﬁ-latitudes; In the.Pacific,

seasonal variations appear to be underestimated at all latitudes.

The first series of experiments is concerned with the values of
.the model parameters; .Results of two such experiments are included in
the left hand panels of‘Figs{:13 and 14. 1In the first case, shown by
dash—dots;:thefstability parameter o is‘dodbled,to‘o=2. This natur-
ally increases ‘the sea surface ;emperature at all latitudes but appa-

rently the increase is mosc_p:OnouncédAat mid-latitudes in the
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Atlentic where the baSie model did already overestimate the tempera—
ture. In the'second'case, snown.by dashes, the‘Cnriolis.parameter en—
tering into”the turbulence nodel'(Bl)%(32) is aseigned a uniform value
of f = IQ‘“} This is, in effeCt, equivalent to essuming that the
genétationrnf'tnrbulent energy is not governed By Ekman dynamics but
by some otﬁer mechanism (see, e.g., Niller and’Kraus, 1977). The main
effeet'of this modification is to_lncfease the seasonal tempetature

cycle at low latitudes.

A second series of experiments concerns itself with the seasonal
components of the Ekman effect,”e', and the residual advection, f', in

(37). Note that all annual chpdnents (6;, E, r) are still zero.

‘The results are shown in the middle panels of Figs. 13 and 14+ The

solid curves represent the ease_witheut'Ekman heat advection. 1In this
case, the residual forcing term, r', has been adjusted to maintain the

heat balance (lla); in other words, the residual term now'cgnsists of

the sum of (35b) and (35c) and it is specified a priori. For 'all

»practical purposes the results are identical to those from the basic

experiment. The dashed curves in the middle panels are obtained if
the residual term, r', is discarded. This is equivalent to neglecting
the seasonal component of advection and placing greater cOnfidence in
the estimated surface heat fluxes than the.observed rates of heat
storage ‘in the ocean. The dash-dots represent the opposite case where

the residual term r' ls added to the surface heat fluX’Qé such that

the corrected heat flux equals the observed rate of heat storage.

comparison of the results tends to favour the former supposition, at

least at mid-latitudes. .-

A third set of experiments deals with the complete model inclu-

~ ding annual:. mean components of surfaceqheat flux and advection. These

results are shown in the right hand panels of Figs 13 and 1l4. The

solid eurves represent the case without explicit computation of Ekman
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-heat advectiony this effect is included in the residual forcing term,
T, which is computed a priori from the heat balance. As discussed
above, the effect of including the annual mean component of the sur=
face heat flux is to substantially reduce sea surface temperatures at
higher latitudes. This is particularly true for the North Atlantic
where, as seen from Fig. 11, there is a pronounced loss of heat frpm
the ocean to the‘atmbsphere at 45 to 55°N. It is discomforting, howe
ever, that 1nclusion of this term in the model does not lead to the
anticipated 1mprovenent, but to considerable deterioration of re-
sults. No improvement is found if the Ekman effect is explicitly com—
puted, that is, if the model is used in its complete form as formu-—
lated by (37)4(38)' These results are shown by the dashed curves in
the right ‘hand panels of Figs. 13 and 14. It is seen that the sea
surface temperature drops substantially at low latitudes where the
annual mean Ekman effect supposedly makes a strong positive contribu-
tion to the heat budget as seen from Figs. 11 and 12. The reason for
this inverse response of the present model is, of course, that this
Fkman effect is counteracted by a large negative residual term, r,
which affects the surface temperature more directly than the Ekman
term as a result'of approximation (40). It should be ‘noted that this
.does not imply that the annual mean Ekman. effect is erroneously inclu-
ded in the model; the fault lies probably with the lower boundary con-
dition:(Qh=0),as_we11 as the approximatidn (40).

A final experiment is shown by the dash-dots in the right hand
'panels of Figs. 13 anthA;AeThis‘experiment was the same as the basiec
one but :the diffusidn coefficient was assigned a constant value of
K=1.5 cm?/s under stable cdnditions,.as done by Wetherald and Manabe
 (1972). The solutions reflect seasonal variations of the surface heat
flux shown in Figs. 11 and 12, butvmodified by overturning at times of
unstable configurations. It.would appear that it is worthwhile to.in-

clude -effects of wind mixing under stratified conditions, even if such
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- effects are as crudely approximated as done in the present turbulence

closure model.

6  SUMMARY AND CONCLUSIONS

This report was‘concerned with the design and verification of an
upper ocean stratification'model suitable for COUpiing with an atmos-
pheric general circulation model at seasonal time scales. Thée model
1s based on turbulence.cloSure principles but it is drastically sim-
plified to increase its efficiehcy and robuStneés without apparent
loss of simulation capability. ' This aspect of the model was evaluated
by recourse to detailed temperature observations and heat budgéts
available for Lake Ontario. >Sga50nal and annual heat budgets for the
northern hemisﬁhe:e oceans wete computed to evaluate relative effects
of'turbuleﬁt heat fluxes, Fkman pumping, and large scale circulations
on seasonal’ temperature variations in thé.upper ocean. The basic
stratification.model was then modified to incorporate advective

effects on the basis of these heat budget calculatidns._*

‘" A series of model experiments were carried out to evaluate tﬁe
-fsensitivity of the model to the~turBu1ence closure parameters and to
‘the annual mean and seasonal componén;s of surface heafing, Ekman
pumping,jand‘résidual advective and diffusive effects. It was found
tﬁat.the Ekman dynamics inherent in the present turbulence closure .
<apptoiimat10n are not essential for .adequate performance of the

model. None  of the model versions showed avsystematic improvement of
surface temperature predictions -over those.computed:by the simplest
model responding only tO‘the‘seasonal component of surface heating and
excluding .all advective effects. Direct estimates of surface heat
fluxes appeared to produce,a,more‘févourable model response than esti-

mates based on local rates of heat storage in the ocean without regard
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to seasonal.variatidns of advection. Inciuding the annual mean trans— -
port of heat by the ocean from low to high latitudeS'reéultgd in unex-

bected.deterioration of model performance at high latitudes.

The present studylwas initiated with the purpose of embedding an
upper.ocean'bOundafy layer model into a relatively coarse-resolution
three—dimensional circulation mpdel.and this type of model was actu-
ally_programmed at the start of this study‘for coupling with an atmos-
pheric general circulation model. In light of the'presénﬁ analysis,
however; it is now felt that this appfoath is not justified ﬁntil_it
can be demonstrated that the large scale effects computed by this type
of model are significantly greater than the uhcertaiﬁties in other
contributions to seasonal variations of sea surface temperatures
addressed in this report. As such, the present study merely confirms
the¥cbnclusions of Gill and'Niiler_(1973)ﬁ and runs~coun;er not only
to our own initial approach, but also'that df other‘fecent studies in
this field. It was deéided, therefore, to couple the upper-ocean
fiodel tn“itS'prESent'simplejfbrm’with.the atmospheric generél ecircula-
tion model. That eiperiment‘will be described in a éequel to this re-
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Rate of heat storage in upper ocean for January from Bauer-
Robinson (1977) and total downward heat flux at the ocean
surface from Schutz and Gates (1971).

Rate of heat storage in upper ocean for July from Bauer-
Robinson (1977) and total downward heat flux at the ocean
surface from Schutz and Gates (1971).

Top:  Rate of heat storage according to Bauer-Robinson
(1977), shown by solid lines, compared with values
of Oort and Vonder Haar (1975) shown by dashed
lines.

Bottom: Downward heat flux at ocean surface from Schutz and
Gates (1971=1974), shown by solid. lines, compared
with values from Oort and Vonder Haar (1975) shown
by dashed lines. Points indicate values averaged
over ocean areas of 10° latitude belts.

Annual mean convergence of total heat transport obtained
from the surface heat balance (top) and heat convergence in
upper ocean due to hotizontal plds vertical Ekman transports
(bottom)

‘Annual mean convergence of total heat transport minus Ekman

transport (top) and heat advection by Bathen's (1971) North

_Pacific stream function (bottom).

Left: Annual mean downward heat flux at ocean surface
" zonally averaged over all oceans and over Atlantic
and Pacific separately.
Right: Annual means of convergence of heat transport by
o Ekman currents (solid lines) and heat advection by
‘Bathen's (1971). North Pacific stream function:
(dashed 1line). - . .

Seasonal deviation from annual mean convergence of heat

‘transport for January obtained from the rate of heat storage

and the surface heat flux (top) and corresponding heat con-
vergence by horizontal plus vertical Ekman advection (bot-—

tom)

‘Seasonal deviation from annual mean convergence of heat
‘transport for July obtained from the rate of heat storage
~and .the surface heat flux (top) and corresponding heat con-

vergence by horizontal plus vertical Ekman advection (bot-
tom). .



Fig. 6a.

Fig. 6b.

Fig. 7.

Fig. 8.

Fig. 9.

Fig- 10.
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(

Left: January deviations from annual means of dowaward
' surface heat flux (solid lines) and rate of heat
storage (dashed) zonally averaged over all oceans

and over Atlantic and Pacific separately.

‘Right: ~ Corresponding values of convergence of total heat

transport (dashed) and convergence of Ekman heat
transports (solid lines). ‘

Left: July deviations from annual means of downward sur-—
face heat flux (solid lines) and rate of heat stor-
age (dashed) zonally averaged over all oceans and

_ over Atlantic and Pacific separately. '

Right: Corresponding values of convergence of total heat

: transport (dashed) and convergence of Ekman heat
transports (solid lines).

Components of seasonal deviations of horizontal (dashed) and
vertical (solid) advection of heat by Ekman current for
January (left) and July (right). = ° ' :

Top: ’Seasoﬁally7vary1ng part of product of current and
' temperature. ' '

Middle: Contribution from seasonal current and annual tem-

perature. -

- Bottom: 1EffectAof'annua1 current and seasonal temperature.

Response of stratified surface layer to sudden wind stress
as computed by equations (16), (17), (31) -and (32).

Left: Results for T=_2'dyne_s/cmz and o=4 at various times
‘measured by inertial period P=2n/f. . o

Middle: Corresponding values of . eddy diffusivity (solid
lines) and its neutral value (dashes).

Right: Results after 10 inertial periods for different T
~and o. c : :

Obsérved{nemperatures in Lake Ontario (solid lines) and re-

sults obtained from present model with prescribed surface

'"heat flux and\wind.sbréss (dashes).

“Latitudinal variations of seasonal wind stress for the North

Atlantic near 40°W (above) and for the North Pacific near
170°W (below). Solid curves: monthly means of stress mag—
nitude; dashes: magnitude of vector—-averaged stress from
Hellerman (1967); long dashes: magnitude of vector—averaged
stress from revised U.S. Navy Marine Climatic Atlas
(1974-77). : '




Fig. 1l.

Fig. 12.

Fig. 13.

Fig. l4.
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Seasonal variatlons of components ol upper ocean heat budget
as given by equation (1la) and observed upper ocean tempera=
tures for 10 degree squares in the North Atlantic, 30 to

-40°W.

Seasonal variations of components of upper ocean heat budget
as given by equation (lla) and observed upper ocean tempera-
tures for 10 degree squares in the North Pacific, 170 to
180°W. : '

Sea surfacé temperatures computed by stratification model
for the North Atlantic locations of Fig. 11.

Left Panel: Solid curves show results from basic experi-
ment with stability parameter o=1, variable
Coriolis parameter'and’eXCluding annual mean
components of surface heat flux Q, Ekman heat
advection E, and residual term in heat budget
R (see equations l4a-b); dashed curves present
results for constant Coriolis parameter;
long dashes for stability parameter 0=2.
Middle Panel: Solid curves obtained without Ekman effect
(E'=0); dashes without residual term (R'=0);
long dashes with residual term R' included in
surface heat flux Q'.

Right Panel: Solid curves. show results without Ekman effect

(E'=0) but including annual mean components of
surface heat flux Q and residual term R; ,

- dashed curves same as solid ones but including -
seasonal and annual mean Ekman effects (E+E');
long dashes: same as basic experiment but
constant diffusion coefficient of 1.5 cn?/s
for stable conditions. . :

Sea surface temperatures computed by stratification model-
for the North Pacific locations of Fig. 12.

Left Panel: Solid curves show results from basic experi-

' ment with stability parameter o=1, variable
Coriolis parameter and excluding annual mean
components of surface heat flux Q, Ekman heat
advection E, and residual term in heat budget
R (see equations l4a-b); dashed curves present
‘results for constant Coriolis parameter;
long dashes for stability parameter o=2.

~ Middle Panel: Solid curves obtained without Ekman effect

(E'=0); dashes without residual term (R'=0);
-long dashes with residual term. R' included 'in
surface heat flux Q'.



- Right Paunel:
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Solid curves show results without Ekman effect
(E'"=0) but including annual mean components of
surface heat flux Q and residual term R;
dashed curves same as solid ones but inecluding
seasonal and annual wean Ekman effects (E+E')3
long dashes:  same as. basic experiment but

. constant diffusion coefficient of 1.5 cm?/s

fqr_stable conditions.
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