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Abstract

We explore the feasibility of simulating interdecadal variations of the temper-
ature, salinity and thermohaline cireulation in the North Atlantie nsing an ocean
general cirenlation maodel (OGCM) driven by time-dependent. surface data, T'he nat-
nral way to drive the ocean is Lo use the surface heat and freshwater fluxes, In this
thesis, we investigate the alternative of using surface temperature and salinity data
since compared 1o heat and freshwater lux data, they are more aceurate and more
readily available.

We do the experiments nsing idealized North Atlantic sized box geometry, In
order Lo obtain a sot of interdecadally-varying data, we lirst reproduced the vesults
deseribed by Zhang, Greathatel and Lin (1993). Temperature, satinity, surlace heat
and freshwater flnx are output from this control rmn and serve as “obscervations™ in
the Mirther experiments.

We can apply cither a restoring boundary condition ora flux houndary condition
at the occan surface. To simmlate the interdecadal variations, there are Tonr choices for
the surface boundary conditions: 1) hux conditions on both temperatare and salinity;
i1) restoring conditions on hoth temperatnre and salinity; i) a restoring condition on

temperature and a flux condition on salinity (mixed bonmdary conditions); and iv) a



ux condition on temperature and a restoring condition on salinity (“reversed mixed”
houndary cenditions). The restoring hoindary conditions are to be understood in a
sense ol dala assimilalion.

The experiments show that all the choices work well except mixed houndary
cotlitions. It is found that a correct simulation ol the thermohaline civeulation is
necessary to obtain a correct distribution of the sub-surface variables. Under mixed
houndary conditions, a pusitive feedback hetween the development of a freshwater cap
and heat-loss reduction results in cither a collapsed or violent overturning therino-
haline cirenlation quite unlike what happens in the control run. So mixed honndary
conditions are not. suitable for interdecadal simulation studies. The use of both-
restoring houndary conditions does not. allow a freshwater cap to develop hecanse the
surface salinity is constrained hy the use of the restoring condition on salinity. This
grarantees a realistic thermohaline cirenlation and, consequently, a correct distribu-
tion of the sub-surface temperature and salinity. In contrast with mixed boundary
conditions, “reversed mixed” bonndary conditions work well, This is becanse hoth
surface heat flux and surface salinity are controlled, breaking the positive feedback
that oceurs under mixed boundary conditions.

A common feature of the successful experiments is that all of them have a

correct sirface heat flnx distribution (preseribed or implied), whereas the surface salt

—
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flux may defer (thongh not signiticantly). This shows that whatever the honndary
condition is, it is necessary to get the snrlace heat flnx seen by the ocean correet
in order to have a realistic thermohaline cirenlation, It also shows that controlling
surface salinity is more important than getting every detail of the freshwater flux
correct (fortunately, freshwater Hux data are the poorest). The results show that we
should use both-restoring hboundary conditions or reversed mixed boundary conditions

to sitnulate iterdecadal variations of the thermohaline cirenlation,
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Chapter 1

Introduction

It s well aceepted that the thermohaline civenlation of the world ocean is to a large
degree driven from the North Atlantic throngh the produetion of the North Atlantic
Deep Water (NADW)L As water lows north into the high-latitnde North Atlantic, it
loses heat to the atmosphere and hecomes colder and denser. AL a number of sites
in the northern North Atlantic in the winter, surface waters become dense enongh
to conveet to depths greater than 1,000 metres, These then spread into the rest,
of the global ocean as its intermediate and deep waters. This process initiates a
worldwide overturning cireulation cell on the meridional plane in which northward
transport ol upper ocean warm water is balanced by deep return flow of cold water (see

Fig. 1.1). This overturning cirenlation is called the thermohaline cirenlation (THC)
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Figure 1.1: Global structure of the thermohaline circulation cell associated with
NADW production. The warm water route, shown by the solid arrows, marks the
path proposed by Gordon (1986) for return of upper layer water to the northern
North Atlantic as is required to maintain continuity with the formation and export
of NADW. The circled values are volume flux in 108m3/s which are expected for
uniform upwelling of NADW with a production rate of 20 x 10°m3/s. These values
assumne that the return within the cold water route, via the Drake Passage, is of minor
significance (adapted from Fig.2a of Gordon, 1986).



(see Gordon, 1986, for a review). It plays an important, role in the present-day climate
system because it transports a large amount of heat to high labitudes through the
upper ocean and loses the heat to the atmosphere through deep water production,
resulting in a mnch warmer elimate in high latitude regions than would he the case
in the absenee of the thermohaline cirenlation. Therefore changes in the strength of
the thermohaline civenlation, can have a profound effeet on the local elimate. At high
latitudes, there is always a freshwater flux into the ocean This works as a break to
Lhe thermally-driven overtuening cell. But in modern elimate, the thermal driving is
dominant in the North Atlantic, Fig. 1.2 gives the annnal average of the ratio of the
heat and salt density uxes.

There is growing evidence to show the importance of decadal variability in
the elimate system. Ghil and Vantard (1991) have noted the importance of remov-
ing the decadal signal from globally averaged surface air temperatures to properly
estintate the rate of global warming. The Atlantic Ocean is helieved to be of partic-
ular importance at the interdecadal time scale and has attracted the most attention
(see Gordon ¢ al., 1992, for a review), The idea that decadal fluctuations in sea
surface temperature (SST) are linked to occan cirenlation was fiest hypothesized by
Bjerknes (1964). The possible role of changes in the thermohaline eirenlation, and the

associated poleward heat transport, is feether disenssed by Bryan and Stonffer (1991).
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Figure 1.2: The absolute value of the ratio of the heat and salt density fluxes (adapted
from Fig.5 of Schmitt et al., 1989).



Kushnir (1993) provides evidence for the view that 30-40 year interdecadal variations
in S8 are inllnenced by changes in the occan cirealation. Further evidence for the
role of the ocean eireulation has been provided by Deser and Blackmon (1993) who
sugpest. that the general warming in North Atlantic §8T during the 1920s-30s, fol-
lowedd by a cooling in vhe 1960s (Fig. 1.3), may have been associated with changes in
the Gull Stream. In particular, they point to the decrease in Galf Stream transport
in the 19705, compared to the Tate 1950s, implied by the diagnostic caleulations of
Greathatels of al. (1991), and supported by the work of Sato and Rosshy (1993).
There is also evidenee that the subsurface structure of the North Atlantic un-
dergoes decadal variability, By comparing compaosites for the pentads 1955-09 and
1970 71, Levitns (1989a,h,e) fonnd that the subtropical gyre and the castern portion
of the subaretic gyre (at intermediate depths) of the North Atlantic were colder and
[reshor during 1970- 71 compared to T955-59 (see Fig. 1.1 and Fig. 1.5). Greatbateh
and X (1993) have suggested that at 24°N, the poleward heat transport associated
with Lhese changes was veduced in the 1970-T4 pentad compared to climatology. Read
and Gould (1992) have traced subsurface changes in the thermohaline struecture of
the subporar North Atlantie, They relate these chauges to the cessation of deep water
formation in the Labrador Sea in the late 1960s and carly 1970s. This was associated

with the “Great Salinity Anomaly” (Dickson of al.. 1988), and the capping of the wa-
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Figure 1.3: Annual mean Atlantic SST (solid), and air temperature (dashed) anoma-
lies averaged in seven 10° latitude belts from the equator to 70°N. Anomalics are
calculated with respect to the 1950 to 1979 average. The ordinate is divided into
0.3°C segments (adapted from [Fig.2 of Kushnir, 1993).
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Figure 1.4: Temperature difference (in degree Celsius) for 1970-1974 minus 1955-
1959 at 500-m depth. Dot shading indicates negative values. (adapted from Fig.7 of
Levitus, 1989a).
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Figure 1.5: Salinity difference for 1970-1974 minus 1955-1959 at 500-m depth. Dot
shading indicates negative values. (adapted from Fig.8 of Levitus, 1989a).



ters in the Labrador Sea by anomalously fresh water. For example, based on the data
colfeeted at Ocean Weather Ship Brave (36°30° V. 51°00'W) between 1964 and 1974,
Lazier (1980) found that near-snrface salinity values between 1967 and 1971 were
significantly lower vhan those hetween 19641967 (Fig, 1.6) and coin-tdent with the
lower salinity values, the winter-time heat losses were less than normal. e pointed
ont. that the combination of increased stratilication with the low heat losses limited
the conveetively mixed npper layer in winter to nnusually shallow depths.

Interdecadal variability has also been fonnd in nmmerical models, For example.
Delworth, Manabe and Stouller (1993) fonnd interdecadal variations of the North At-
lantic thermohaline eirenlation in a coupled atimospherc-ocean model. Marotzke (1990)
and Weaver and Savachik (1991a.D) have reported decadal and interdecadal oscilla-
Lions in occan-only models ran under mixed boundary conditions (that is, the nse
of a restoring boundary condition on the surface temperature and a llnx boundary
condition on the surface salimty). Zhang, Greathateh and Lin (1993) (hereafter, re-
ferred to as ZGLY have observed tnterdecadal oscillations in their ocean model ran
under a bomdary condition obtatned by conpling the ocean to a zero-heat-capacity
atmosphere. Greathateh and Zhang (1993) recently report, an interdecadal oscillation
inan occan-only model foreed by a constant surface heat flnx.

In this stndy, we explore the feasibility of simulating interdecadal variations of

9
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Figure 1.6: Monthly averages of salinily at cleven depths at station Brave

(56°30’ N,51°00'W) from 1964 to 1973 (adapted from Fig.2 of Lazicr, 1980).
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the temperature, salinity and thermohaline eirculation in the North Atlantic using an
ocean general circulation model (OGCOM) driven by time-dependent, surface data, We
experiment with dilferent Kinds of boundary conditions at the ocean sirface to test
the behavior of the model in order to determine what surface data are appropriate for
this purpose, We do this hecanse of a desire to use surface temperature and salinity
data, since compared Lo lux data, they are more acearate and more readily avail-
able. The natural way to drive the ocean is to nse the surface heat and freshwater
Muxes. Unlortunately data on these finges are too uneertain and sparse. For exam-
ple we still do not have adequate teehnigues or instruments Lo measure precipitation
over the sea, Clarke (1992) points out, *Over the near futnre, it wonld appear that,
the ouly possible strategy for estimating the freshwater finx in the North Atlantic is
through the conpling of an npper-ocean model with regular measnrements of surface
and upper-ocean salinity from merchant, vessels and moored or driflting profiling in-
struments, for which snitable devices must he developed quickly.”  Fziperman and
Bryan (1993) have made an effort to estimate the air-sea fluxes by combining the
Huxes diagnosed from an ocean model using surface temperatire and salinity data,
and the thixes estimated from meteorological ship data,

We do the experiments in an idealized North Atlantic sized hox geometry hefore
going on to the complexitios of attempting realistic simitations using real data in

Il



Mture work. To implement the above ideas, we first reproduce ZGL's results, They
found that when a zero-heat capacity atmosphere is conpled to the occan model, a
cold. fresh water pool is developed and adveeted horizontally and vertically by the
cirenlation in high latitudes, showing interdecadal oseillations. The maodel output
of this contral rin serve as a set of data for onr further experiments. This data
set is d-dimensional and contains all model variables including the veloeity field,
In this control run, the temperature, salinity and thermohaline cirenlation all show
interdecadal wseillations. Herealter, the sea surface temperatiure and salinity (SS'T
and SSS) of this data set are referred to as “sweface property data”™, and the heat
fhix and freshwater flux are referved to as “surface flux data”, 1o the following,
“surface data™ may mean either SST', 885 or the surface Huxes, To drive the ocean
model, we may seleet cither SS'T or heat-flnx to form a surface boundary condition on
temperature and selecet eithier 885 or salt-flux to form a simface houndary condition
on salinity. The ocean model is driven by surface property data through a restoring
boundary condition in which the value in the top model level is relased Lo the surface
property data with a chosen restoring time of, say, several or tens of days, Under
this kind of restoring houndary condition, the snrface property of the occan model
(be it SST or SSS) can not. depart far from the surface property data to which it is
being relaxed. When a flax bonndary condition is uscd, the corresponding surface

12



property of the ocean maodel is not constrained (we label it as uncontrolled variable in
later discussions). 16 will he realistic only if the initial value, the finx data, horizontal
advection, vertical conveetion and other dynamies of the model all are correct.
There are four possible choices corresponding to fonr pairs of surface boundary
conditions: i) both-flux boundary conditions, in which the time-dependent heat and
freshwater flux data are imposed on the occan surface: it) both-restoring boundary
conditions, in which temperature and salinity at the top model level are restored to
the time-dependent SST and SSS data, respectively; iii) mixed boundary conditions,
in whiclt the top-level temperatire is restored to the time-dependent SST data, while
a flux boundary condition is applicd to salinity: and iv) “reversed niixed” boundary
conditions, in which the top-level salinity is restored to time-dependent, S8S while
surface heat flux bonndary condition is applied to temperature, It is worth noting
here that none of these houndary conditions are “lrue” houndary conditions except
both-flnx houndary conditions. In reality, the occan sees the flux from the air to the
ocean. Therefore we should vnderstand the above restoring bonndary conditions as
a tvpe of data assimilation. The surface value of a variable is in effect preseribed
(more or less loosely. depending on the restoring time) when a restoring condition
is applicd and the other variables are taken care of by the use of a surface flux
boundary condition and model dvnamics. In reality, we would like to use as mueh

3



surface property data as possible hecause of the uneertainty and unavailability of fiux
data,

To initialize the ocean model, we use the initial value ol the data set from the
control run at all depths, not just the surelace data. In the futnre, we will have to
solve problems such as how to initialize the model with real data before doing real
simulation, In this study. we are not going to discuss how to form an initial field.
Rather, we test the heliavior of the occan model under different sarface houndary
conditions.

Sinee the initial conditions and boundary conditions come front a set of perfect
data, naturally we expeet the model resnlts will he very elose to the data nnder all
the four kinds ol boundary conditions. 13nt the resnlts show that all cases work well
except the mixed houndary condition case, Mixed bonndary conditions (preserib-
ing temperatuee but nsing a flux boundary condition en salinity) allows a positive
feedback hetween the formation of a freshwater cap and a reduction in snrlace heat,
loss (more explanation is given in Chapter 4). This resinlts in a hias toward cither a
collapse of the thermohaline ecirenlation or a violent overturning cirenlation and thos
fails to simnlate the data. Constraining the surface salinity to approach a preseribed
value, as in the both-restoring honndary condition and reversed mixed bonndary con-
dition cases, breaks the positive feedback mechaniste and Jeads to a good resnlt in

14



simmlating the thermohaline cirenlation shown in the data. This bears some analogy
to Manabe and Stouffer (1988). They used a restoring condition on salinity (but not
on lemperature, corresponding to our reversed mixed boundary conditions) to bring
the surface salinity close to the modern elimate in ovder to indnee a thermohaline eir-
enlation in the North Attantic in their coupled atmosphere-ocean general cirenlation
model. Lack of the North Atlantic thermohaline civenlation makes a colder, fresher
surface than modern elimate becanse the thermohaline cireulation adveets warmer,
saltier water to high latitndes,

The plan of this thesis is as follows. A Bryan-Cox-Semtner type OGCM devel-
oped for use in this study is deseribed in Chapter 2. With this model, in Chapter 3,
we reprodiee the resnlts deseribed by Zhang, Greatbateh and Lin (1993). Then the
model output, will serve as data in Chapter 4 1o drive the occan model under different,

houndary conditions. We give a summary and conelusions in Chapter 5.



Chapter 2

Model Description

2.1 Introduction

Our model is built by basically following Bryan (1969) and Semtner (1974). The
governing eqnations of the model consist of the two horizontal momentinm equations
(non-lincar advection terms ignored), the hydrostatic equation, the continnity eoqua-
tion, tracer equations for temperature and salinity, and a non-lincar equation of state,
The major simplifications are: the hydrostatic assumption, the Boussinesg assump-
tion with respect to density variations, and a parameterization treatment of mixing,

process mrder a “turbulent viscosity” hypothesis,
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2.2 Governing Equations

We take the carth to be a sphere of radius o, rotating with angular speed 2. We

write the equations in a spherical coordinate system. with A, @, and = representing

ongitude, latitude, and height, respeetively. The ocean is set between the surface

= = 0 and the hottom = = =11 (X, ). We have seven variables to deseribe the physical

condition of the ocean: three velocitios (e, v, w). pressure po density py temperature

T, and salinity 5. 'The governing equations are as follows:

du I ip o
— — , = e e——— '
ar ' Pott Cos X
o 1 Op v
—_— ] e — [
17/ putt deb
()
% ==ny
| du | 17} ho
—_— — (1 0S¢ _—=
acospdN  acosd (')r/)(' os ) -+ i)z 0
Jar 9T

v y— 2
_(_.)_/.+LI = A P + A V=1

~
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s i*s
——+LH"" \“\ ) )

+ ApuVES (2.6)

p=p(T,5p) (2.7)

where Ayy and Ay are the vertical and horizontal eddy diffusivity coellicients for
heat and salt, and

J =20sine (2.8)

is the Coriolis parameter. 1Y and F* are the eddy viscous terms.,

il —tan? Pl 2tand v
= /h'\ = + Asn[Viu + ( ~ M _ > / . (2.4)
a* a?cos i\
i do . (1 = tau? ) 2tan ¢ du
' = Ayvs— + Apn[Vio + : ) + . (2.10)
é):? a? aeos ¢\

where Agyy and Azgyy is the vertical and lateral eddy viscosity cocllicients, and £

denotes the advection operator,

I 7

Lo = ——
o Cos (/)[())\

(I)+ (l'n'(()s r/:)]+-——(um) (2.11)

The horizontal Laplacian V# is given by

L) i)
74 (cosd)] (2.12)

2 [ SO [
Vo= gt T s



Sinee a targe seale hy drostatic model cannot handle conveetion explicitly, a sim-
ple implicit conveetion scheme is used, In onr model, when a gravitational instability

is deteeted, the vertical eddy diffusivity takes a large value,

2.3 Boundary Conditions
Lateral walls of the basin are insulating, no-slip, impermeable boundaries,
0. 75,8, =0 (2.13)

where (), indicates a local derivative with respeet to the coordinate normal to the
wall.

At the hottom, the normal gradients of T and 8 are zero so that there are no
heat and salt lluxes across the bottom,

ar oS

0. 0, atz=—=H(\¢) (2.14)
For veloeitios, we have
idu o
/’nzhn'((f)j- ”_.) =(r}, ), at z =10 (2.15)
du o . .
(5= 5] = (), at z = —11(\ ¢) (2.16)
w =0, at 2 =10 (2.17)
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Heve (7, 7%) is the surface wind stress and (72, 77) is the bottom stress,

(Trl\’ leﬁ‘ = por(Hp. ) (2.19)

’

where py is representative density for sea water, »is hottom [riction cocllictent., and
(iny on) the hottom veloeity, Putting w = (0 at 5 = 0 corvesponds to the rigid-fid
approximation. Fquation (2.18) corresponds to the Kinematic houndary condition,
i.e.y al the ocean hottom, flow is required to parallel the slope.

The surface bhoundary conditions to be imposed at the sea surface on tem-
peratire and salinity are discassed in Chapter 3 and require some more modeling,
assumptions to he made. The air-seca interaction processes mst be parameterized
in running an ocean model. The implication ol these modeling assumptions will he

considercd in muech more detail in Chapter 4.

2.4 Method of Solution

The formulation of the finite difference forms of the proguostic cquations requtires
the elimination of the surface pressiuve, The veloeity s separated into harotropic and
baroclinie components, Separate prognostic cquations are solved for cach,
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Integrating the continnity equation (2.4) with respect to 2, and combining
houndary conditions (2.17) and (2.18) gives

I a, l

-~

; waz) +
acosgdN J-n a(os(/)()(/)

(ﬁ¢/“ud)—0 (2.20)

The non-divergent property of the vertically integrated transport. makes it pos-

sible to define a barotropic transport streamfunetion, 1), such that

oo | o
= e = LY 2.2
T TR 1Td 0¢ (2.21)
| o Y
= — s = e 2F 2,22
"= TTa vos O (2.22)

[ntegrating the hydrostatic equation from a depth —z to the surface, z = 0, gives
b4 A |

[§]
=) = ps +/ apds’ (2.23)

The surface pressure py cannot be simply set coual to atmopherie pressure, but, must
include the pressure exerted by the rigid lid.

Taking the vertical averages of (2.1) and (2.2) vields

u _ I ()p, = -
- o= /mu(()s (/) ()\ /ll/ =" dz ]+[ (2.24)
()n I (')p., (/ ap
U —_ e | — 1'4‘ ¢ '),r
+ Ju= pmr[ ()(/) / ()qJ dz'd: ] + ” (2.25)



where () = T'if“ll( Yz, Using the definition of streamfunction (2.21) and (2.22)
and applying the a? cos ¢ Curl, operator

] B d(cos )

Curl. (A B) = ;l—“:—:;[:-}-\- E—r (2.26)
to (2.24) and (2.25) we obtain the barotropic vortieily equation,
i [ D% O cosd D O [y [y
X Teognan) T a1 agan’ ™ o }77,/,”;)7» me’
= JEBAR 4+ o* cos p Cupl (178, 1) (2.27)

JEBAR is the Joint IEffect of Baroclinicity And Reliel (Sarkisyan aud Ivanov, 1971),

() ©idp () ! ()"
) D, ol 228
TEBAR = =5 ( ,,,,// / / ag 1)+ 7t ,,.,// / L5 (2:8)

Then o can be casily solved given appropriate boundary conditions, The condition
of no normal flow througl the lat ral walls requires that ¢ bhe constant on the Tateral
bonndary, I'. We set it equal to zero,

=10 on I’ (2.:29)

To prediet the baroelinic components, we lirst compnte provisional horizontal

veloeitios (0™, o) rom (2.1) and (2.2), setting p, =0,

du’ q /” ()/) \
- = et . 2,30
il fv potecosdp o a ( )
o’ 4 I‘ _ q 4] ()/l [ + I"/' (.) ,”)
i), o "= /)“" 4 (’)(/) e o
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The nse of the e veloeitios in most terms in these equations is an artifact of the
time integration scheme which we doseribe inomore detail in the next seetion, We
can oblain the tme baroclinie veloeity (uf, o) by substracting the vertical mean of

the provisional veloeity, which is just the amonnt by which they are in error,
W= u = (2.32)
=0 =07 (2.33)

This is hecanse the ervor in (17, 07) indaced by ignoring ps is independent. of depth.

Outlining the route of solution, we diagnose the density from the equation
of state (2.7), the pressure from the hydrostatic equation (2.3).  We npdate the
momentim eguiations (2.30) and (2.31) aleng with (2.32) and (2.33) for the baroclinie
velocity, the harotropic vorticity equation (2.27) along with (2.21) and (2.22) for the
harotropic veloeity, the vertical velocity can then be diagnosed from the continnity

equation (2.1). Then we time integrate the tracer equations (2.5) and (2.6) for the

temperature and salinity,

2.5 Discretization and Implementation

The set of equations deseribed in the previous section are solved using finite difference
methods, The Arakawa B-grid is employed for the horizontal grid arrangement, Tem-
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Figure 2.1: The grid arrangement. of the model variables ooeow 08 and o in hotly
the horizontal and vertical.

perature, salinity and streamlmetion valnes are computed on one sel ol grid points,
and horizontal veloeity is computed on another set displaced one halla grid space i
cach direetion from the temperature and salinity grids (Fig. 2.00). Vertical veloeiy is
diagnosed at temperature and salinity grid points at vertical levels between the pri
mary grid levels (Fig, 2.10). In this section, we only write down the time integration
schemes, The spatial devivatives shonld all he replaced by their linite diflerence forms
hased on a centered-differencing, scheme. The details of the finite dilference equations
and the proofs of their conservation properties are not given here bt ay he fonnd
in Bryan (1969), Semtner (1971), and Cox (198.1).

Table 2.1 summarizes the pavameters used inooue models To this stady, oy

model domain is an idealized Novth Atlantic sized hox covering, the Tatitudes 57V



Table 2.1: Model Parametoers

Horizontal Turbulent Viscosity
Vertical Turbnlent Viscosity
Horzontal ‘Turbalent, Diffusivity
Vertical Turbulent, Diffusivity
Bottom Frietion Coellicient,

Eqnation of State

/L\”f = 1.0 x l()r’mz/.s‘

Aav = 10 % [0—3711,2/3

Apn =20 x 10%m2 /s

Apy =63 x I()"'r‘lll2/.<
r = 0.001
p(1,8) = 3.0 4+ 0.775 - 0.0727'(1 + 0.0727)

Table 2.2: Vertical Grid Spacing (Unit of Depth: meters)

Loevel [Lovel u TN w Level Level o, TS w
Number  Thickness — Depth Depth || Number Thickness  Depth Depth
0 T1H
| 16 23.0 8 232 S31.0
40 947
2 s 0.0 9 242 109:3.0
104 1239
3 T3 [10LH 10 368 1.423.0
177 1607
3| 02 223.0 I 163 1838.5
269 2070
D L6 327.0 {2 N84 2362.0
385 2654
6 116 158.0 13 673 2990.5
5l 3327
T 181 (23.0 14 674 3663.5
4000

-

by |




- 65°N with 60 degree longitudinal width and a Qat. bottom with unitorm depth of
4000 meters. The horizontal resolution is 2.0° X 2.1 in dongitude and tatitude, There
are 1 levels in the vertical direetion. with resolution varying from 16 meters near the
surface to 673 meters near the bottom, Fhe depth of the primary and the vertical

velocity grid levels are given in Table 2.2,
Vg 8

2.5.1 Time Integration Scheme

The time integration scheme used for the progunostic cquations is the leap frog scheme
with periodic application of an FEaler forward time step to prevent the tiine splitting

ol the solution. For the barvoclinie part ol the velocity, from (2.30) and (2.31), we

have
= _ ylr=0 0 ¢)plr)
ut— u . ¢ -
el ey O / f e g gAY (2.31)
2AI potcos sz N
«_ plr=1) 0 itr)
ne—u - g ["dp wlr=1) .
—_— W= —— — oz - 285
2AlL + et 2 i ‘ ( ')
WY =y (2.36)
p T = e o (2.87)

where ()07 represents the variable at time level 7.

To calenlate the barotropic part of the veloeity, we finite-difference the harotropie
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vorticily cquation (2.27) as

i I dgplr+h) i c'(mr/;(')r/*("‘*‘”) SAI| )(_ [ ihpim+) _ ;fi)z/)(7+')
ON Hcosg DA dgp 11 N dp 11
i I aplr=) A cosghptt=1
= — ) 4+ 2ALJEBAR
O TTcos O 2\ T Tag ) HEALIEBAR
+2AL a2 cos ¢ Curl, (FY, F#)tr=1) (2.38)

Noting that JEBART is calenlated from p0) and the friction term Curl (FX, 17#)(7=1)
is calenlated from (i, o)~ Now barotropic velocity can be calenlated from (2.21)
and (2.22) and vertical velocity w can be diagnosed from the continnity equation. We
then integate the tracer equations (2.9) and (2.6)

:Iv(r+|) _ rlt(r_|)

7]
—(uT") () 4 — (0T cos b (T)] + —-—(ml )(T)

2A1 u(m th ()A I
= nv()zz)i;“) + ”2/(‘.::.1 (/)[,)2!)';—!) -+ -(,-)('-)(Z((‘us 4)%2)] (2.49)
SUHL.;IH(T-” + ”“Ih p (;)/\(l S -7{7("5(()\ $)7] + )—) 10,5)¢7)
= e gl e s (20

Here the horizontal diffusion terms ave evalnated at a lag of one time step to suppress
numerical instability. Bot the vertical diffusion terms are treated implicitly.  This
takes care of the parameterization of deep conveetion and enables a large vertical

diffusion coellicient to be nsed when a gravitational instability is detected.




2.5.2 Restrictions and Distorted Physics

With above finite-difference scheme, there are a nimber of restrictions on the vange
ol values which the grid spacing. time stepy and parameters may take in order to
avoid numerical instability, The first of the computational constraints which must he
satisficd is the linear stability or CFL condition alter Courant, 1riedrieh and Lewy
(1928). Physically the CFL condition states that useful information must propagate
less than one Aw in time A e A < Ax /O (Cis the propagating speed coneerned).
Sinee Coriolis terms in onr model are treated implicitly, the restrictions of the allowed
time step associated with barotropie Rosshy waves and inertial waves are eliminated.
The only restriction on the time step for the barotropic part comes from the mising
ternn. For the model parameters listed i Table 2.1, this harotropie thne step is about
one day. In the baroclinie part, the restriction of integration thine step is associaled
with the first internal mode of gravity wave which is abont 3 /s, This also sngpests
a time step ol about one day.

Compared with the atinosphere, the motion of the occan contaius a mueh wider
range of time scales, I we use the straightforward method of integrating cach of the
progrnostic cquations. we must Lake short. enongh time steps (say, 1/2 day) Lo resolve

internal gravity waves, but mnst integrate the wodel loug coongh for the thermal



fieclds to reach equalibrinm, whicli may take 1000 years. This hecomes prohibitively
expensive for ocean climatestudies, Instead, we follow Bryan (1984) and nse a method
hased on distorted physics to speed up convergenee, The distorted physies compresses
the frequeney bhand of the ocean model by slowing down gravity waves and speeding
up abyssal process. The aceeleration of abyssal process is accomplished by decreasing
Lhe local heat capacity withont altering the transport, and mixing of heat. 'This means
that changes within one time step in deep water are equivalent of the changes that
happen within many time steps under non-distorted physies. but the distorted system
has the same equilibrinm solution as the original system. Acceleration is nsed only
in the spin-up experiment to be deseribed. For the interdecadal variability studies,

the aceeleration technigue is not nsed.



Chapter 3

OGCM Coupled with Zero-heat

Capacity Atmosphere

3.1 Spin up

3.1.1 Restoring Boundary Condition

Considering the surface heat balanee for an ocean in equilibrivm with an atiosphere

which is constant in time, Haney (1971) wrote the heat flux into the ocean as

Q=" =1 (3.1)
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where 7, is the temperature at ocean surface, 7 is the so-called “effective atmaosphcre
temperatire”, and the coupling constant  represents the sensitivity of the latent.,
sensible and longwave fluxes to changes in 1,. A typical value of 5 is about 45
W2 K=" (Haney 1971), whicl is associated with a time scale

TN AY=

7

?

here ey, poy and Az are the specific heat of sea water, density, and mixed-layer thick-
ness, respeetively, Hwe take Az as the thickness of the top model level (16 meters),
the time scale is about 50 days.

Comparcd with simply prescribing a constant heat flux at the ocean surface,
this lincar Haney-type restoring honndary condition allows feedback hetween occan

temperature aned snreface heat, flnx, More often, a matter-of-fact approach is used,
Q =(S8T =13) (3.2

where SST"is observed sea surface temperature. The ocean dynamies (Le. advection
and convection process) make 7, deviate Trom the restoring temperature SS57° but,
never allows it to go too far provided that the restoring time scale is siall compared
to the dynamical time seale. This restoring bonndary condition is weleomed by ocean
modellers hecause it guarantees realistic ocean surface temperatures, though it lacks
physical justilication like Haney's (but for elimate change studies, Haney’s is not,
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stitable hecause he assumed a constant atmosphere), Faguation (3.2) is a form of
dala assinvilelion, ere 4y is a nudging parameter (Tziperman and Bryvan, 1993), s
value depends on how close we want the surface temperature to approach the observed
SST sinee we know there are nneertaintios in observed data and in the model, I the
data and the model are perfect. then 1/ may equal zero. This hbonndary condition
then degenerates into a fixed-surface-temperature condition,

A similar houndary condition is often applied to salinity

Q. =555 = 5,) (3.9)

where 585 is observed sea surface salinity and S, is the salinity in the top model
lovel, Note that a surface houndary condition for salinity equivalent to (3.1) can not
be justified physically since fresh water llux and surface salinity do not have a sinilar
feedback. Rather (3.3) can e justified only on the basis of dala assintilation.

When a restoring condition like (3.2) or (3.3) is used Lo drive an ocean maodel,
the effect is to make the model value to approach the data, If the model value is
colder (or fresher) than the restoring data, the heat (or salt) is put into the occan,
otherwise heat (or salt) is taken ont. The rate of heat (or salt) input is proportional

to the diflerence hetween the model value and the restoring data,
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Figure 3.1: The latitudinal (°N) distributions of the surface wind stress (label W), at.-
mospherie “equivalent™ temperature (1), and salinity (S). The corresponding density
a* is shown by the unlabeled solid enrve, (From Fig.] in ZGL 1993)

3.1.2 Spin-up with restoring boundary conditions

First, we spin up the ocean from rest. The sirface wind stress [oreing is zonally
uniform. The eastward component is shown in Fig. 3.1, the northward component
is zero. Restoring houndary conditions are applied to temperature and salinity. The
“equivalent atmospherie™ values used are shown in Fig. 3.1 and are zonally uniform,

Values of temperature and salinity in the top level of the model are relaxed to these
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Figure 3.2: Model Variables at the End of Spin-up
vitlites ona time seale of 30 days. The occan is at rest at the beginning with nuiform
values for temperatare (1°C7) and salinity (35 ppt). The model rmns until a steady
state is reached with no trends in basin mean quantities, [t takes abont 1500 years
in onr experiment, Some model variables at, the final equilibrisnm state of this spin-
up experiment are shown in Fig, 3.2, The meridional overturning streamfunction is
dominated by an overturning cell with sinking near the northern bonndary and smaller
cells near the sneface that are dne to the wind-driven Ekman pumping. The snrlace
heat, and sall finxes shown in Fig, 3.2¢,d are diagnosed from the final state of the

spin-up experiment and are the average of (@ = 4(SST =T,) and ), = (555 - S.,)
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(ef. equations (3.2) and (3.3)) over the last three years of integration.  Fig. 3.2 is
very similar to Fig. 2 and Fig. 3 in ZGL. Note that, following the general practice (
but, see lnang, 1993), we work with an equivalent surface salt flux, Q,, rather than

freshwater flux, . The two are related by

(5-1)
=8
Q=

where S s a constant relerence salinity.

3.2 Coupling to Schopf’s Model

3.2.1 Schopf’s Model

The assumplion of a Haney-type restoring boundary coundition is that the atmo-
sphere is Lime invariant, i.e., has infinite heal capacily. The effective atmospherie
Lemperature T remains constant despite changes in surface heat flux from the occan.
Bretherton (1982) has noted that this is only true when the thermal anomaly has a
small horizontal seale (compared to the basin scale). especially in regions of strong
atmospherie transport, of heat where winds rapidly disperse the additional heat en-
tering the atmosphere from the ocean, This process has a time scale of tens of days,

as tider a Haney-type vestoring boundary condition. On the other hand, for large



scale SST anomalies. radiative relaxation from the atmosphere plays a major role,
Schopl (1983) has pointed ont. that the aiv-sea temperature diference in the tropies
is rarely more than 1°C". There is also a close conneetion between SST and surlace
air temperature in the North Atlantic (Deser and Blackmon, 199:3). Schopl suggested
that a better approach to model heat exchange between the atimosphere and the occan
is to nse a simple atmospherie heat, ndeet, and assume the atmosphiere has zero heal,
capacily.

Following Schopl, we use a very simple model which deseribes the thermal

coupling hetween the atmospliere and the ocean:

4)’ t
e e~y = KT . (5.0)
al
o,
(L = KT =)+ O, (4.5)
!

Here T, is the sea surface temperatuve, and 7 the representative atimospherie tem-
perature; Cfy and C, are the heal. capacitios of the atmosphiere and the ocean mixed
layer (the top level of the ocean model); K is the constant for i lincarized Stefan’s
Law for atmospherie longwave radiation; and @, and @, stand for the atmaospherie
and oceanic heat sonrees dne 1o advoetion, eddy diffusion and solar radiation. Sinee

(4 /Cy is only abont 0.045, Schopf set ¢, = 0, i.e., the heat capacity of the atinosphere
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is zevo as far as local changes in 7)) are conecerned. Now equation (3.3) hecomes

O0=~N(T,-T,)— KT, =T,)
where
T, = Qu/K!

Solving (33.6) for 1),
_ NT, + KT,

Ty = ——— 3.3
N+ k! (3:38)

Substituting (3.8) into (3.5). we get.
(,v“_’_)‘_l;‘ = N1, =T,)+ Q. (3.9)

ol
where
NN

K, = —= 3.10
RN (3.10)
Typically, N = 15Wm=2 K=" (llancy 1971) and K = 24Wm~2 K=" (Dickinson

1981), therefore Ky = 2.3Wm=2 K=Y, This is 20 times smaller than . One can use

(3.9) as a thermal boundary condition for ocean-only models, in which sea snrface

temperature T, is restored to a time independent 75 with a time scale of close to 600

days, instead of (3.3), which restores 15, to T, with a time scale of about 30 days.

This is the zero-heat-capacity model adopted by Schopf (1983) and will subsequently

be relerred to as Schopl's model. I is appropriate when the sea surface temperature



anomalies in the model have basin scale. Then. heat cannot be advected by winds and
reabsorbed by the veeain and the atmosphere must warm ap until longwave radiation
to space balances the inerveased heat ix from the ocean, Sinee the longwave radiation
oboeys a lincarized Stefan’s Law, ity dependeney on temperature is weak compared (o
the strong ocean-atmosphere conpling. Therefore the atmosphere will warm almost
as much as the wnderlying occan, This can be ilustrated by (3.8). Sinee A < A,
(3.8) becomes Ty ~ T, + i;—;!I-'/',-. e the representative atimospherie femperature is
never far removed from the underlying SST.

Since the changes in S8 associated with interdecadal vaviability of the ther
mohaline eireulation have basin seale, we follow Zhang, Greathateh and Lin (10993)
and use Schopt’s model to provide the thermal boundary condition at the surface of

our ocean model,

3.2.2 The Control Run

Following ZG L, we employ equation (3.9), with 7', lixed in time, to provide a restoring,
surface bonndary condition on temperature, and the salt. flux shown in Fig, 3.2d to
provide a flux condition on salinity. We wish to initialize with the linal state of

the spin-up experiment. Letting 74 be the surface temperature in this state, we can
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diagnose T throngh the following relation

FLUX = K.(7) = TY), (4.11)

where FLUX is the heat flux from the atmosphere to the ocean at the end of the spin
np experitent. and is shown in Fig. 3.2¢. We choose R, so that it corresponds 1o a
restoring, time of 400 days. 1o order to reproduce ZGL. a negative salinity anomaly
ol 0.0 ppt is also added to the top three levels north of 50° N,

The interdecadal oseillations in ZGL are reproduced. A fresh water pool in high
Fatitudes appears and is advected toward the castern bonndary where it sinks. only to
reappear again in the interior of the high latitude ocean before being acdveeted onee
more to the castern houndary. This event undergoes three eyelesin the first 66 years
after Lhe switeh (see Fig., 3.5). Alter 70 years, the model settles down and remainsin a
state essentially the same as that ol the initial condition, It is worth mentioning that,
from Fig. 3.3 we can see the intensity of the thermohaline cirenlation also oscillates
corresponding to changes in sea surface temperature and salinity., T'he thermohaline
cirenlation does not. however, collapse at any time during the experinient.,

7G1 carvied out another experiment which uses mixed boundary conditions, i.c.
a restoring condition on temperature and a flux condition on salinity. The restoring

boundary condition on temperature was the same as in the spin up, The sall flux was
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the same as diagnosed as the end of the spin up. Upon a switeh from the final state of
the spinup to these boundary conditions, a polar halochine catastrophe (PHC'Y) ocenrs
and the thermohaline cireulation collapses. Indeed, a switeh to mixed boundary con-
ditions can lead to many dramatic events as noted by previous anthors, ranging from
the PHC (Bryan 1986Ga, 1986h), to “flushes™ (Marotzke 1989; Weaver and Sarachik
[991a.b). Bryan (1986a) deseribes the PHC as a strengthening and spreading of the
polar haloeline. He noted that as the haloeline develops, deep convection is inter-
rupted and the meridional overtarning cirenlation weakens deamatically while at the
same time hecoming inereasingly confined to the upper Tayers of the ocean, fn Lhis
way, the dense bottom water is no longer ventilated from the sueface and is gradually
warmed diffusively. Eventually, the bottom water hecomes sulliciently warm that it is
less dense than the fresh water overlying it and a violent overtirning event, a “flush”,
as described by Marotzke (1989), will ocenr. ZGL showed that, for a PHC event to
oceur the heat loss from the ocean o the atmosphere mnst reduee af high latitudes,
The use of mixed boundary conditions assimmnes that the atmospherie state is lixed
and ¢ es not vespond to changes in heat flux from the occan, I the atinosphere were
allowed to adjust to changes in this heat lhix, then a reduction in heat loss, and henee
a PHC, would be less likely to happen. "This was demonstrated by conpling the occan
model to Schop('s zero-heat-capacity atimospherie model.
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Figure 3.3: Model variables undergo three eyeles with a period of about 22 years
alter switching o a “slowly” restoring bonndary condition on  emperatire implied
by Schopl's zero-heat-capacity atmosphere and a flux condition on salinity which is
shown in Fig. 3.2d.
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Chapter 4

Simulation of Interdecadal

Variations

4.1 Introcuction

Compared to sea surface temperature and salinity data, the surface heat and fresh-
water flux data are poorly known. Ocean general circulation models can he used
to estimate aiv-sea fluxes it we are given the surface distributions of the observed
temperature and salinity. The problem is that the fluxes calenlated in this way often
tend to have noisy spatial distributions and are sometimes inconsistent with other

flux estimates such as climatological fluxes obtained from meteorological ship data or
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atmospheric models. Tziperman and Bryan (1993) tried to make the lnxes ealeulated
by OGCMs consistent with the other flux estimates by combining surlace restoring
honndary conditions such as (3.2) and (3.3) with climatological Hux data, Through
an optimization approach. the sneface property and climatological fhix estimates ave
“revised” so as to keep them as consistent, as possible with cacli other and the model
dynamices within the a priori ervor hars (i.e. the “revisions™ are kept as lar as possible
within the error bars of the observation data).

Once a set of consistent, decadally-varying surface data (SS'T, S8S, heat-flux
and salt-flux) and an initial ficld are available, can we nse them to deduce the in-
terdecadal variations of the thermohaline eirenlation? 11 we can, since the surlace
property data and flux data are not independen. of cach other, what kind of surface
data can we use to drive the ocean model? Because of the uneertainty and unavail-
ability of the surface [lux data (e.g., poor estination of precipitation over the ocean
and river rimolls, Clarke, 1992), can we use surface temperatare and salinity data in
place of the lux data? In this stady, we want to develop some answers to the above
gnestions in an idealized domain before attempting realistic simulations using real
data in future work.

In the last chapter, we coupled the ocean model to Sehopl’s zero-heat-capacity
atmosphere and observed interdecadal-type oscillations in occan temperatnre, salinity
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and thermohaline cirenlation. The interdecadally-varying 4-1) occan variables ontput
from the control run form onr data set. We sample the data only once cach year for
100 years in order to represent the interdecadal variations in the data and mcanwhile
Lo save computer disk space. Data are instant values obtained directly from the

control run. with no averaging appliced.

Zero-heat Capacity Atmosphere

Ocean General Circulation Model

Heat flux SST SST Heat flux
Sait flux S5S8 Salt flux S§SS

Experimemt 1:

Hoth Flux
Doundury Conditions

[ h Experiment 2-
INITIAL FIELD

By spinning up an Rath Rﬂm{ing‘ )

OGCM lor thousands Boundary ¢ onditions

of years tilt equilibrium

reachad.

{using both restaring Experitent 3:

boundary conditions) Mixed

Boundury Conditions

. J

Experimentd:

Reversed Miaed
Boundary Conditions

Fignee L1 A diagram that shows how the experiments are arranged,

I this chapter we set up four experiments (see Fig. 4.1) to test the behavior

of the vecan model under different surface bonndary conditions on temperature and



salinity. The wind foreing is identical for all experiments in this study and is shown
in Iig. 3.1, All the four experiments are initialized with the final equilibriom state of
the spin-up shown in FFig. 3.2

We use the maximum values of meridional overturning streamfunetion to rep
resent. the intensity of the thermohaline cireulation. We search for this maxinmmm in

the arca below 800 metres Lo avoid including the Ekman coll in the shallow water,

4.2 Model Results

Ieperiment 1: Boll-flur Boundary Condilions

In this experiment, we do not use sea surface temperature and salinity data.
The time-dependent, heat flux data (shown in Fig, 3.3, the thivd column) and salt flux
data (Fig. 3.2d) Trom the control runare imposed on the top level of the occan model
cach year. Here the heat Hax forcing is kept constant for a year (the salt flux data
is actually time-invariant. anyway). Results ave shown in Fig. 1.2, We can see thal
the thermohaline eirenlation, temperatnre and salinity lield in the model results are
almost identical with that in the data from the control ran. Their agreement is natieal
hecause had we sampled the data every time step, we wonld have simply re-eon the

control run.  This experiment shows hoth-flux boundary conditions can withstand

46



(b) (d)

6
4 E10
----- Control Run %) 3
= 2 N
___ Both-flux a % 5
0 -
-2
0
(a) (c) (o)
33.6
=20 33 334
g g 5
15
0 g4l &332
i~ 10/\/\/\-’— ] ®
é 1] w 33
5
3 32.8
00 20 40 60 80 100 0O 20 40 60 80 100 0 20 40 60 80 100
time (years) time (years) time (years)

Fignre 4.2: Experiment 1: Both-flux boundary conditions. (a) Maximum thermohia-
line cirenlationy (D) surface temperature; (¢} surface salinity; (d) temperature at 223
m; and (¢) salinity at 223 mi. All but (a) are for a point at 43.2°1, 57.8°N.
some noise in the flux data. The heat flux forcing is really a “stair” function sinee
the data are only sampled onee cach year and no interpolation is applied. Another
source of noise is that the data are instantancous values output, from the control run,
nol, an average over a period of time,

Greathateh amd Zhavg (1993) have recently found that there is an interdecadal
oscillation under a constant, zonally nniform heat flux forcing. This raises a question

as to whether or not flux data contain fmll information on interdecadal variations in

the conpled ocean-atmosphere system.
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Loepervinient 2: Bolh-restoring Boundary Condilions
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Figure 4.3: Experiment, 2: Both-restoring Boundary Condiions, (a) Maxinonnn ther-
mohaline circnlation (for restoring times 30, 10 and 5 days); (b) surface temperatnre;
(c) surface salinity; (d) temperature al 223 m; and (e) salinity at 223 m. all bat (a)
are for a point at 43.2°E, 57.8°N and the restoring time is 10 days.

In this experiment, both temperature and salinity ol the top model level are
foreed to relax to the time-dependent, SST and 888 data from the control rmn with
a time constant of 5, 10 and 30 days. Fig. 4.3a shows that the shorter the restoring,
time scale, the closer the thermohaline civenlation approaches the control-run data.
This is also true of the temperatinre and salinity fiells; including those at depth, The

second columns of Figs. 4.4-4.8 give plan views of the mordel variables every 11 years

and should be compared with the first colimns which show the control-ran fields,
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SEA SURFACE TEMPERATURE (YEAR 01 - 34)
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Fignre s Plan views of SST in the control run, the hoth-restoring houndary con-
dition case, the mixed boundary condition case, and the reversed mixed boundary

condition case (from left to right). The restoring time is 10 days.
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SEA SURFACE TEMPERATURE (YEAR 45 - 78)
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Figure 4.4: Continued.
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SEA SURFACE SALINITY (YEAR 01 - 34)
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Figure 1.5 Plan views of 8SS in the control run, the both-restoring boundary con-
dition case, the mixed boundary condition case, and the reversed mixed boundary
condition case (from left to right). The restoring time is 10 days.
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TEMPERATURE AT DEPTH OF 223 METRES (YEAR 01 - 34)
BOTH-RESTORING B. C. MIXED B. C. REVERSED MIXED B. C.

e ui—

CONTROL RUN

V=

Latitude

1.9
0

60

/ '
At Yeur 34 |
60 9

69 @ 20 a0
Longitude

20 40 60 0 20 40 20 40
Longitude Longitude Longitude

Figure -L6: Plan views of T at 223 min the control run, the both-restoring boundary
condition case, the mixed boundary condition case, and the reversed mixed boundary
condition case (from left to right). The restoring time is 10 days.
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TEMPERATURE AT DEPTH OF 223 METRES (YEAR 45 - 78)
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SALINITY AT DEPTH OF 223 METRES (YEAR 01 — 34)
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Fignee 1.7: Plan views of § at 223 m in the control run, the both-restoring boundary
condition case, the mixed houndary condition case, and the reversed mixed houndary
condition case (from left to right). The restoring time is 10 days.
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SALINITY AT DEPTH OF 223 METRES (YEAR 45 — 78)
BOTH-RESTORING B. C. MIXED B. C. REVERSED MIXED B C.
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Figure 4.7: Continued.
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THERMOHALINE CIRCULATION (YEAR 01 — 34)
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Figure L.8: Thermohaline Cireulation in the control run, the both-restoring boundary
condition case, the mixed boundary condition case, and the reversed mixed boundary
conelition case (from left to right). The restoring time is 10 days.
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Freperiment 3: Mized Boundary Conditions
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Fignre 4.9: Experiment 3: Mixed Boundary Conditions, (a) Maximum thermohaline
cirenlation (for restoring times 30, 10 and 2 days); (b) surface tempaorature; (¢) surface
salinity; (d) temperature at 223 m; and (e) salinity at 223 m. Al but (a) are for a
point at 43.2°15, 57.8°N and the restoring time is 10 days.

ln this experiment, the time-dependent SST and salt-flux data are used to
drive the model, i.e., we use a restoring houndary condition on temperature and a
llux condition on salinity. After Bryan (1986a,b), it is referred to as mixed boundary
conditions, Surface temperatire has been relaxed to SST data on time scales of 2, 10
and 30 days. Fig. 4.9a shows the failure in this case to get the right thermohaline cir-
culation regardless of the restoring time scale. The thermohaline circulation oscillates

between a collapsed state (PTC) and a violent overturning (“flush™) state (Fig. 4.8,
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the third column). Surface salinity goes too lar from the data (compare the 3ed col-
umn with the Ist in Fig, 4.5) and is out of phase (Iig. 4.9¢) with the control ran.
Although a restoring boundary condition is used on surface temperatore, the sore-
face temperature is not as close to the data as that in other experiments (Fig. -1.9h).
Sub-surface temperature and salinity are very different, from the control-run data
(Fig. 1.9d,c and Figs. 4.6 - 4.7).

EBaperiment 4: Reversed Mived Boundary Condilions

Time-dependent heat-flux and sea surface salinity (SSS) data from the control
run are used in this experiment,; i.e., a llux condition is applied to the snelace temper-
ature and a restoring condition to the surface salinity. To distingnish it [rom mixed
honndary conditions, we label it as *reversed mixed” houndary conditions. Fig. 1. 10a
shows that the thermohaline civeulation is closer to the data as the restoring time
is shorter. For a restoring time of 10 days, i is shown that all the thermohaline
cireulation, temperature and salinity are well reproduced. Forming a sharp contrast
to the mixed boundary condition case, surface temperature in Ghis case is very real-
istic although a llux condition is used on temperature (g, 4.4). The Ath colmtins of
Figs. 4.4-4.8 give the plan views of the model variables in this experiment. Comparing
with the Ist colnmns shows that the variables are in gowd agreement, with the control
rin.
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Figure 4.10: FExperiment 4: Reversed Mixed Boundary Conditions. (a) Maximum
thermohaline cirenlation (for restoring times 10 and 5 days); (b) surface temperature;
(¢) surface salinity; (d) temperature at 223 m; and (e) salinity at 223 m. All but (a)
are for a point at 43.2°15, 57.8°N aud the restoring time is 10 days.
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4.3 Discussion

As mentioned in Chapter 1, the thermohaline cirenlation is maintained by heat loss
through deep convection at high latitudes, Changes in the intensity of the thermo-
haline civeulation will influence the temperatnre distribution throngh poleward heat,
transport. At high latitudes, there is always a positive freshwater iy at the sea
surface. Usually this is mixed down by deep conveetion due to the surface hieat loss,
If for some reason the surface heat loss is reduced, deep conveetion is limited to shal-
lower layers and a freshwater cap will develop and break the thermohaline civeulation.
This happens under mixed houndary conditions sinee neither the surface heat flux
nor the snrface salinity are direetly controlled, This is the [nndamental problem with
mixed bonndary conditions.

[n mixed and reversed-mixed bonndary coudition experiments, only one surface
property is coutrolled by a restoring condition. Although a restoring honndary con-
dition can gnarantee a correet snrface valie, the variable to which a flux condition
is applied is not antomatically gnaranteed to be correet. Neither are the sub-snrlace
values of any variables. Analyzing the behavior of the uncontrolled variables is the
key to understanding the behavior under cach set of boundary conditions.

s order to see elearly what happens under mixed bonudary conditions, Mg, 4.9
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is re-drawn in FFig. 4.0 and the implied surface heat flux is calenlated from (3.2) and
added into Fig. 4,11, The most obvious features in Fig, 4,11 are that high surface
salinity peaks are corresponding Lo enormous surface heat losses and followed by an
enhancement of the thermohaline cirenlation, and surface freshening is corresponding
to surface heat-loss rednetion and followed by a collapse of the thermohaline cireu-
lation (compare (d), (¢) and (a) in Fig. 4.11). These features are not in agreement
with the control vun. Indeed the phase of surface salinity is contrary to that in the
control ru,

The reason why the mixed bonndary condition case behaves as it does in
IMig. 4. 11 is that it allows a positive feedback between the development of a freshwater
cap and heat-loss reduction at high latitudes. The rate of surface heat-loss changes
all the time when a restoring condition is applied to surface temperature using the
Lime-varying SST data from the control run. Neither surface heat Qux nor surface
salinity is a controlled variable under mixed boundary conditions. When the surface
temperature in the data is going up, surface heat-loss reduction oceurs (Fig. 4.11d)
and the deep conveetion process is weakened. The reduced vertical convection then
mixes the freshwater flux over a shallower water column, resulting in a development
of a freshwater cap. This stabilizes the water column and eventually switches ofl the
overturning thermohaline cireulation, It is also the reason why the surface salinity
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Variables under Mixed Boundary Conditions
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Fignre 4.11: Variables under mised boundary conditions (restoring time = 10 days).
(a) Maximum thermohaline civenlation; (h) surface temperatire; (¢) surface salinity;
(d) implied surface heat, lux; (e) temperature at 223 m; and (F) salinity at 223 m.
All but (a) are for a point at 43.2°1, 57.8°N. Solid lines are for mixed bonndary

conditions and dashed lines are for the cc;ghi.rul run,
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reduces in the warming phase under mixed houndary conditions, in contrast. to what
happens in the control ran. On the other hand, when the surface temperature in the
data is going down, surface heat-loss s enhanced and the freshwater is imixed down by
the inercased deep conveetion, The freshwater cap is diminished rapidly (Fig. 4.11¢)
and a violent overturning cirenlation (*flushes”) oceurs (Fig. 4.11a), resulting in a
farge heat loss (Fig. 4.11d).

Though the surface temperature is forced to relax to the control-run data, the
sub-surface Ltemperature and salinity are not directly controlled under any of our
surface conditions.  Under mixed boundary conditions, the sub-surface layers are
cooled and freshened when the *llush” events ocenr (compare (¢) and (T) with (a)
and (d) in Fig. 4.11). There is no agreement. with the control run.

When a vestoring boundary condition is applied Lo the surlace salinity as well
as the surface temperature, as in the both-restoring boundary condition experiment,
the feedback between heatl loss reduction and the development of the freshwater cap
is broken., The thermohaline eirenlation is therelore very well simuntlated. Needless to
say both the surface temperature and salinity are correct becanse of the use of restor-
ing conditions, Sub-surface temperatire and salinity are also correct, becanse their
values depend on the poleward heat/salt transport (associated with the thermohaline

cirendation) and vertical mixing with the surface temperature and salinity.



In the reversed mixed houndary condition experiment. the positive Teedback
hetween the development of a freshwater cap and heat-loss vednetion is extinguished
since hoth the surface heat flux and the surface salinity are now preseribed. Now
we analyze what happens to the controlled and uncontrolled variables in this case.
This time the surface freshwater hix changes with time sinee a restoring condition
is applicd to surface salinity nsing the time-varying 855 data from the control run,
When the surface salinity in the data is going np, a reduction of surlace freshwater
inpil. ocenrs and the deep conveetion process tends to be enhaneed, Heat is then lost
over a deeper water cobimu, cansing warmer surface water. This teudeney Tor surface
temperature to inerease with inereasing surface salinity is a feature of the control rn.
Note that the warming tendeney does not lead Lo a positive feedback (unlike what,
happens to the nncontrolled variable, 858, under mixed bonndary conditions) hecanse
warming ttsell will rednee deep convection. On the other hand, when the surface
salinity in the data is going down, an increase of surface freshwater inpot ocenrs amld
the deep conveetion process tends to be redneed. Heat is then lost over i shallower
Jestly, causing colder surface water. Again, this is consistent with what happens in
the control run. The cooling tendeney does not lead to @ positive feedback hecanse
cooling will enhance deep conveetion again. Thus even though surface temperature
is not, controlled in this case, it still has the correct valne,
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A common feature of the suecesshil experiments is that all of them have a
correet, surface heat flux disteibution (preseribed or implied, Fig. 4.12), whereas the
surface salt flux (Fig. 4.13) may differ. This shows the importance of getting the
surface heat flux correct becanse it is crucial to ensure there is always heat loss at
high latitudes in order to prevent the formation ol a freshwater cap and guarantee
a realistic thermohaline cirenlation. Getting the thermohaline cirenlation corrveet,
ensures Lhat the sub-swface variables also have the correet values. The results also
show that controlling surface salinity is more important than getting cvery detail
of the freshwater llux correct. These esults suggest that we can use both-restoring
houndary conditions or reversed mixed houndary conditions to simulate interdecadal

variations of the thermohaline circulation,
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Chapter 5

Summary and Conclusion

Observation shows that temperature and salinity in the North Attantie have decadal
and interdecadal variations [Lazier ((1980), Levitns (1989)a,he, Dickson of al. (1988),
Read and Gould (1992)] and there is evidenee which supports the idea that these
variations are associated with changes in ocean civenlation [Bjerknes (1964), Bryan
and Stoulfer (1991), Kushuir (1993), Delworth of al. (1993) and Deser and Black-
mon (1993), Greatbateh and Xu (1993)]. Motivated by this, we try to develop strate-
gies to simulate decadal or interdecadal variations of the ocean thermaohaline eirenla-
tion through an Qcean General Cirenlation Model (QGOM) using decadally-varying
surface data. We do this in an idealized North Atlantic sized hox geometry before
going on Lo the complexities of attempting realistic simnlations using real data in
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[utnre research. We experiment with different kinds of houndary conditions at, the
ocean surface to test, the behavior of the model in order to determine what surface
data are appropriate for this purpose. We do this becanse there is a desire to use
strface temperature and salinity data, since compared to flux data, they are more
acenrate and more readily available. The natural way to drive the occan is to use
the surface heat, and freshwater fluxes. Unfortunately data on these fluxes are too
uncertain and sparse,

The ocean model we nse is very similar to the well-known Bryan-Cox-Semitner
model. In order to determine what surface data is needed to drive the model, we
lirst, veprodueed the results deseribed by Zhang, Greathateh and Lin (1993). They
found that when a zero-heat-capacity atmosphere is coupled to the ocean model, a
cold, Tresh water pool is developed and advected horizontally and vertically by the
cirenlation in high latitudes, showing decadal time-seale oscillations, Temperature,
salinity, surface heat, and freshwater flix are outpnt from this control run and serve
as “observations” in the further experiments,

To stimulate the interdecadal variations with the “observations” (i.e. data from
the control run), fonr Kinds of surface boundary conditions are used: i) both-flux
honndary conditions, in which the time-dependent, heat Hux and [reshwater flux data
are imposed on the ocean surface: i) both-restoring houndary conditions, in which
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temperature and salinity at the top model level are restored to the time-dependent
SST and S88 data, respectively; i) mixed boundary conditions, in which the top-level
temperature is restored to the time-dependent SST data, while a llux boundary con-
dition is applied Lo salinitys and iv) “reversed mixed™ bonndary conditions, in which
the top-level salinity is restorad to time-dependent. 888 while the time-dependent.
sirface heat fhix is nsed Lo provide the surface bonndary condition for temperature,

The experiments show that all the choices work well exeept. mixed houndary
cotditions. It is found that a correct simulation of the thermohaline civenlation is nee-
assary [or a vealistic distribution of the sub-surface vartables. Under mixed boundary
conditions there is a positive feedback between the development of a freshwater cap
and heat-loss reduction, resulting in either a collapsed or violent overturning thermo-
haline eirenlation, in contrast to what happens in the control run. So mixed honndary
conditions are not, suitable for our purpose to stinnlfate interdecadal variations. Both-
restoring bonndary conditions break this feedback by controlling the surface salinity.
This guarantees a correct. deep convection and thermohaltine cirenlation and conse-
quently a correet distribution of the sub-surface temperatiure and salinity. In contrast
with mixed honndary conditions, reversed niixed bonndary conditions do not allow
a freshwater cap Lo grow cither becanse hoth the surface heat flux and the siuelace
salinity are controlled,
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A common feature of the successful experiments is that all of them have a correct
surface Leat flux distribution (preseribed or implied), whereas the surface freshwater
lux may defer (Lhough not significantly). This shows that whatever the bonndary
condition, it is neeessary to gel the surface heat flux scen by the occan correct in
order to have a realistic thermohaline cireulation. I also shows that controlling
surface salinity is more important than getting every detail of the freshwater flnx
correet (fortimately, freshwater flux data are the poorest). These results show that we
should use hoth-restoring boundary conditions or reversed mixed bonndary conditions

to sinmlate interdecadal variations of the thermohaline cireulation.
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