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Abstract

| An advective mixed-layer ocean model has been
de?eloped by eliminating the assumption of horizonfal
homogeneity invan already existing mixed—layer model, and
then superim?osing & mean and anomalous wind driven eﬁrrent
field, This model is based on the principle of conserva-
tion of heat and mechanical énérgy and utiiizesva box grid
for the advective part of the calculatlon. Three phases of
experimentation have been conducted., In the first phase, the
model's ability to account for climatological sea-surface
temperature (SST) variations in the cooiing ahd heéting
seasons was evaluated., These experiments ghowed that the
inclusion of advection results in a large improvement of the
model's accuracy-and also illustrated the relative impprtapce
of advectionvand mixed-layer depth vériations. The second
phase of expérimentation_COnsisted of a series of sensitivity
tests in which the effect of hypo%hetical énomalous winds wes
evaluated. These tests showed thatxsuétained highly anomal-
ous winds are capable df-generatiﬁg large-scéle,SST‘anomalies.
'iﬁ $he third phase bf-experimehtation,.afthirtyéday“synoptic.
calculation with the model was cdﬁducted For the case
'studled, the accuracy of the predlctlons was improved by the
1nclu51on of advectlon, although nonmadvectlve effects apnear

”to have domlnated

vii



1. Tnbtroduction

It is well known that the upper layers of the
oceans undergo substantial temperature variations and that
these #ariations are primarily brought about by solar and
long-wave radiation, heat exchange with the atmoephere and
heat transfer within the ocean itself. Despite numerous
studies of oeeanic heat transfer, there are still confliect-
ing oplnlons regardlng the Tole of temperature advection
and the need for its 1nc1u51on in numerlcal models of the
Upper ocean,

Namias (1959) was emong the first to suggest that‘
anomalous temperature advection in the ocean could be a
major cause aof large scale sea-surface temperature (SST)
‘anomalies. Utilizing the principle that anomalous winds pro-
duee an anomalous drag on the surface water and ferce aﬁ |
anomalous Ekman drift, he computed surface water displace-
nent vectors by applying Ekman's”empirical‘formula

Vo 0.0127 - (1)
W o
¥/ sin @

to the seasonal anOmalous.geostrOPhic wind distribution, where
Yo is the speed of the surface water current, W is the surfaee-
wind speed and @ is the latitude. He then superimposed these
diSplaeéﬁent vectors on the normal sea-surface temperature
field in order to compute simple adveciive changes. Theee

advectively computed SST anomalies were tien compared with




‘the observed anomalies. Although only slight agreement
between the two fields could be seen, Namias was able to
conclude that advection does contribute to the formation
of SST anomalies but that in this case, other factors must
have beeh dominant., He also suggested that anomalous winds
could produce anomalous upwelling, downwelling and air-sea
heét‘exchahge. However, no attempt was made to determine
the relative importance of each. "

| Following this early work of Namias, Eber (1961)
~used monthly réther thén seasonal wind anomalies and‘thq ss8m
- fields for the mbnths being stﬁdied instead of longétefm_
normals. For the same data period as Namias (1959), hé found
a much closer agreeﬁent betwéen the advectively computed 557
anomalies and the observed_anqmalies for the winter case,
while for the- fall case he found only a slight agreement.
This led him to conclude that advection was the dominant fac-
tor for the winter studied although other factors must have
dominated during the fall.. He then suggested that seasonal
variations 6f the thermal structure in the Wind-mixéd layer
mightrbe significant but did not attempt to evaluate its effect;

_ Subsequent empirical studies by Namias (1969, 1970,

1971, 1972, 1975,'1974)‘have added.further credence to the
idea ‘that advection within the oceans can be a major cause of

88T varistions, ‘and therefore the generation of large-scale




58T anomalies., 1In a study of large-scale variations in sea-
.surface'temperatures in the North Paeific, Namias (1970)
illusﬁrated how water masses could be transporited around
the North Pacific gyre and how anomalcus winds or currents
,could'affeet this transport. In 1953 the zonal westeriies
were stronger than normal and the torgue oh the Pacific gyre
yas increased, while in}1965 the zonal westerlies and sub-
tﬁoyicél eésterlies were much weaker then normai énd the |
~ torque on the Pacific gyre was greatly decreased. (This
~ torque was actually reﬁersed during the winter‘cf 1963.) :
. Namias linked.these anomalous winds to the large scale SST
- anomalies of these years and aiso preéented coirelationé-of
the zonal wind and sea~surface tempgraﬁﬁres with season. A
strong negative cofreiation was ﬁoted for the winfer,case;
In his evaluation of the physical causes of the |
winﬁer 1971-1972 55T anomalies, Namias (1972) presented diag-.
nostic'computations'oi,the_anomalous air~s§a heat exchang§  
-which occurred during this Period;‘ These values ﬁevealed,.
that apomalous heat exchange could not have-pro&uced the ob-
served anomalous SST variations and.that other factors such
V:aSjad#ectiOn and“mixe&;lay§r_depth changes must have been
dominant,"HoWe#er, as noted‘byﬁﬁaﬁiasn(l972), there waSaine;
sﬁfficieﬁf'daﬁé-%ofévalnate the effects bfvchangea'in‘the_.

mixed-layer depth.



As a result of these empirical studies by Namias
and those of Bjerknes (1966, 1969), the role of the oceans
aé 2 lower boundary in atmospheric prediction models has re-
ceived greater emphasis and it has become increasingly im-
portant to predict SST variations adcurately.' Atmospheric

response to SST anomalies is one of the major problems of

meteorology today and it is generally accepted'that accurate

long-range weather forecasting is not possible unless SST

- variations can also be predicted.

- Initial attempts at extended and long-range numer—
ical weather prediction utlllzed models in whlch the SST
field was specified climatologically and did not vary with
time. A series of eiperiments in which S8T aﬁomaiiés were
superimposed on the climatoligical SST fields, was conducted
independently‘by Rowntree (1972), Spar (1975); and Hdﬁghton,
et als (1974), to determine the influence of large-scale

55T anomalies in such_atmospheric general circulation models;

These experiments showed that the model atmosphere is indeed

sensitive to large, persistent SST anomalies, and that re-

'mote as well as 1oca1 effects ecan be significant. -
.: Later experiments by Spar and Atlas (1975) and Spar,_

Atlas and ¥uo (1975), in which synoptlc vather than cllmat- ~m:_m;

ological 85T fields were spec;fled_in an.atmospheriprmodel,_;T-

_'indieéﬁed’thét the use of specified synoptic SST data.or the




daily updating of such fields does nat necessarily result

in an improvement of the atmospheric predictions. This is
partially due to the loss of predietability in such models
(Sommerville et al, 1974 Druyan et al. 1975, Seidman 1975)

and the poor quallty of synoptlc SST data (Saur 1963 Rao et

al. 1972, Jastrow and Halem 1973, Smith et al. 1974, Rao
1974) . |

| bespite these somewhat negative results, the»pfen
diction of SST variations remains as one of the most im-
portant problems in 1ong-raﬁge weather fereeasting, and
such predictions would no doubt benefit the maritime and
fishing industries as well, Although empirical methods

have been devised (Namias 1968, 1969, 1972, 1973, Hammond

'1974) to utilize SST predictions for long-tange forecasting,

the major thrust of recent research has been to develop
predictive ocean models which could be coupled to atmos-
pheric general circulation models. The pfedigtions fqr

both the atmosphere and oceans could then be-carrieﬂrou%

. simultaneously, allowing the predicted changes in each med- -

ium to affect the other. It would thus be possible to study

the complex imteractions which result from anomalies in

both the atmosphere and ocean.

-Ehe'pufpose'0£ this»partiCular,stﬁdy is to deve1~j'
op an advective mixed- layer ocean model by incorporating the

effects of horlzontal temperature aﬁvectlon 1nto ‘an already




existing mixed-layer model, énd then to study the role of
temperature advection in the prediction of sea-surface tem-
perature variations. While this model was designed for the
pufPOSe of eventually coupling it to an atmospheric model,
no atéempt has been made to do the coupling in this study.
Instéad this study will sefve to demonstrate the effeet of
advection by mean ocean currents and indicate how anomalies
in the atmospheric circulation can result in 58T variations.
This latter point should bde extremély important for predic-
tive runs as well as for simulation situdies with cdupled
atmosphere~ocean models.

Specific objectives of this research are to detef;
mine (1) if advective effeects are_significant within the
mixed-layer ocean model, (2) if the inclusion of advection
- resulis in an improvement in the accuracy of the SST predic-
tions, (3) for which regions (and timéﬁ) advective effects
are most important, (4) the relaﬁive importance of advection
and mixedﬁiayer deepening in,predicting sea-surface temper-
‘ature changes, and (5) the effect of anomalous wind-generated
ocean currents on the development and maintenance of SST ‘
anomalies within the model. In order to carry out these

objectives, the advective scheme must include the advective

effects of anomalous Wind~generated'current5“as-well.as mean -

ocean currents.



After a brief review of ocean modeling, the de-
velopment of the advective mixed-layer ocean model and
results of experimentation with this model will be presen~
ted. Three phases of experimentation were conducted in
order to carry out the above objectives., These consisted
of: (1) elimatologiéal simnlation, in which the model's
ability to predict climatological SST variations was eval-
uated, (2) sensitivity tests, in which the effect of anom-
alous winds was determined, and (3) a synoptic calculation,
in which an attempt was made to predict the observed thirty

day SST change from January 1 to January 31, 1974.




2, Review of Ocean Models

2.1 Background

As stated by Miller (1973), there are two primery
approaches to the deveiopment of ocean models suitaﬁie for
coupling to atmospheric models. The first of these is the
development of baroclinic models of the entire (threen_
dimensional) ocean which are bééed on_fhé principles of
conservation of mass, momentum, energy, heat, ana salt,

In these models, the finite difference appfoximations to the
Navier-Stokes system of equations (Bryan 1975) avre simbliw
fied by assuming that (1) density différences in the ocean

are negligible in comparison with “he mean density,-and
therefore the mean densiﬁy can be substifuted for the actual
density everywhere but in the buoyancy term (the_Boussinesq
approximation), (2) the vertical scale in the ocean is much
smaller than the horizontal scale, and therefore the vertical
acceleration terms are negligible in comparison with the |
budyancy-term, (3).molecu1a& viscosity is negligibla,_(4)

the depth of the ocean is small in comparison with the earth's
radiué, and (5) the angular velocity of the ocean's motion

is much smaller than the earth's ahgular velocity. ‘YariOus;'
'6ther simplifjing asSumpiions“are,inbiﬁaed*depending*on_thg

particﬁlar model.




In recent years, a number of such general ocean
circulation models (Bryan 1969, 1975, Cox 1975, Takano 1975)
have been developed. While models of this type ave desirable
for the study of oceanic processes and indeed necessary for
the 10ng~term-integrafions of climatic Studies, they'in
general do not adequately resoive the upper 1éyer of the
oceans and alén have very long response times Wheh coupled
with atmgsphgric_models. The second.approach_tq ocean_model—_
ing is to model thg.active upper 1aYer of the dceans oﬁly.
Since these models have short response times when coupled
with atmospheric models, they are considered to be preferable
for short and medium-range prédictions.

Two basic approaches to modeling the upper ocean
exist. The first approach is to account for S8ST changes
wholly in terms of radiation, heat exchange with the atmos- -
phere,'and heat tramsfer within the oceans. These models
are either two or three-dimensionmal in character and do not
account for temperature changes due to mixed=layer deepening
:or-the-formatiohvOf”new'mixed layers (i.e. The_mixéd—layern'
depth doeé not vary with time). The second approach is to
develqﬁ a model which is_eapable'of predicting mixed-layer
depth changes. Models of this type are generally one-dimen-
':éibﬁailiﬁ.hafﬁréuaﬁ&:fherefore”&o_not:adeguaﬁé1y acédunt"f5

for horizontal heat transfer processes within the oceans,
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2.2 Hodels ¥With Constant Mixed~Layer Depth

| All of the models of this type, to be discussed
herein, are based primarily on the aPPliéaticn'bf fhe
thermodynamlc energy equatlon to the upper layer of the
ocean and utilize Fkman's empirical formula (1) to relame
Arift currents in the upper ocean to the low level atmos-
pheric winds. As mentioned.earlier, Namias (1959) was
among the first to apply Bkman's formula (1) in &n emplrm_;
ical study of 55T anomalies. His model assumed that
“anomalous SST changes resulted entirely from_anomaloﬁs :
horizontal advection and therefore, | |

BT

_ﬁF_mv-VTm, - (2)

~where Ts is the ambient sea-surface temperature, Tm fepre—_
sénﬁs the climatological mean seaﬂsurfaCErtempérature;.v

‘is the horizontal gfadient.operator-(vvmm.%s the ho:iﬁontal
mean temperature gradient), and'va-refefs to the énbmaiqus
‘eurrent velocity derived from the use of (1). Since. this
model expliéitly neglects all heat sources and éinks, it iS,
‘not sultable for realistic predlctlou of ‘the SST fleld .y
Arthur (1966) suggested that an addltlonal advec— f'
»’fidnAtérm, representlpg'the-advectlon:of,anomalqgs-1soﬁherm§ :

by the mean monthly surface currents be included in this
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model. Jacob (1967) incorporated this second advection
term and an,anomalous‘heating term (derived from'empirical
formulas), into Namiaé' model and pérformed his calcula-
tions over a constant mixed-layer depth of 50 meters
throughout his grid. These expe_rinie'nts indicated that the
inclusion of these terms resulted in a significant improve~
ment in the SST predictions for 5 two week o one month
period. However Jacobs' model was not able to aécouﬁt_fqr
all of the'large SST énbmaiiesIWhich were observed. |
| "~ Adem (1970) devgloped.a.QOdei for the entire

Northern Hemisphere (with the exéeptidn of the Indian Ocean)
 which was based on the application of the principle ofipqnf
servation of mass as well as the thermodynamié éﬁérgy' |
equation. His model included mean and anomalous advection,
horizontal turbulent diffusion, heat soufces and sinks'and
vertiéal exchange between the upper ocean and the region be- .
low the thermocline. He assumed that the mixed-layer depth.
" owas coﬁsﬁant-at-eithEr'SO'of 100 meters anq.performeduhis
calculations.for_bothfvalues. His experiments démonstrafed
the usefulnésé Of-applying-mean and wind drift currents to
the SST field in order to account for a&veétidn as well aé,
the'relative'imﬁorﬁance'df.hofiEOﬁtél temperature advection

in this modei. | A | '
o o Ciarky(1972)”perfdrﬁéd'experimenﬁs ﬁifh a-modél';-

which included heat source and sink terms and anomalous




advection only. He computed SST anomalies thet would result

from the inclusion of only advection, evaporative heat ex-—

_.ohange, or -fotal surface heat exchange lndlvidually. These

12

experlments showed thaﬁ the advactlvely computed Sgm anomal— h

ies are closely related to atmospheric pressure anomalies

-and that anomalous adﬁection can be an important faotor in

hringing_about anomalous SST variations. However, as indica-

ted earlier by Eber (1961) and Namias (1972), and as stated
by Clark (1972) the omiSsion of mixedelayer depth changes

in these calculations is.a serious dofioioocy and.thérefore
- such changes should be included in any predictive model or

specification prboedtre for'SST variations.
2.3 The Development of Mixed-TLayer Models
_Although predictive models of the wind-mixed

'flayer are relatiVelyirEGent in origin, attempts to model

'and/orﬁdesoribe:mixed—layer depth changes havé-beénigoing

on 31noe Ekman‘s (1905) study of the 1nfluence of the earth's

rotatlon on ocean currents. Ekman assumed that the water
was homogeneous and applled a oonstant value of the eddy '
| VlSCOSlty ooeffloient to obtaln his famous “splral" calcu-

'11at;on.' Thls “splralﬂ oonoept therefore dld not cortain &

_well_miied upper layer bounded by a dlstlnct gradient below.
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Hdwever,'Ekﬁanzrealize& that his theofy was an oversimpli-
flcatlon and stated that the coefficient of eddy viscosity
cannot be corstant when the den51ty of the wa+>r is not
uniform (as is the case in the real ocean).

ﬁﬁnk and AnderSGn'(1948)'deveiﬁped'a density
‘stratified model of the upper ocean utilizing eddy coeffic-
Sents of viscosity and conductivity which varied with depth.
They . obtalned a steady state (non—tlme dependent) solution
for the dlstrlbutlon.of temperature and veloclty'w1th depth
5wh1ch_accounted for the upper mixed layer and the_thermoe
‘cline below. However, their compufatiohé.yieidéd thermo-
~cline depths which were in general less than half_of‘the
qﬁserved depths and they were only able o ap@lf their thebry
where evaporation was small, the heat flux was positive,_and_
advection was negligible, |

Other steady state models of thelfhermpcline haveJ
bégn developed by Kitaigorodski in.1960 and Kraus anﬂ.Rqoth-'“
in 1961 (see Kraus ani'Turner,'l967),; Kitaigorodski computed
the depth bf'the mixed 1éyer from ﬁhé_balance between the
Imean work of the wind_gtress§anﬁ'the=work required to mix
'nﬂeming heat'downward while Kraus and Rdofh showed how the
1ébsorptlon of heat- through a finite depth in conaunctlon with -

a net heat 1oss at the surface (through evaporation, conduc~,-

' tlon, and long—ane radlaﬁlon) resulted in convectlon w1th1n:;--f

' the mlxed 1ayer. In recent years several tlme~dependent

s A% B e s i A% 2 e SE - omu e e me 0 " e



oheédimensioﬁal'mixed—layer OCéén models have been developed
for the purpose of short and medium-range SS8T predictiomn,
These models which are primarily based on the conservation
of heat and mechanical energy, as well as suitable boundary
-c'o_nd.i‘tio‘n.s',. provide reasonahle .pr.edict'i:bns for the changes’
in,mixéﬁwlayer depth:and sea~surface temperature. But be-
cause of the'assﬁmﬁtion'of a hofizontally homogenedus ccean
in these models and_their one-dimensional ﬁature; they neglect
or do not adetuately take account of impbrtént aynémiéali
effects such as advection of héaﬁ by horizontal ocean cur-
rents and upwelling and downwelling, | | ”
The first realistic time-dependent model of the
seasonal'thermocline was.developed by Kraﬁs and Turner.(1°67).
- They assumed that heat fluxes into the leed layer and mass
entrained at the bottom of the layer are 1nstantaneously
mixed uniformly throughout the layer, and thereby considered
the mixed layer to be Vertidally:homogenebué. As é-resﬁlt N
cof this assumption, 1% waé~not necessary for them to uﬁilizg:
eddy coefficients in their formulatiom. For the case of éonﬁ
stant mixing by light winds (approximately equal %o 5 meters
per second), they were abie %o obtain quantitative as well
QS'qﬂélitativé ﬁredictionsHfor-variationsvin'sea—surface;._
temperature and mixed-~layer depth. It was found that %heir'
model's pfédiﬁtions agree réﬁSonabiy well with ocean$¢;ob—,.
servations and ﬁith'eaflier'léboratory experiments'(murnerl




In a subsequent laboratory 9xperiment,-Kéﬁo and
Phillips (1969) studlea the deVelooment of a mlxed 1ayer in
an annular tank. They applled a constant stress to the
surface of an initially qulesoent fluid with a unmform den-
sity gradlent and obserVed the growth of a turbulent lavor
by entrainment of the underlying fluld. It was found that
the rate of increase of the potentlal energy of the stratified
. fluid is proportional,to the_xate.of dissipation_of_kinetio B
energy in the turbulent 1ayer; and that the thioknesé of
this turbulent layer increased as the time tomtheTone-third..
power. Kato and Phillips reasonéd that these results shoﬁld
be directly applloable to the real ocean. _

Denman (1973) developed a time- dependent one-
‘dimensional model of ‘the upper ocean, which is essentially a
generalization of the Kraus and Turner model and is oonsisQ
o 'Be-h‘t'. with the r_e'su-lts'-éf .Ka"t;'o ‘and Phillips. This model -
assumes that the oceén>is a stably strafified, incompressible
"fluid obeying the Boussinesq approximation, and it ignores ..

wave-induced dynamical effects. The ocean is considered to

e be-ﬁcrizonﬁallyihamogénebﬁs-exae@t*that'in&irect'éffects-caﬁ'-

result from the non—zero curl of the wind stress.
R Flgure l. 111ustrates the fundamental parameters
3 and boundary condltlons of the Denman model From thls flgure,

.lt can be seen that the vertlcally homogeneous mlxed 1ayer 1s“":
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bounded on the bottom by a temperature dlscontinulty, helow
vhich & cilmatologlcal temperature gradlent is specified.
The verﬁical temperature profile may be 8pecifled there—
fore in terms of three varlables._ - (the temperature of
‘the mixed 1ayer}, T_h (the temperature 1mmed1ate1y below
.the mixed layer), and h (the mlxed—layer depth).

From the conservation equations for thermal and
mechanical energy, Denman derived the folloWiﬁg se't of thrée
first order ordinary differential equations for the predie-

btion of these variables:

— = —E»[w(GnD)+h(B+H i1 )+R(h—Y e (3
a h
2[G¢D+RYfl(l—e“Yh)]~h[B+He*Hs+R(l+e—Yh)] :
H[W+]_ S e s S,
d Lo Yhu - .
€ Ty = YR . (w—l-dh/dt)a w L ._(5.)_

CIn ﬁhe‘aboﬁé'equaticns,-G-represEnfs the produection of tur-
bulent energy from the wind stress at the sea surface, D is
_”the'tofal'eﬁergj diSéipatioﬁ'within the mixed layer, Y is

an average extlnctlon coefflclent for solar radlatlon, w is
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(4)

an 1mposed vertlcal VE10c1ty gt the bottom of the 1ayer, and.

VH,lS a Heav151de step functlon which 1s equal to zero if

oW+ dh/dt O or one if W + dh/at 50, The terms B, He, Hs




“and R represent the surface fluxes of the net 1ong-wave
radiation, latent heat, sensible heat and short-wave solar

radiation, all divided by pcp where p and C, are the den-

. _ . P
sity and specific heat of sea water respectively, i.e.
. 1
(R_-: B, Hg, HS) = 35; (R¥, B¥,; He¥, HS*)

where the * denotes that these fluxes are at the sea surface.
The set-of cguﬁled equations ( 3—5) is éimilar'to
the predlctlve equatlons of Kraus and Wurner s (1967) model.
However, Kraus and Turner SOlVed their model analytlcally
on a time scale of months whereas this mo@el_ls solved numer-
ically on a time scale of,déys.. Beéause.of this, ‘the boundary
conditions for the Denman model have been formulated somewhat
more precisely. Specifically, the Denméh model includes.é
specified temperature gradient below the temperaturé_disconf
timuity and allows the penetration of solar:fadiation”iﬁfﬁ
this region, | | o
Obvlously the predietions of the above system of
equations depend very strongly on the walue of the Heav151de
step function H.  If B =1, then thEgmodel_lsxln a wind dom»,.
inated regime and the entrainment mixing term (w + dh/dt) ié-
| 'iﬁcluﬁed-in-(4')7 Under these conditions, the mixed layer is
deepening and cold water from below: the ‘temperature dlscon—

”tinuity'will ‘be entrained into the. mixed layer due to the



work dome by turbulence agamnst the buoyanecy. The $empera-

fture of the mlxed layer would tend to decrease due to thls

When H = 0, the model is in a heat-dominated re-
gime and there is no entrainment mixing term in (4 ). Since
the absorption of solar radiation is greatest near the'suré

face of the ocean and all of the available turbulent energy

 from the wind stress must be used to redistribute this heat

_ unifc:mly'thrcughcut'the mixed layer, mone of the energy is

available to deepen the mixed layer further. Therefore, in
this case, the mixed-layer depth will remain unchanged or

under conditions of rapid heating and low winds, a new shall-

‘ower mixed layer of warmer water will form. This new mixed

layer would be superimposed on the old temperature profile

‘and there would thus bé more than one ‘temperature discontin-

"ulty in the profile.

Denman performed a number of experiments with this
model for both the wind-dominated and-heatadominafed;regimES.

For the wind-dominated case,'he found that (1)_doubling the

ﬁﬁfbulenﬁ'eﬁefgy'availéble for miiing over'a*two?ﬁay'pericd,.‘
produced a significent increase {almost 30%) in the mixed-

 1ayer depth (2) decreasmng the stratlllcatlon in the mcdel
: to one half cf its orlglnal value resulted in a smaller but

.Stlll 1mpcrtani eifect on mlxedelayer aepth, (3) typlcal ' "
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coupléd with back radiation of -80 cal., cm.~

20

summer heating rates (solar radiation of 400 ecal,. cm‘ua day"”1

2 gay™') did not
significantly affect the mixedulayer'depth, and (4) large
evaporaﬁive heat iosses (typical of winter gonditions)
coupled with high winds cause strong convective mixing which
does have an important effect on the mixed layer. For the

heat dominabted case, he found that the predictions of <he

. model are sensitive to the value of the extinction coeffiec-

A

—ient and that decreasing this exitinction coefficient to one

nalf of its original value increases the mixed-layer depth
significantly (70% in the case studied). He also found that

if the extinction term was not retained in the region below

the mixed layer, that the mixed-layer depth was overestimated

by 15%.

‘ Denman and Miyake (1973) utilized the Denman model
to predict SST and mixed-layer depth changes at Ocean Station
Papa during a twelve day period from 1% to 24 June, 1970.

Oceanographic observations, described in their paper, indi-

"cate'tha% during the sﬁmmer, sensible and latent heat fluxes,

horizontal temperature advection, and vertical advection from
beibw”fhé'mixed iayerimay all be neglected”af this location

(50 N, 145 ¥) in the Pacific Ocean, Under these conditions,

the formation of a shallow mixed layer of warm water is caused

primarily by intense solar radiation and low wind speeds.




Deepening of the layer is induced primarily by the increased
winds accompanying atmospheric storms, For this'period the
Denﬁan model's predictions of S5T agreed well with observa-
tions and the model's profiles did simulate the time-~depend-~
ent behavior of the mixed-layer,

Two other dne—dimensional‘models have been developed
%o predict S8T variations and to explain the time-dependent
behavior of the mixed-layer. Pollard, Rhines and Thompson
(1973) developed a model, which like Demman's, describes the
re5ponée of the upper ocean to an imposed wind stress and
heat flux. In the Denman model, part of the available tur-
bulent energy from the wind stress induces a slow erosion of
the stably stratified, quiescent layer below the mixed layer.
However, in the Pollard, Rhines and Thompson model, available
turbulent energy is used to drive inertial motions within the
mixed layeéer. These motions allow for a more rapid erosion of
the stabliy stratified layer and therefore a more rapid mixed-
layer deepening. Niiler (1973) has developed a model which
includes both of these erosion mechanisms. He states that
both of these processes are important at different times.
However the necéésity for including inertial motions for SST
prediction is not well established.

| | .As-ﬁreviOuély mentioned, there has been a major

_ foort in recent years to develop coupled atmosphere-ocean



models, and for short and extended~range predictiom, it is
desirable to ntilize a model of the upper.ccean for this
purpose. At the Goddard Institﬁte for Space Studies (GISS),
the one dimensional mixed-layer ocean model.developéd by |
Denman has been adapted for glgbal-use in conjunction with
the GISS atmospheric model by Miller (1974). This GISS ocean
model has a horizontal grid spacing of 4° in latitude and 59 |
in longitude. Despite the fact that this is a global grid,
the one-dimensional nature of the Denman model has mnot
changed and the predictions at each point are carried out
independently. Some modifications o0 the original Denman
model have been made by Miller in oxder to improve thé SST
and mixed-layer depth predictions, These will be discussed
briefly in the next sections.

As a result of the initial experimentation with
this GISS ocean model and for the purposes listed in the in-
troduction, an advective‘mixedwlayer ocean modei has been
developed by incorporating advective effects into this model.
In order to account, for the horizontal advection of heat at
each-gridyoinﬁ,'theAassumption'of a horizontally homogen~
eous temperature‘field for the entire ocean has been elimé
iﬁated'(thus alldwihg fdr:horizontal'temperéture.gfa@ienﬁs)
and a mean and anomalous wind driven current field hé;ibEen '

superimposed on the grid. 'By taking this'approach'we'still
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allow the modified Denman model "ho account for the effects
of solar and hack radiation, sensiblé énd latent heat ex-
change with the atmosphere, and mixed-layer depth changes
at each point, while the superimposeﬁ_curreﬁ‘c field cerves
to couple the gridpoints _‘throug_h the advection of heat and

mass.
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%« Description of the Advective Mixed-Laver Model

- 3.1 Basic Theory

With the exception of the advection scheme, the
model to be described-heiein is almost identical to the
Denman modelland therefore our_ayproach will be very sim-
ilar, As in the Denman model, wé agsume that the-ocean.
is a stably stratified, inccmpressible, fluid obeying the
Boussinesq approximation and ignore wave induéed dynamical
_effecfs, molecular heat fluxes and the viscous generation
of heat, We do not however, assume that the entire oéeaﬁ.
is horizontally homogeneous in all properties at this time.
Thus our derivation will include horizontal advection terms
for heat;énd mess. Horizontal turbulent diffusion will be
assumed to be negligible when comﬁared to the other heat ex~
change processes (Clark 1972) and will not be included. It
can be argued (Bathen 1971) that lateral diffusion is im-
| portant.in certain régiéns.- Although this is probably true,
these effects will not be considered here.
| Figﬂré'l dépicfé the main parameters and processes
of the Denman modél.' The GISS occean model profile is only
slightly diffefenf'frOﬁ'fhis.and is depicted in four forms

in Figure 2;
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When the model is initialized, the initial temperature pro-
file at a gridpoint will be similar to that shown in Figure
2a., This structure cons;sts of a vertlcally homognneous
.mlxed 1ayer bounded hy a temperature dlscontlnulty, ‘below
which two temperature grad;ents are_speclfled. The upper
vfémperature gradient %% n  cerresponds to the seésbnél

corresponds to

thermocline while the loﬁer one %g h max
the temperature gradient below 100 meters. This structure
is ~somewhat more reallstlc than Denman's for modeling an
entlre cooling season. | |

_ During the cqoling season the mixed layer deepens,
and by the end of this season the-mixad-léyer depth is gen-
erally between 100 and 200 meters in mid latitudes (Miller
©1974). The solid line in Figure 2b represents a typical pro-
£ile at the end of the cooling season (Miller 1974). The
deepening -of the mixed layer is arbitrarily cut off at &
maximum depth of 200 meters. If this point is reached, then
the mixed lajer'COntinues'to cool~untiluthe-temperature jump

at the bottom goes to zero or a heating regime begins. When

: the heating}regime'hegins, a-new‘(shallower)jmixed layer forms

at the surface and this is superimposed on the preceding tem-
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péréture”prbfile;' In this case, there is a rew iSbthermal RS

layer and. temperature dlscontlnulty (as shown by the dashed

'1ine in Flgura Zb) The temperature gradlent 1mmed1ately be—Tfi"

 1ow this is initially set_equal to the remalnlng portion of




the old isothermsl layer (i.e. o=|, = O, initially). The

initial heating regime profile that would result from this
is represented by the solid line in Figure 2c. As the heat-
ingAregime continues a shallower mixed layer forms and this
héw layer is superimposed on.the.ﬁiecéding'ﬁrofile. Thié

is illustrated by the dashed line in Figure 2e. At this
stage,.the_prbfi¢e is geometrically.adjusfed to aséure fhat
there are equal afeas of warming and cooling on each side

of the upper tempefature disconfinﬁiij; This.eliminéfes

this temperature discontinuity and yields a new temperature

gra._dient%% n + as illustrated by the dotted line in Figure

2c. The complete profile which would result from this pro~
cess is depicted in Flgure 2d.

The advect1Ve model's profile is exactly the same
- as that described zbove except that horizontal ocean cur-
fents are included in the mixed layer. These currents are
averaged. within the ﬁixed layer, and for simplicity it is
assumed that the current speed goes to zero at the bottom

of +the mixed layer.
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3;2 Model Equations
Following Denman (1973%) the thermodynamic energy

equation for the ocean may be written as

-

dr/dt = QT/ pcP i ' (6)

where T is the temperature and Qp is the heat source, due’
to absorption of solar radiation.Denman (1973) makes the

vz » where z 1is the negative depth

assumption that Qp = YRy®
in the ocean. If we substitute this:expression into the

time averaged, Bulerian, turbulent form of (6 ) we obtain

BT R 3 ==y YR:ke : \
3t Y VT o+ BZ‘{W’T ) = -pcp r (7)

(1) (2) (3) :
where ¥ is .the horizontal current velocity and the primes

in this and thé following equations'denote perturbation
quanfitiés, i.e. deviations from local, élimatologiCal_mean-
values. Term 1 is the local change of temperature, term 2
fepresentsfthe horiZontal_temperAﬁure a&vection.by ocean
currents, and'term 3 is the local divergence of_turbﬁlenf
Cheat flux. Iﬁ'fhis“eqaatian, the vertical temperatur§ ad- -
vection term w%%—?has been eliminated because of the absence
of vertical ﬁempefaturengadients'wiﬁhiﬁffhe mixed layer,

and horizontal eddy diffusion-haé béeh neglected.



29

Denman (1973) employs Phillips (1966) turbulent

kinetic energy equation,

5 _
3 ,C ——— 85 a3 p! c wip! wip'g '
._.-.(__...) = "’S'W' —_—, e — [w' (.a.._ - .........)] - g ' (8) .
9% 3% po 2 p0 _

(l) ' 2y (3 - (4)
where a2 represents the eddy kinetic energy, S represents

. the méan horizontal current in the mixed 1ayer,iP denotes
pressure, 9 is the gravitaiionél'acceleration, and £ re-
presents the rate of dissipation of turbulent emergy. This
equation is used without modification iﬁ the advective ﬁodel
on the assumption that fhe hprizonta1 advection'Qf kinetic -
energy is negligible. | | |

In equation 8, term 1 represents the time rate of
chaﬁge of kinetic energy of the turbulent motion, which
'accpfding to Demnman (1973), is.negligiblyismall;__Term‘Z__I*_
_repreéents the rate of production'of.turbulent energy by the
'turbulenf RéYnOlds“Stresses, which'QCt-dn the mean current
* shear. Term 3 is.the 1ocal diVergenbe df'the'vertical fraﬁs—
port of turbulent mechanlcal energy. (1t is this term which
serves 1o 1nstantly mix the turbulent energy un&formly through-
out the layer ) Term 4 is the rate of turbulent energy ‘loss, -
. due to work done agalnst the lower den51ty gradlent The
.ellmlnatlon,of term 1 results in a steady state relationship{.;’:y
expr3531ng the balance between energy source and smnk terms.

Thus the steady state mechanlcal energy equatwon for the



turbulenf motion is

2
~FTwT %“;i"‘v':%{w (%— 591 = agw T o+ . (9}
O = B

It is now necessary to con81der the appllcatlon

of the prlnclples of conservatlon of heat and mechanlcal

energy (equations 7 and 9) to the mixed layer, the interface

‘helow the mlxed layer, and the regmon below this interface.
Although F;gu:es.leand>2»dep1et an artlflelal temperature
discontinuity at Z=-h it is more‘reaeoneble to comsider
the interface between the mixed layer and lower layer as
having some thickness Ah . This is illustrated in Figure
3, which is taken directly from Demman's (1973) Paper.-
Denman (1973) evaluates the mixing entrainment at
the bottom of the mixed layer (WT'|_,) by integrating the

thermodynanic energy equation‘across the interface

~h+Ah L - - =h+-h . _ .

T am - . YR SJYE -

! [s +Y VT+wﬁ+—- (WEn)] = 7 ——*—c———-dz (10)
- =h dz—h P P

(Note that in (10) the vertical advection term has: been in-

cluded since .this region is below the mixed layer and verti-

eal temperature-gradxents-do exist.) 'The integration above

results in

ah T :
( +V V‘I‘)Ah+ (T~ T_ W (wHaE) AW T .
_ YR*D”YhAhA

e e
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Fig. 3. Enlargement of the interface at the bo'tto'r_n'_

of the mixed layer.

-
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If we negledt horizontal variations in h aﬁd'allow Ah~0

ag depicted in Figuies 2 and 3, then following Demman (1973),

WE|_, = -Hw+ 3D (T -T_) (12)

where H is the Heaviside step function (défined previouély).
At the top of the mixed layer, the turbulent heat
flux i§ equal to the net heat transfer across the ocean sur-

- face. Thus, -
WF| = -F | (13)
at the upper boundary, where

Within the mixed layer itself, following'Denman '
£1973), integration of the thermodynamic energy eauation (7)
with the aid of 12 and 13 results in

LT, - e ' ' g '
N h(ge + v-VTs+H(‘w+%)'(TS~T_h) = P+R(l-e ™, as

.'ﬁhere_ﬁi is the vér%icallyiiﬁtegrated'éurrenf in ‘the mixed =
laﬁei, i.e. | - : | _
vs.ﬁ-: T vaz . S (16)
-h : L S
Integratlon of the steady state mechanlcal energy equation

( 9) w1th1n the mixed layer results in

s gidz w! (P +Sa)
~h R z—-O

= ag /O WET
~h

dz+- f Ed.z' A ':{171
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wvhere it has been assumed that

o2
w! (P- +5) =
% Tt

_From (17) it follows that

0 0 - 2 0
s wTaz =& sEwdSan-w (El+9§—)l - 2= [ eaz  (18)
~h %9 -n o “-n -
It we let
. - IoSIWl B8 45 oo (Bl
% Po_ V3 Po 0 72_ 70
G : D
TR o N = ——E
and & = “gog © P Tpheg
then :
~f WT'dz=G-D (20)
~h _

'Following Denman (1973); if we mow integrate
equatioﬁ 7 twice with,respect~tq Z2 and combine it with

equation 20 we arrive at

3T - o . I I
B .V evr = A (G-D)+ Fh+ R(E~y L) by TRe TR (21)
Bt B ' _
Ve can eliminate the terms on the left hand side of (21)
by combining equations 15 and 2]1. Thls results in
| H{W +dh) - 2[G-D+RY"" (1-e” By 1o h per (pe YT (22)

h (TS - Th)
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for the region below Z=-h, while at Z=-h

]
ey (T-h) = YRe

dah
{ w4 -d--_E)

aT

-Yh _ aT
0% | _

(24)
h

Here it has been assumed that no turbulent energy penetrates
below Z=-h and as mentioned earlier no currents exist at
%Z=-h or below.

We can now restate the complete set of equations

for the advective mixed-layer model as
3T ) '

7ﬁ§4:§- Vo = 3%[—(G—D)+h(B+He+Hs)+R(h—Y_l+?“1e—Yh)] (25)
h .

Hiws @By = 2leeRy T a-e™) b mrmersr (e ] o

- a _ ome=Yh_ . dh 3T |

at T = YRe (Wi-EE)aZ-Hh (27)

. As can be seen, this system of equations is almost
identical to Denman's (equations 3-5 in this paper) and dif-
fers primarily in the inclusion of the horizontal_advective
term ¥. vr in equation 25 . A1l of the paraﬁefers for fhe
above model aré readily available from routine meteoroclogical
and oceanographic data with the exception of ¢ and D. Denman
‘assumes that we may approximate the term G - D as follows

G - = Bl (28
G- D 505 " }

' In the above equation, m is a constant fraction of the rate

of transfer of turbulent energy downward from the wind field
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at 10 meters, and Ea the rate of work done by the wind stress
at 10 meters is equal to pacloﬁio R where p, is the den-
sity of the air, 610 is the drag coefficient at 10 meters

and Uy 4is the mean wind at 10 meters. Miller (1975) has
found that this formulation results in too much deepening of
the mixed layer during the cooling season and has empirically

modified (28) so that for the cooling season only

G-n=‘$ﬁ;+.4h%% , (29)
where 0
A= [ T4z o
...h N

The addition of this empirical factor results ih a more real-
istic predietion for the change in potential energy of the
mixed layer and hence the deepening of this layer during the
cooling season.

We may solve the system of equations (25 - 27) by
first separating equation 25 into advective and non-advective
parts. If we assume that there is horizontal homogeneity in
the immediate ?icinity of each gridpoint but that the entire
"ocean is not horizontally homogeneous, then as previously
noted, we may utilize the modified Denman model (without the
advective terms) %o account for the SST changes due to solar
aﬁd Béck ra&iation; air~ééé heat exchénge; and mixed—lgyer

depth changes at each gridpoint. The advective temperature
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change may then be comﬁuted independently at all gridpoints.
The combination of these two calculations results in the
final SS8T prediction for each gridpoint.

fhis process may be stated more precisely by the

following steps:

1.) Solve equations 25-27 at each gridpoint wit’ the term
V + VT omitted. These one-dimensional calculations re-
sult in indeﬁendent.predictions for Ty h, and T;h at
each gridpoint.

2.) Solve the advection scheme (to be discussed in the next
subsection) for all gridpoints; This results in an ad-

ditional heat flux term for the mixed layer,

3,) Add the predicted advective temperature éhange to the
mixed layer calculation at each gridpoint and adjust The

h, and T_, %o account for the

final prediction of T,
addition or removal of heat from the mixed layer due to

horizontal advection.

' %.% The Advection Scheme

The advection scheme to be described herein con-
sists of (1) specifying an ocean current field for the entire
horizontal grid, (2) solving the advective paﬁts of +the

equations for conservation of heat and mass for the entiréf



we may deflne
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horizontal grid, and (3) determining the change in tempera-
ture at each gridpoint due to the net heat and mass trans-
fers at these points.

In Section 1, it was stated that the advecetion

~ scheme must include the effects of both mean ocean currents

and anomalous wind-generated currents, in order to carry out

the objectiVBS'of this study. As a g:néralizafioh of the

_a@proadh used by Adem (1970) we assume that,

V=VM+(WAD-V )y + VW (30)

MD G *

In the above equation the total ocean ourrent Y has been

divided 1nto its mean and anomalous parts, where ¥V, is the
mean monthly or seasonal ocean current (SpEleled fromroiié
matology, V,pis-the drift current computed‘from thé actual
(observed or predicted wind), VMD.'is the drift Currenf'oom—
puted from the mean monthly or seasonal w1nds, and‘v 1s an
anomalous geostrophlc current, computed from anomalous ohanges

in the sea surface slope., From the deflnltlon of the ver-.

o_tmcally averaged ourrent in the mixed layer (equatlon, 16)

< _ 1 o

¥, - % —}fl v, az

_ 1_' o . T .

Yw "k | Vmpd? s 5 )
3 _ R | L3y
- _1 0 A
Vap & ] Vap?®

g g



and Vo= v, (VAD-VMD) + v (32)

G

Thus the total current through the mixed layer consists of
both mean and anomalous components. The fields of ?ﬂ which
were used in this study were prepared by the author énd are
descfiﬁed in the next section. As mentioned, this field is

wpecified and does mot change with time. V represents

MD
the pure wind_driven pért of ﬁM and also does not change
with time. E%b on the other hand, represénts the pure wind
driven current due to varying atmospheric winds and there-
fore at any instant of time (ﬁAD ~ ¥y, ) vepresents the
anomalous wind driven ocean current.

Both of these drift currents are computed from _
Ekman theory. -Accqrding to this theory (Adem 1970 or Neumann
1968), whenever é wind blows over the ocean surface, pure
wind drift currents are generated by the itransfer of momen~
tum from the wind stress to the water and by the friction
- between moving layérs of'water;. Surface drift currents in
the Northern Hemisphere ave directed 45% to +the right of the
wind direction while each succeedingly lower layer is ai-

rectly at an increasing greater angle and slower speed than

' the layer immediately above it. The level at which the cur-

| rent speed has decreased to e” " of its surface value and its
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:&ireéﬁioh.is-exactly'oppbsite to the surface cirrent direction
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is referred %o as the depth of friction influence. Within
the layer of frictional influence, above the depth, the
total current transport Vegtor is directed 90° to the right
of the wind and its magnitude is equal to 0.225 times the
~magnitude of the surface current. These principles may be

expreésed by the following formulas:

v e.-.(Trf’D)Z QOS( _g_ -

px =V

0

ol

Z)
{33). .,

Yoy

vy, e (T/D)Z

sin( Z)

as| =
o=

where Vpx is the component of the pure drift current at a

'dépth %, which is perpendicular to the surface wind direction,

Vpy is the component of the pure drift current at a depth Z,
which is parallel to the surface wind direction, V, is the
speed of the surface current, and D is the depth of friction-

al influence, At the surface %=0 and .

! _ , e X -

VDX = VO cos g S

(34)
: _ ' s W .
| ?by = VO sin ry
while at the depfh_qf_frictional_influence_2==D ‘and

— Hﬁ T

Vpx = Vpe = cos (7 ) ‘

o : (35) .

Vbe““ sin (-%f4ﬁ).

[

- Vpy



Empirical values for the surface current speed V, and the

0
depth of frictional influence D have been determined by
Thorade (see Adem 1970). TFor surface wind speeds greater

than 6 meters per second,

y, = 00127
| (36)
(which is the same as egquation 1)
" ond D = 18 H
/sin ¢

'For winds speeds less than or equal to 6 meters per second.

Vg = 0.0239 vw
. vsin ¢ .
A{37)
and = 3.67 YW

D =

From the above formulas we may now state our equa-
| "ﬁi’ons."fox" evaluating the pure mean or actual Wi'nd' drift
veloc:ﬂ:y components through a depth h (equal to the mJ_Xed—
1ayer depth) as

ﬁD = C 9—-0-]-‘21 (.u_W cos 8 + vw_sin 8) for W>6 m sec-
S C R . - (38)
_;}D =C QM-.(VW_CO_S 9~ u, sin 8) for W>6m sec
or ' .
_ ﬁD = C -Q——Q-?-Si '(uW'cos 8+ u, sin 8) for W36 m sect
' 39)
V. =C _Q__D_z_i?. (v cos 8~ u, sin ) for Wfs m _s_ec”_:L |

40
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where Ed anﬂ.ﬁﬁare the west-east and south-north components
of the mean or actual drift current through the miked layer,
u, and v are the mean or actual wind components in the west-
east and sbuth#nor%h'directions, 0 is the angle between the
wind. and the total wind driven-currenf through the mixed-
layer, and C is a'current mégnitude factor. In order to
determine the parameters C and 0, it is necessary to com-
pﬁte the depth of friectional influence D from equations 36
or 37 and compare this value to the mixed- 1ayer depth h.
If b is greater than or equal to D then we assume fOllOWlng
Ekman that the drift current speeds ‘below the depth D are
negligibly small and we set C = 0,225 and 6 = 90°, Ifh
~is less than D then C will 1ie between:l and 0.225 and 6
will be between 45° and 90°. The exact value for C and ©
depends on the ratio nu/D.. |

Namias, (1959) Eber,(1961) and Jacob (1967) used
values for C and 8 of 1 and 45° respectively while Clark
(1972) and Adem (1970) tested théir model with values‘of
0.225 and 90° as well. They found that their best results
‘were obtained with values of C = 1 and 8 = 45°, However
the aﬁthof feels that it is not reasénablé to consider the
surface current (as indicated by these values'for G and 8 )
to éxténd thfbughott.tﬁe entire miked-layer'depth; ‘The

approach taken here has been to allow convergence or diver—



gence of anomalous drift currents to result in changes in
the height of the sea surface at each primary gridpdint.'
From the sea surface slope so created, we may compute ﬁhe
anomalous geostrophic current g The componenﬁs of this
geostrophic curreht Pg,and vy are given by the following
formulas: ‘ |
u = =9 ___ Az
g 29 sing AY -
- (40)
v = .9 ___AZ o
g 20 sing AX

where AZ is the change in the height of the sesa surface, %%
and —ﬁ% represent the anomalous sea surface slope, and £
is the earth's angular velocity. The combination of the
"geUStrophic.and'wind.driventcdmponenfs results in a total
current throwgh the mixed layer, which has a larger magni-
tude and smeller angle of deviation from the wind than the
original drift current. This-approach is consistent with
Ekman's "elementary current system" (see Neumann 1968) and’
provides 2z somewhat sounder theoretical basis for the advec-
tion scheme.

The grid system used in this model is a simpiified

ver51on of the "hox method™ (Kurlhara 1967) and nas  the pro¥'

perty of conserv1ng both heat and mass for. the advectlve

calculatlon. Speclflcally the grld con81sts of a serles of

a2
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grid boxes, at the center of_which are the primary grid-points
of the GISS model (described earlier). A»sectiOn of this grid 
is dEPlCtEd in Flgure 4. Each individual»grid_box is horizon-
tally homogeneous in all propertles. Howe%er, the entire
ocean is not assumed to be homogeneous. As previously men-
tioned, this approach enablés us to applf the modified'Denman
‘model at eacﬁ of the primary gridpoints depicted byfdots'in
Figuré 4 .to predict Tyr h, and T n nonwadvectlvely. The.ocean
current values are computed at each of the secondary grla—
points = depicted by circles in Figqure 4 . Averaging of these
'currént values at the four corners of each boxoiesﬁlts iﬂ thé
net zonal and meridional currents for that box. This in tﬁrn”‘
is used to account for the net heat and mass transfe: th#ough
.eaoh‘bOXQ In this manner, heat and massAare‘exchanged betwéen:
neighboring grid bokes'and the temée:ature‘advection calcula-
tion for the entire grid:is accompiished.

If we consider each primaxry gridpoint to be speci—.
fied by the index_i,j (where the i value represents the longi- |
tudo, and the 3 value-representé the latiﬁudei1 then we may
'speciff.the fbﬁi;secondaryogrid§0ints‘sﬁrroﬁnding the primary

1

gr1d901nt -] (1+2, j+ ), (1+2, J— (i- 5r g 2) and4(l-—, 3+ ),

2)!
and the four sides of the grldbox as (1+1, j),(l, 5- 2),(1 2,3)
and. (1, j+ Y. This specification is deplcted in Pigure 5.

mhe mass transport across eaoh grld box 51de can be computed

from the followmng quantltles."
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Flg- 4. A section of the grid for the advectlve
canculation, . Dots represent primary

. gridpoints. (Circles represent secondary . =
' - gridpoints. S -
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(41)
l+%:df%) AXi h mean

l+%,j4%) AX, h mean

is the distance between secondary j gridpoints

(equal to 4° of latitude), AXi is the distance between secon-

dary i gridpoints (equal to
- the mean depth of the océan
grid box. ASumming up theée
net mass transport into the

vergence into the box, then

5° of longitude), and h méan is
_cuxreﬁt écross that side of the
four transports results:in £he
box. If there is net mass con-

AZ (the change of the sea sﬁrface

height at the primary gridpoint) will be positive and the sea

surface will rise. If there is a net divergence for the bhox,

then AZ will be negative and the sea surface will fall. From

the new values for % at each primary gridpoint, the anomalous

géostfophib'cur;ent vg.qan‘be computed  from equations 40,'

These eguations can be restated in finite difference form as

'uf _ . g (Zi’jgl'# zifj+1)
g 28sin ¢ ZAYj
- 3 2
v = q { i+l zl“l,j)

g~ 2Wsin ¢

ST



The thermodynamic energy equation for

part of the calculation is

BTS _uGTs HVBTS
ot ox 2y

47

the advective

(43)

where u and v are the west-east and south-north components of

the total current in.the mixed layer.

Multiplication of this

equation by the density p and combination with the continuity

equation results in the flux form of the advective eguation,

9 - _09 .9
TelpTy) = g}—c(puTS) aytvaS)-

(44)

In order to compute the heat fluxes into the box,

we must consider the difference in temperature between the

wvater inside the box and the water surrounding the box. The

heat fluxes across each side of the box may be computed from

T .
. S.
- : —_ oy 1l:7 l+lrj
(PuTol;p1, 5 = P8y, 46 )
T TS
. - A lrj i_lr_j
N E R T e
. v - ) - . Ts TS . .
(VT 3, gud = PV3, 503 (A —Eei¥h,
e : T T
St : = C8s s
- y ' . = - ly'i lg']""l
(PV2) 3, 5-2 = Vi,4-1 )

(45) .
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The local temperature tendency within the box is then cal-
culated from the divergence of the heat flux, and the
temperature at each gridpoint is prediqted by the Euler
method. Stated simply, fhe predicted temperature at.the
primary gridpoint is equal to the original heat content

of the box plus the heat flux into the box, divided by

the new volume of the hox.

-
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4. Climatological Simulation with the Advective Mixed-Layer
Model

The initial phése of experimentation with the ad-
vective mixed-layer model was designed to (1) test the
model's.ability to predict elimatological SS8T variations,

(2) determine if the inclusion of advection results in an
improvemenf in the predictive skill of tThe mixed-layer model,
and (%) determine the relative importance of advection and
mixed-layer depth changes. Two 3-month prediction experi~
ments, one in the cooling season and one in the heating sea-
son, were conducted, We shall refer to these as experiments
1l and 2 respectively.

Data for these two experiments consisted of (1)
initial conditions of the monthly mean SST and mixed-layer
profiles for each of the primary gridpoints, (2) climatol-
ogical values for the solar and back radiation, wind speed,
and sensible and latent heat fluxes, at each primary grid-
point, (3) climatological ocean current values in component
form at each of the secondary gridpoints, and (4) monthly
mean SST fields for verification. All of the SS8T data for
these tw0 experiments were derived from the monthly mean
ocean temperature tabulation developed at the National Center

for Atmospheric Research (Washington and Thiel 1970). The

i



climatological mixed-layer profiles were derived from the
Mechanical Bathythermograph (KBT) Data File of the Nation-
al Oceanographic Data Center. This data file consists of
vertical profiles of temperature,-with observations at
fivé'meter intervals. The mixed-layer depth was taken to
be the first point on the profile where the decrease of
temperature with depth is .2°G/5 meters or more,

The mean fluxes were taken directly from a tabu-
lation of such data by Schutz and Gates (1971). The data
used by the author to prepare the mean ocean current field
consisted of (1) climatological observations of surface
ocean currents, obtained from the Climatological and OceanF
ographic Atlas for Mariners, Volumes 1 and 2 (1959, 1966).
(2) a limited number of observations of the vertical varia—
tion of horizontal ocean currents, obtained from the'WOOds
Hole Oceanographic Institution and from seVeral.standard
oceanographic texts (Sverdrup etf al, 1942, Defant 1961,
Stommel 196%, Neumann and Pierson 1966,.Stommel and Yoshida
1972) and (3) a limited number of observations of the mean
density fields for the Atlantic and Pacific oceans, also
. obtained from ﬁhe.Woods_Hole Oceanographic Institution and
the same s%andard'oceanographic texts meﬁtioned above. Thesg

sources of data enabled the author to make a subjective ap-

proximation to'the vertical profiles of the horizontal ocean

50



current at each gridpeint and hence the average horizontal

current in the mixed layer. Specifically the method - followed

was to (1) interpolate the surface ocean current values o
the primery gridpoints of the advective model, (2) estimate
the vertiéal variation of these currents with depth from the
Fkman spiral theory; as described in the previous section,
(%) modify the profiles so obtained using the limited number
of vertical profile observatibns and estimates of the geo-
strophic current shear-bbtained from the density fields,

(4) average.the vertical profiles to obtain the mean current
in the mixed layer, (5) divide these currents into their
west-east and south-north components, and (6) interpolate
thesé values to the secondary gridpoints.

In experiment 1, the prediction was made from Jan-
uary mean initial conditions and mean fluxes were updated
daily.to drive the model. The mean ocean current values
for the three month'period were specified and remained con-
stant. vaiously-thé anomalous current térms (VAD H_VMD)
and Vg were equal-to.zero since the actual and mean winds
were the same in these experiments. SS8T predictions from |
: three;different.#g:sions.of,the'mixedelayer model.wérq‘eval-

uated at the end of thirty, sixty, and nineiy days. Version

(4) refers to the original version of the GISS ocean model

in which no advection is included. Version (B) is the same
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as (A) except that in this case advection by mean ocean
currents is included. Version (C) is the same as (B) ex-
cept that in this case the mixed-layer depth is held con-

" gtant with time and therefore np deepening is allowed to
occur. This last case was included to illustrate the im-
portance of mixed-layer deepening in the advective model,
since earlier advective models of the upper ocean (Jacob
1967, Adem 1970, and Clark 1972) did not account for such
mixed-layer depth changes. 4 fourth version, which we shall
refer to as Version (P), represents the persistence forecast
and is included for comparison, to determine if any of the-
three forecasts possess skill over persistence.

SST predictions were made for the entire Northern
Hemisphere (between 2°W and 70°N) with the exception of the
Indian Ocean. The results of this experiment and the one to
follow were analyzed ‘in terms of the absolute difference be-
tween the predicted'and observed sea-surface temperature at
each of the primary gridpoints, for the four dlfferent ver-

_smons. These absolute errors were then added for the entire

North Atlantic and North Pacific (between 2°N and TOON) and

then dxv1ded by the total number of gridpoints- for each of
these regions to yield the average absolute error for the

North Atlantic and North Pacific. The average absolute tem-

~ perature error for the four versions of the model is presen-
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ted in Figures 6 and T for the North Atlantic and North Pac—
ific respectively, From these figures, it can be seen that
the advective effect, as represented by the difference be-
tween the A and B eurves, is relatively large for both oceans
and that the inclusion of advection has resulted in approxi-
mately a 50% reduction in the average absolute error of the
SS8T predictions. The effect of mixed-layer depth changes,
~as represented by the difference between C and B is also
large. 1In the North Atlantie, negiect of mixed layer vari-
ations (éurve C) produces a forecast which is no better than-
that resulting from neglect of advection (curve A). TFor the
North Pacific, inclusion of advection and neglect of mixed—
layer depth variations (C) produces a forecast only slightly
better than that of the non-advective GISS model (A).
Clearly, both advection and mixed-layer depth variations
must be included in the ocesn mixed-layer model.' In order
- to determine the skill‘of the A, B and C predictions over
persistence, the average absolute error fof these three

model versions waéucompared with average absolute error of
the P forecasts. It is clear from these figﬁrES,.that.aln
though all three versions possess skill over persistence at
thirty déys, only-thé version B, which includes both advec-
tion and mixeqelayer depth changes, consistently maintains

predictive skill over persistence out to ninety days.
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The significance of the adveective effect is also
illuztrated by Figures 8 and 9. PFigure 8 presents the error
field for version A at the end of ninety days while Figure 9
presents the error field for version B at the end of ninefy
.days;- A comparison of the figures indicates that virtually
all of the large errors have been eliminated as a result of
the advective ef.ect and only a few smaller errors Tremain.
Some of these remaining errors are due to errors in the mean
oceén'current field while others méy be due to the simpli-
fying assumptions of the mixed layer model, A compérisoﬁ
of the absolute errors at each gridpoint for model versions
A and B shows that for the North Atlantic, the predictions
were improved at 71% of the gridpoihts, remained the same
at 10% and were woréened at 19% of the gridpoints by the
inclusion of advedtion. For the North Pacific, the inciu—
sion of advection resulted in an improvemént of the predic-
tioms at 65% of the gridpoints, while 22% were worsened, and
13% remained unchanged. Clearly, errors in the mean current
field are responsible for maﬁy of these advecﬁi#é_effors.

_ However,liﬁprovement of the field'wili'probabij:ﬁot décur
until sﬁffiéieanbbsérvations of the vertical profiles of'
horizontal ocean éur;enis_are obtained. From_Figu?es_B and
9 if can be seeﬁ thé€:fhe la?gest.advective effeéts afg as—

sociated with the major currents particularly the Gulf Stream,

O SR S S S AP o . . c
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Kuroshio, Labrador, Canary énd California currents. ¥Not
enough advection of heat has occurred off the west coast
of Africa 6r the southern tig of Japan, while too much ad-
vection has occurred along the east coast of the United
States. |

In order to gain further insight into the region—
al importance of the advective effect, the average absolute
errors have been computed for the regions of the North At-
- lantic and Worth Pacific between 34°N and 70°N and between
2°N and 5?°N. The graphs for the regions are presented in
Figures 10-~1%. A comparison of PFigures 10 and 11 reveals
that the variability of the climatological SST field, as re-
presented by the P curve, is considerably larger for the |
northern region qf the North Atlantic than for the southern
region, while the accuracy of the version R predictions are
siﬁilar for both regions. This means that version B possess-—
es somewhat more skill in the northern region than in the
| SOﬁthernvregion and that the model is capable of predicting
both large and small temperature changes. The advective
effect and‘the'effect'due'fo.mixed—layer depth changes are
about equally large'fOr_both7regions; However this latter
effect is aétualiy'slightly 1arger’aﬁd’more important than
the adveétive effect at Sixty and ninety days for the ﬁorthern |

region. A comparison of Figures 12 and 13 reveals similar’
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results. However, the effect due to mixed-layer depth
changes is considerably larger than the advective effect
for the northern regions of the North Pacific at sixty and
ninety days.

In experiment 2, the ninety day predictions were
made from June initial conditions and the mean fluxes were
again updated daily to drive the model. Data for this ex-
periment was prepafed from the same sources and in the same
manner a2s in experiment 1., The suﬁmer mean current field
differs from the winter mean current field primarily in the
fact that the currents are considerably more meridional in
direction in the North Pacific while being only slightly
weaker in strength. Aleo the mixed-lazyer depths are much
shallower.in the summer experiment and therefore the upper
1éve1.currents, when averaged over the entire mixed layer,
are stronger.

- Phe average absolute errors for versions A, B, C
and P are presented in Figures 14 and 15 for the North
Atlantic and North Pacific respectively. A comparison of
these figures with Figures 6 and 7 shows that in experiment 2
the average absolute errors for version P is more than twice

as large as in experiment 1 at thirty.days and more than three

‘times as large at sixty and ninety days. The average absol-

ute error for versions A, B and C is only slightly larger

in experiment 2. As a result of this, all three of these

/
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versions maintain prediective skill over persistence through-
out the ninety period, for both oceans. The advective effect
and the effect due to mixed-layer depth changes are consi-
derably largef in this experiment. This is due %o the shall-
ower mixed-~layer depths and stronger mean currents, as men-
tioned earlier.

Figures 16 and 17 illustrate the ninety day error
fields for versions A and B respectively. From these figures
it can be seen that the inclusion of advection has decreased
the predictive errors, although they have not been completely
eliminated. In the North Atlantic, the predictions at 64%
of the gridpoints were improved by advection, while 14% re-
mained the same, and 22% were worsened. In the North Pacific,
the inclusion of advection resulted in an improvement at 63%
of the gridpoints, while 21% were worsened, and 18% remained
unchanged. Once again, the largest advective effects appear
to be associated with the major current systems. Too much
advection of heat has occurred off the east coast of the
United States and in the northern North Atlantic while too
little advection has occurred in the northwestern and north-
central North Pacifiec.

Figures 18-21 present the average absolute errors
for the four regions, previously defined. These figures show

that the average absolute error of the P forecast is consi-
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derably larger for the northern regions and that this effect
is more pronounced in the Pacifiec Ocean. The advective
effect is also considerably larger in the northern regions
and the deepening effect is slightly larger than the advec-
tive effect in all cases éxcept the thirty and sixty-day

predictions for the northern North Atlantic.
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5. Anomalous Wind Sensitivity Tests

After the completion of the climatological sim-
ulation experiments, several sensitivity tests were con-
ducted to evaluate the role of ocean currents generated by
anomalous winds. Specifically, these tests were designed
to determine if anomalous advection by such currents could
be a major factor in the generation of large scale SST anom-
alies, as suggested by Namias (1972), and to evaluate the
effects of specific anomalous wind patterns. The climato-
logical predictions of the preceding experiments were set
up as control runs upon which various hypothetical anomal-
ous winds were superimposed. The sensitivity of the model
to these winds was then measured in terms of the difference
between the SST predictions of the control run and each test.

Data for this phase of experimentation consisted
of exactly the same ﬁata fields as described in the preced-
ing section plus the climatological mean wind fields for
the cooling season and heating season experiments. The mean
zonal and meridional wind components wére obtained from the
U.S. Navy wind atlas (Chief of Naval Operations 1966). These
climatological wind components were specified at each of the
secondary gridpoints and remained constant throughout the

ninety day predictions. Hypothetical wind components were




also specified at each of the secondary gridpoints and held
constant. Wind fields used for these tests were ohtained
by (A) reversing the climatologiecal wind directions, (R)
doubling and (C) halving the.wind speeds, (D) doubling and
(E) halving the zonal wind components, and (F) doubling and
(G) halving the meridional wind components. In additional
tests, the major pressure and wind patterns were shifted
(B) 12° north, or (I) 12° south, or (J) 10° east or (X)
10° west. Finally (L) the torque on the major anticyclonic
gyres of the North Pacific and North Atlantic was reversed.
In the latter test, the speed of the westerlies in the 359N~
55°N band was decreased to 0.1 times its mean value, while
the easterlies in the 20°N-35°N band were decreased to 0.8
times tTheir mean speed and reversed in direction. This wind
field is similar to the extreme 1963 winter case in the North
Pacific as described by Namias (1970). However, since the
cilimatological 88T field was used for this sensitivity test,
no attempt was made to simulate the 1963 winter SST anomalies.
The results of these sensitivity tests for the cool-
ing season experiment are presented in Tables 1 and 2., Table
1 presents the average absolute S3T differences (OC) computed
for the North Atlantic and North Pacific while Table 2 pre-
sents the corresponding maximum absolute differences. The

tables show that the SST variations due o anomalous wind
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Table 1. Average absolute differences in computed sea-surface
temperatures (degrees C) from wind sensitivity tests
for the cooling season (January initial conditions).

A.) Reversed wind directions 30 60 90 days

North Atlantic .19 .37 .58
North Faecific .28 .61 .89

B.) Doubled wind speeds

North Atlantic 10 22 . 38
North PaCific -17 036 -59

C.) Halved wind speeds

North aAtlantic .05 L1l .19
North Pacific .08 .18 .30

D.) Doubled zonal components

North Atlantic 219 ALY A2
North Pacific .19 37 .57

E,) Halved zonal components

North Atlantic .0b .13 .20
North Pacific .09 .19 .29




Table 1. continued

F.) Doubled meridional components
North Atlantic
North Pacifie

G.) Halved meridional components
North Atlantic

North Pacifiec

H.) 12° northward shift
North Atlantic
North Pacific

1.) 12° southward shift
North Atlantic

North Pacific

J.) 10° eastward shift
North Atlantic
North Pacific

K.) 10° westward shif+
North Atlantic
¥North Pacific

76

20 60 90 days
.08 17 .28
.09 .19 032
.04 .09 .15
.04 .10 17
.11 22 .52
.18 .35 .54
.10 .19 «33
.12 .30 .51
.06 ) 2l
.09 .20 .31
.06 .12 .22
.09 .19 .31
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Table 1. continued

L.) Retarded torgue 30 60 90 days_
North Atlantic .10 .20 .33
North Pacific L6 .30 .45

Table 2, Maximum absolute differences in computed sea-surface
temperatures (degrees C) from wind sensitivity tests
for the cooling season (January initial conditions).

A,) Reversed wind directions

North Atlantic 1.3 2.6 4,2
North Pacific 2.2 4.3 6.9

P.) Doubled wind speeds

Noxrth Atlantic .2 L7 3.l
North Pacific 1.2 2.6 4,2

¢.) Halved wind %peeds

North Atliantic . 4 . 3 1.4
North Pacific .6 1.% 2.0

D.)} Doubled zonal components

North Atlantic B L.O 949
North Pacific 1.4 2.8 4.0




Table 2. continued

E.) Halved zonal components
North Atlantic
North Pacific

F.) Doubled meridional componenﬁ;
North Atlantic
North Pacific

G.) Halved meridional components
North Atlantic

North Pacific

H.) 12° northward shift
North Atlantic

North Pacific

1.) 129 southward shift
- North Atlantic

North Pacifie

J.) 10° eastward shift
North Atliantic

North Pacific

30 60 90 days
-4 .8 1.7
o7 1.5 2.3
.9 2.0 3.1
09 2.1 3..3
! 1.4 1.8
iy} 1.2 1.9
|9 lq8 3-3

1.2 2.2 3.4
.5 l.2 2.5
.9 2.0 3.1

0D o l.6

8 2.1 3.2
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Table 2. continued

K.) 10° westward shift
North Atlantic
North Pacific

L.) Retarded torque
North Atlantic
North Pacific

79

30 60 90_days

.5 1.2 1.8

.6 2.1 3.2

5 YT
1.1 2.3 3'5
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generated currents can be quite large. In some regions the
effect of sustained highly anomalous winds is at least as
large as the advective effect due to mean ocean currents.
The largest effect obtained was due to the rever-
sal of the wind circulation., Although such a2 reversal of
winds for the entire North Pacific or Norih Atlantic is not
likely to occuq,persistant reversals of the wind over small-
er regions have been observed (Namias 1970). Since this
apparently represents the maximum «ffect of anomalous winds,
it is useful to look at the regional generation of SST an-
omalies in the case of reversed winds. The SST difference'
field after thirty days for this test is presented in Figure
22. Reverszl of the winds produces anomalous southerly
ocean currenits over the northern half of the North Pacific
ané.over the northern and eastern North Atlantic, while an~
omalous northerly currents are found over the remainder of
these oceans. From Figure 22, it can be seen that anomalous
warming and cooling associated with these anomalous currents,
resulted in several large SST anomalies. Anomalous warming
is found along the west coast of California where southeast
winds have replaced northwesterly winds, setting up an anom-
alous southerly current. The largest ST anomaly however is
generzted in the northwestern North Pacific., A comparison of

these differences with those computed from climatological
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Ey

Sea-surface temperature anomalies (QC) generated after 30-
days by reversing the wind directions.

Fig. 22.
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current advection (not reproduced) reveals that this maxi-
mum SST anomaly occurs in the region where the strongest
westerly current component has been reversed., Further com-
parison of the difference field with the climatolegical
advection field shows that every large SST anomaly coincides
with a correspondingly large wind anomaly. Similar results
were obtained for all of the sensitivity tests although the
magnitudes of the differences wére smaller.

The same set of sensitivity tests was also carried
out for the heating season. The summer mean wind field was
considerably weaker than the winter field. However, the
wind generated currents, when averaged in the mixed layer,
were actually slightly stronger in the heating season due to
the shallower mixed-layer depths. Tables % and 4 present the
average and maximum absolute BS8T differences for this exper-
iment. A comparison of these tables with Tables 1 and 2
reveals that the SST changes due to anomalous wind-generated
currents is slightly larger in the heating season than in the
cooling season. However this difference is smaller than the
difference between the advective effect of mean currents in

the two seasons.
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Table 3. Average absolute differences in computed sea-surface
temperatures (degrees C) from wind sensitivity tests
for the heating season (June initial conditions).

A.) Reversed wind directions 30 60 90 days
North Atlantic .24 4T .66
North Pacific -3l 64 .95

B.) Doubled wind speeds

North Atlantic W17 .20 LA
North Pacific .20 .39 .61

C., Halved wind speeds

North Atlantic .06 « 13 21
North Pacifice .0% .19 .51

D.) Doubled zonal components

North Atlantic W LA .29 .45
North Pacific .19 .41 .63

E.) Halved zonal components

North Atlantic LOf .1h .23
North Pacific .10 .21 .32




Table 3,

continued

F.) Doubled meridional components

North
North

Atlantic

Pacific

G.) Halved meridional components

H,) 12°

1.) 12°

J.) 10°

X.) 10°

Worth
North

northward shift
North
North

southward shift

¥orth
North

eastward shift
Noxrth
North

westward shift
North
North

Atlantic

Pacific

Atlantic

Pacific

Atlantic

Pacific

Atlantic

Pacific

Atlantic

Pacific
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30 60 9C days
.10 »21 «3%
.13 .26 A4l
.09 .10 .10
.06 013 121
.15 .50 %)
019 '37 056
14 o2 « 40
A7 <35 .53
.08 .16 .25
.09 -21 l33
JUY « 1O . &0
.10 .22 +35




Table 3. continued

L.) Retarded torque
North Atlantic
North Pacific
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30 60 90 days
.15 .30 .43
.20 .38 .57

Table 4. Maximum absolute differences in computed sea-~surface
temperatures (degrees C) from wind sensitivity tests
for the heating season (June initial conditions).

A.) Reversed wind directions
North Atlantic

North Pacific

B.) Doubled wind speeds
North Atlantic
North Pacific

C.) Halved wind speeds
North Atlantic
North Pacific

D.) Doubled zonal components
North Atlantic
North Pacific

1.8 2.5 h.4
2.4 4.9 7.8
1.0 2.1 2.9
1.3 3.0 4.7

oD 1.0 1.6

.7 1.5 2.4
oL el e
1.4 2.7 4,1




Table 4. continued

E.)

F.)

H.)

I.)

J.)

Halved zonal components 30 60 o0 days

North Atlantic .b 1.1 1.6

North Pacific . T 1.3 2.0
Doubled meridional components

North Atlantic 1.2 2.3 3.5

North Pacific 1.2 2.4 3.7
Halved meridional components

North Atlantic .6 1.1 1.8

North Pacific .6 1.2 1.9
12° northward shift

North Atlantic 1.2 Zed 2.5

FNorth Pacific 1.5 2.7 4.0
12° southward shift

North Aclantic B8 1.7 2.7

North Pacific .9 2.1 3.2
10° eastward shift

North Atlantic 5 T.0 ]

North Pacific .8 1.7 2.8
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Table 4. continued

K.) 10° westward shift
North Atlantic

North Pacifie

L.) Retarded torque
North Atlantic
North Pacific

87

30 60 90 days
.6 1.2 2.0
.7 1.3 2.2

J.0 2ol 5.0

1.2 2.5 3.8

e



88

6. Synoptic Calculation

In the previous experiments it was demonstrated
that the advective mixed-layer model is capable of account-
ing for the climatological SST changes in the cooling and
heating seasons. The sensitivity of the SST predictions
to anomalous winds was also shown. In the third phase of
experimentation with the model, a thirty day synoptic cal-
culation during the cooling season was performéd. This
experiment was conducted in order to determine (1) if the
inclusion of advection by mean and anomalous currents re-
sults in an improvement in the accuracy of the model's
synoptic predictions, (2) the magnitude of the advective
effect, and (3) the relative importance of advection by
mean and anomalous currents.

Data for this experiment were similar to those
nsed in the climatological cooling season experiment, and
differed primariiy in the use of synoptic SST fields and the
inclusion of anomalous winds. Daily observed SST fields
were obtained from the U.S. Navy Fleet Numerical Weather
Central (FNWC). These are derived from surface ship and
buoy observations, supplemented by satellite data, and cov-
ered the North Atlantic and North Pacific from 18°N-66°N.

Climatological mean winds were obtained from the U.S. Navy
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wind atlas (Chief of Kaval Operations 1966) while synoptic
winds were obtained from the Marine Section of the hational
Weather Service (NWS) in New York Citr. These synoptic¢ winds
were averaged over the thirty-day period to yield a mean
wind field for the month. The climatological values for
solar and back radiation, sensible and latent heat fluxes
and mixed layer profiles (as described in section 4) were
specified a2t each primary gridpoint, since there were no
synoptic observations available for these quantities.

In this experiment, SST predictions were made from
January 1, 1974 initial conditions and the mean fluxes were
updated daily to drive the model. The mean ocean current
values, climatological mean January winds, and mean January
1974 winds were specified at each of the secondary grid-
points and remained constant for the thirty-day period. The
anomalous current terms were then computed at each of the
secondary gridpoints and added to the mean current value.

SST predictions were made with several different
versions of the mixed-layer model in order to evaluate the
relative imporiance of these current terms. Version (A)
once again refers to the original version of the GISS ocean
model, with ﬁo advection included, while Version (B) in-
cludes advection by mean currents only. (There was no Version

C in this experiment.) Version (D) refers to the case where
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advection by both mean and anomalous currents is included.
In Version (E) only advection by anomalous currents is con-
sidered, and Version (P) is the persistence forecast. In
addition, three predictions were computed in which only

the advection, and no other model physics was included.
Versions (F), (G), and (H) refer to the cases of mean advec-
tion, mean and anomalous advection, and annmalous advection
respectively, In these latter computations, the thirty-day
SST change is due only to the advective effect. The results
of all of these predictions were analyzed in terms of the
average absolute errors for the North Atlantic and North
Pacific and are presented in Table 5.

FProm this table, it can be seen that the most ac-~
curate prediction was produced by model Version D in which
the mixed-layer model physies and all current terms heve
been included. A comparison of Versions A, B, D, and B
reveals that (1) the'improvement of accuracy due to the in-
clusion of mean currents is small, {2) a much larger improve-
ment results when all current terms are included, and (3)
the improvement of the predictions due to advection by
anomalous currents is more important than the improvement
due +to mean currents in this experiment. A comparison of
" Versions F, G, H and P reveals that the anomalous current

alone yield the most accurate predictions. All model
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Table 5. Average absolute error, 0C, in the thirty-day
SST predictions from January 1, 1974 initial

conditions.

Yersion North Atlantic North Pacific

Mixed-Layer Physics plus

No aAdvection A « 15 o T
Mean Advection B .70 .68
Complete Nodel D .57 .59
Anomalous advection E .66 .64
No Mixed layer Physics
Mean Advection F .88 .95
Total Advection G .84 .87
Anomalous Advection H .82 .79

Persistance P .96 .89
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versions maintain skill over persistence with the exception
of Version F for the North Paci‘ic.

In order to gain further insight into the importance
of advecticn by anomalcus currents, the maps of mean sea
level pressure for January 1974, predicted 2nomalous SST
change due to anomalous advection (Version H), and observed
anomalous SST changes are presented in Figures 23%-25. Figure
23 shows the isobars of average sea level pressure for January
1974. In the North Atlantic, the mean circulation was dom-
inated by an intense Icelandic low. This low was centered
close to its normal position but had a central pressure 22
millibars (mb.) deeper than normal. The subtropical high
pressure belt in the North Atlantic was close to its normal
position and had a central pressure only 1 mb. higher than
normal. In the North Pacific, the western lobe of the
Aleution low was dominant in January 1974 and was 4 mb. deep-
er than normal. Meanwhile the eastern North Pacific high
was centered slightly further east tham normal and had a
central pressure 4 mb. lower than normal,

The predicted and observed anomalies of thirty-day
SST change are presented in Figures 24 and 25. A comparison
of these fields reveals that there is a remarkable cualita-
tive agreement between the two fields. Almost all of the

major areas of anomalous SST change have been predicted.
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Pig. 24. Predicted changes of sea-surface temperatures (°c)
from January 1 to January 31, 1974 using model version H.
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Fié. 25, Observed anomalous changes of sea-surface temperature
(OG) from January 1 to January 31, 1974.



95

However, the magnitude of the advective
anomalies 1s in moet cages legg than half of the ob-
goerved anomalous change., This indicates that although
anomalous advection waeg important it was not dominant

in January 1974.
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7. Summary and Conclusions

By eliminating the assumption of horizontal
homogeneity and superimpesing a mean and anomalous wind
driven current field, the effects of horizontal advection
of heat have been incorporated into an existing, two-
dimensional, time-dependent ocean mixed-layer model.
Mixed~layer depths and temperatures in the North Atlantic
and North Pacific Oceans have been computed with the model
by means of a numerical scheme which separates the calcu-
lation into advective and nonadvective parts. This approach
allows the original mixed-layer model to account for the
effects of sclar and back radiation, sensible and latent
heat exchange with the aitmosphere, and mixed-layer depth
changes at each point, while the superimposed current field
serves to couple the gridpoints through the advection of

L

heat and mass.

Three phases of experimenta%ion have been conduc-
ted with this model. 1In Section 4, the model's ability to
account for climatological 3ST variations was evaluated
through two experiments -~ one in the cooling season and
one in the heating season. These experiments showed that
(1) the inclusion of advection results in a marked improve-

ment in the accuracy of the ocean model climatology, (2)

the largest advective effects are associated with the major




97

current systems, (3) the advective effect is larger in the
heating season than in the cooling season, and (4) the ad-
vective effect and the effect due to mixed-layer depth
variations are of similar magnitude.

In Seection 5, the sensitivity of the model SS7T
predictions to various hypothetical anomalous wind distri-
butions was evaluated., The results of this phase of exper-
imentation indicate that the ocean model (and presumably the
real ocean as well) responds Sensitively +o anomalous winds,
and that sustained highly anomalous winds are capable of
generating large-scale SST anomalies. fThe largest SS8T
anomalies resulted from sustained reversais of the wind
direction.

The results of a single synoptic calculation dur-
ing the cooling season were presented in Section 6. This
calculation showed that the inclusion of mean and anomalous
advection resulted in an improvement of the accuracy of the
modei's SST predictions. However, for the case studied,
mean fluxes were used to drive the model and the anomalous
curfents were computed using observed rather than predicted
winds. In order to determine the model's usefulness for
predicting real time SST variations, predicted fluxes and
winds must be used, and therefore the model should be coupled

to a predictive atmospheric model for this purpose.
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The study has demonstrated the importance of
herizontal advection in an ocean mixed-layer model. In
coupling a mixed-layer ocean model to an atmospheric gen-—
eral circulation or numerical weather prediction model, it
ig clearly desirable that horizontal advection he included
in the ocean as well as in the atmosphere, if the coupled
model is *to be useful for extended and long-range predic-
tion, It is also apparent, however, that over a period of
the order of one month or more, errors in the predicted sur-
face wind fields may generate errors in the SST fields,
which could result in a positive feedback of error into the
atmospheric prediction. Planned experiments with a coupled
ocean—atmoéphere model should help to determine how serious

this problem is likely to be with presently available models.




99

References

Adem, J., 1970: On the prediction of mean monthly ocean
temperatures. Tellus, 22, 410-430,

Arthur, R.S., 1966: Estimation of mear. monthly anomalies
of sea-surface temperature. dJournal of Geophysical
Research, Tl, 2689-2690.

Bathen, K.H,, 1971: Heat storage and advection in the Yorth
Pacific Cecean. Journal of Geophysical Research,
76, 676-687,

Bjerknes, J., 1966: A possible response of the atmospheric
Hadley circulation to equatorial anomalies of ocean
temperature., Tellus, 18, 820-829,

» 1969: Atmospheric teleconnections from the
e%uatorial Pacific, HMonthly Weather Review, 97,
l 3_172 »

Bryan, K., 1969: Climate and the ocean circulation III. The
ocean model. Monthly Weather Review, 97, 806-827.

, 1975: Three dimensional numerical models of the
ocean circulation. pp. ©4-106 in Numericzal Nodels of
OQcean Circulation, National Academy of Sciences,
Washington, D.C., 3%64 pp.

Chief of Naval Operations, 1966: Components of the 1000-mb.
Winds (or Surface %inds) of the Northern Hemisuhere,
NAVAIR 50-1C-51, Naval ¥%eather Service Command,
¥ashington, D.C.

Clark, N.E., 1972: Specification of sea-surface temperature
anomaly patterns in the eastern North Facifiec.
Journal of Physical Oceanography, 2, 391-404,

Cox, M.D., 1975: A baroclinic numerical model of the world
ocean: Preliminary resulis. pp. 107-120 in Numerical
Models of QOcean Circulation. National Academy of
Sciences, Washington, D.C., %64 pp.

Defant, A.D., 1961: Physical Oceanography. Vol., 1. Pergamon,
New York, 729 pp.

Denman, X.L., 1973: A time-dependent model of the upper ocean.
‘Journal of Physical Qceanography, 3, 173-184,




100

, and M. Miyake, 1973%: Upper layer modification
at ocean station "Papa" : Chservations and Simulation.
Journal of Physical Oceanogravhy, 2, 185-196,

Druyan, L.M., R.C.J. Sommerville and W.J. Quirk, 1975:
) Extended-range forecasts with the GISS model of the
global atmosphere. Konthly Weather Review, 103, 779-795.

Ebei, L.,E., 196l: Effects of wind-induced advection on sea
surface temperature. Journal of Geophysical Research,
66, 839-844.

Ekman, V.W., 1905: On the influence of the earth's rotation
on ocean currents. Arkiv for Matematik, Astronomi och
Fysik, 2, No. 11.

Hammond, A.L., 1974: Long-range forecasting: Sea temperature
anomalies. Science, 184, 1064-1065,

Houghton, D.D., J.BE. Kutzbach, M.McClintock and D. Suchman, 3©74;
Response of a general circulation model to a sea tempera-
ture perturbation., dournal of the Atmospheric Sciences,

31, 857-868.

Jacob, W.C., 1967: Numerical semiprediction of monthly mean
sea-surface temperature. Journal of Geophysical Research,
72, 1681~1689,

Jastrow, R. and M. Halem, 1973%: Accuracy and coverage of
temperature data derived from the IR radiometer on the
NOAA? satellite. Journal of the Atmospheric Sciences,
30, 958-964.

' XKato, H. and O.M. Phillips, 1969: On the penetration of a
turbulent layer into a stratified fluid. Journal of
Fluid Mechanics, 37, 643-655.,

‘Kraus, E.B. and J.S. Turner, 1967: A one-dimensional model
of the seasonal thermocline: II. The general theory and
its consequences., Tellus, 19, 98-106,

Kurihara, Y. and J.L. Holloway, Jr., 1967: Numerical integration
of a nine-level global primitive equations model formulated
by the box method. Monthly Weather Review, 95, £09-530.




lo1

Miller, J.R., 1973%: A mixed-layer ocean model for medium-range
forecasting. CGISS Research Review, NASA, 100,

s, 1974: The GISS ocean model. GISS Besearch

, 1975: (Personal communication)

Munk, W.H. and E.,R. Anderson, 1948: Notes on a theory of the
: thermocline. Journal of Marine Research, 7, 276-295.

Namias, J., 1959: Recent seasonal interactions between North
Pacific Waters and the overlying atmospheric circu-
%atigné Journal of Geophysical Research, 64,
31"‘ 4— . .

s 1968: Long-range forecasting of the atmosphere and
its oceanic boundary - An interdisciplinary problem.
California Marine Research Commission,
29~-42,

, 1969: Seasonal interactions hetween the North
Pacific Ocean and the atmosphere during the 1960'8.
Monthly Weather Review, 97, 173-192,

, 1970: Macroscale variations in sea-surface tempera-
tures in the North Pacific. Journal of Geophysical
Regearch, 75, 565-582.

» 1971: The 1968-69 winter as an outzrowth of ses
and air coupling during antecedent seasons. Journal
of Physical Oceanography, 1, 65-81.

, 1972: Experiments in Objectively Predicting some
atmospheric and oceanic variables for the wind of
1971-72, Journal of Applied Meteorology, 1l, 1164~
1174.

, 1973: Thermal communication between the sea surface
and lower troposphere. Journal of Physicel Oceanography,

5: 373”378.

s 1974: TLongevity of a coupled air-sea continent
system. Monthly Weather Review, 102, 638-648,

Neumann, G., 1968:; QOcean Currents. ' London, %52 pp.

, and W.J. Plerson, 1966: Frinciples of Phyvsical
Qceanogravhy. Prentice Hall, ¥nglewocod Cliffs, 545 pp.




-
K"“

102

Niiler, P.P., 197%: Deepening of the wind-mixed layer.
Unpublished manuscript. 29 pp.

Phillips, O.M., 1906: The Dynamics of the Upper Ccean,
Cambridge University, London, 261 pp.

‘Pollard, R.T., P.G. Rhines and R.R.Y. Thompson, 197%: The

deepening of the wind-mixed layer. Journal of
Geophysical Pluid Nechanics, 3, 3%81-404,

Rao, P.K., 1974: An evaluation of May 1971 satellite-derived
sea-surface temperatures for the Southern Hemisphere,
¥0AA Technical Report NRSS 69, Washington, D.C.,
> pp.

, W.L. 8mith and R. ¥offler, 1972: Global sea-
surface temperature distribution determined from
an environmental satellite., Monthly Weather
Review, 100, 10-14.

Rowntree, P.R., 1972: The influence of tropical East Pacific
Ocean temperatures on the atmosphere. Quarterly
Journal of the Foyal Meteorological Society, 98,
290-3%21,

Saur, J.F,T., 196%; A study of the auality of sea water
temperature reporied in logs of ship's weather
observations. Journal of Applied Meteorology,
2, 417-425,

Schutz, C. and ¥.L. Gates, 1971: Global Climatic Data for
Surface, 800 mb, 400 mb, K-91%-ARPA, Eand Corporation,
Santa Monica, 173 pp.

Seidman, A.N., 1975: Numerical experimentsron long-range
weather prediction., Ph,D. thesis, Columbia
University (unpublished), 12% pp.

Smith, W.L., D.T. Hilleary, J.C. Fisher, H.B. Howell and H.K.
Woolf, 1974: Nimbus-5 ITPR experiment. Applied
ODtiCS, 13, 499“506-

Sommerville, R.C.J., P.H. Stone, M. Halem, J.E. Hansen,
. S, Hogan, L.M. Druyan, G. Russell, A.A. Louis,
¥. J. Quirk and J, Tenenbaum, 1974: The GISS model
of the global atmosphere., Journal eof the Atmospheric
Sciences, 31, 84-117.




\a

103

Spar, J., 197%: Some effects of surface anomalies in a
global general circulation model. WMonthly Weather
Review, 101, 91-100,

» and R. Atlas, 1975:; Atmospheric response to variations

in sea-surface temperature. Journal of Applied
Meteorology, 14, 1235-1245,

y R. Atlas and E. Kuo, 1975: A 30 day forecast experiment
with the GISS model and updated sea-surface temperatures.
(unpublished) 23 pp.

F ]

Stommel, H., 1965: The Gulf Stream ~ A Physical and Dynamical
Description. University of California, Berkeley and
Los Angeles, and Cambridge University, London, 248 pp.

and XK. Yoshida, 1972: Xuroshio Physical Aspects of
the Japan Current. University of Washington, Seattle
and London, 517 pp.

Sverdrup, H.O., M.W. Johnson and R.H. Fleming, 1942: The Oceans -
Their Physics, Chemistry and General Biology. DPrentice
Hall,

Takano, K., 1975: A numerical simulation of the world ocean
circulation: Freliminary results. pp. 121-1%2 in
Numerical Models of Ocean Circulation National Academy
of Seiences, washington, D.C., %64 pp.

Turner, J.S. and E.G. Kraus, 1967: A ore-dimensional model of
the seasonal thermocline. I. A laboratory experiment
and ite interpretation. Tellus, 19, 88-97.

U.S. Weather Bureau and U.S. Navy Hydrographic Cffice, 1959:
Climatological and Oceanographic Atlas for Mariners.
Vol. 1., Washington, D.C., 6 pp.

U.S. Weather Bureau and U.S. Navy Hydrographic Office, 1961:
Climatological and Oceanographic Atlas for Mariners.
Vol. 11., Washington, D.C., 5 pp.

‘Washington, W.M. and L.G. Thiel, 1970: Digitized monthly mean

ocean temperatures over the globe, NCAR Technical Note
54, Boulder, 30 pp.




