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Abstract. The results from an integration of a global 
ocean circulation model have been condensed into an 
analysis of the volume, heat, and salt transports among 
the major ocean basins. Transports are also broken 
down between the model's Ekman, thermocline, and 
deep layers. Overall, the model does well. Horizontal 
exchanges of mass, heat, and salt between ocean basins 
have reasonable values; and the volume of North At- 
lantic Deep Water (NADW) transport is in general 
agreement with what limited observations exist. On a 
global basis the zonally integrated meridional heat 
transport is poleward at all latitudes except for the lati- 
tude band 30°S to 45°S. This anomalous transport is 
most likely a signature of the model's inability to form 
Antarctic Intermediate (AAIW) and Antarctic bottom 
water (AABW) properly. Eddy heat transport is strong 
at the equator where its convergence heats the equato- 
rial Pacific about twice as much as it heats the equato- 
rial Atlantic. The greater heating in the Pacific suggests 
that mesoscale eddies may be a vital mechanism for 
warming and maintaining an upwelling portion of the 
global conveyor-belt circulation. The model's fresh wa- 
ter transport compares well with observations. Howev- 
er, in the Atlantic there is an excessive southward 
transport of fresh water due to the absence of the Me- 
diterranean outflow and weak northward flow of 
AAIW. Eddies in the mid-latitudes act to redistribute 
heat and salt down the mean gradients. Residual fluxes 
calculated from a sum of the computed advective (in- 
cluding eddies), forced, and stored fluxes of heat and 
salt represent transport mostly due to vertical sub-grid 
scale mixing processes. Perhaps the model's greatest 
weakness is the lack of strong AAIW and AABW cir- 
culation cells. Accurate thermohaline forcing in the 
North Atlantic (based on numerous hydrographic ob- 
servations) helps the model adequately produce 
NADW. In contrast, the southern ocean is an area of 
sparse observation. Better thermohaline observations 
in this area may be needed if models such as this are to 
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produce the deep convection that will achieve more ac- 
curate simulations of the global 3-dimensional circula- 
tion. 

1 Introduction 

The global ocean circulation plays a major role in de- 
termining the Earth's climate. In the simplest sense, 
the ocean absorbs heat in the tropical latitudes and 
transports it poleward. Satellite measurements show 
that the ocean's contribution to this heat transport is 
nearly equal to that of the atmosphere (Carissimo et al. 
1985). Two principle mechanisms for oceanographic 
heat transport are wind-driven gyre circulation and 
thermohaline-driven deep ocean overturning. The 
characteristics of these large scale processes are often 
determined by smaller scale processes such as meso- 
scale eddies, diffusion, and convection. Strong cur- 
rents, such as the Gulf Stream, exchange energy with 
mesoscale eddies and small-scale convective chimneys 
drive the deep ocean circulation. In the authors' opin- 
ion, any realistic formulation of the 3-dimensional glo- 
bal ocean circulation should include a representation 
of these meso- and small-scale processes over a global 
domain. Current technology makes possible explicit 
representation of meso-scale processes in global ocean 
models, yet important small-scale processes, such as 
deep convection, must still be parameterized. 

Efforts at constructing a global oceanic circulation 
budget were begun by Stommel and Arons (1960). 
Their work provides the framework for modern ocea- 
nographic thought on inter-basin abyssal circulation. 
They assume that there are two sources of abyssal wa- 
ter (water below 3000 m), one in the North Atlantic 
and the other in the Weddell Sea. A second assump- 
tion is that there is uniform upwelling of water in all 
ocean basins. Using observations placed under dynam- 
ical constraints, they outline the flow of abyssal water 
and give estimates for North Atlantic Deep Water 
(NADW) flow of 20 Sv (1 Sverdrup = 106 m3/s) and for 
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bottom water flow originating in the Weddell Sea of 
also 20 Sv. Residence time in the deep ocean is esti- 
mated to be between 200 and 1800 years. This general 
view has survived despite a great deal of observational 
and modeling studies done during the last 30 years. 

The World Ocean Circulation Experiment (WOCE) 
is designed to expand our observational base and pro- 
vide data that will help improve models (Woods 1985). 
The 5-year program will essentially give a snapshot of 
present ocean conditions along basin-wide cruise 
tracks; satellite observations will provide ocean surface 
height and wind forcing data. Even with this ambitious 
plan, the in situ observations will be sparse and the re- 
motely-sensed data will provide information only at 
the surface of the ocean. Modeling studies are essential 
in integrating sparse observations into a consistent pic- 
ture of the ocean's circulation and in predicting varia- 
bility that may lead to climate change. Modeling and 
being able to predict ocean circulation is a chief aim of 
WOCE. It has been only in the last 15 years that math- 
ematical modeling of the global ocean circulation has 
allowed us to integrate our observational and theoreti- 
cal knowledge of ocean circulation. And it has only 
been in the last five years that computer technology 
has been available to begin to model the general circu- 
lation of the global ocean with resolved eddies (Cher- 
vin and Semtner 1990). Verifying such model runs is 
difficult because of limited observational data; one in- 
tent of this paper is to distill the results of an eddy- 
resolving calculation into gross figures that are suitable 
for comparison with other global measures of volume, 
heat, and salt (or fresh water) transport. A still open 
question in climate modeling is "what is the role of 
meso-scale ocean variability in influencing Earth's cli- 
mate?" Since this is a model that begins to resolve 
ocean eddies in all the major ocean basins, it can be 
used for baseline research into this question. 

2 Modeling background 

Mathematical modeling of the global ocean with realis- 
tic coastlines and bathymetry was first accomplished by 
Cox (1975). Using the Bryan (1969) model, Cox inte- 
grated the primitive equations of motion on a 2 degree 
horizontal grid with 9 levels in the vertical. This model, 
referred to as the Bryan and Cox model, is a general 
tool for modeling ocean circulation in irregular do- 
mains having realistic coastlines and bottom topogra- 
phy. For more on the history and formulation of global 
ocean modeling see Semtner (1986a, b). 

Chervin and Semtner (1990) describe a formulation 
of the Bryan and Cox model that exploits the vector 
and multitasking features of modern supercomputer 
architectures. This revised model realistically simulates 
the global ocean circulation on a 0.5 degree horizontal 
grid with 20 levels in the vertical. An initial 20 year run 
of this model forced with annual-mean winds, tempera- 
ture, and salinity is described by Semtner and Chervin 
(1988). The change from Laplacian to biharmonic clo- 
sure of the frictional and diffusive parameterizations at 

year 18 of the simulation allowed for the spontaneous 
generation of mesoscale eddies. Starting at year 20, in- 
stantaneous fields of the prognostic variables were 
written at 3 day intervals to a history tape archive and 
the model was run for another 2.5 years with annual- 
mean forcing. These last 900 days have been divided 
into three 300-day segments from which statistical 
products have been computed. After 22.5 years, the ex- 
ternal forcing was changed from climatological annual- 
mean to monthly-varying, and the simulation was con- 
tinued for another 10 years. Statistical products have 
also been computed for each of these last 10 years. 
This paper concentrates on the latter 5 years of this 10 
year period. The ocean's simulated general circulation 
from this extension of the model is described by 
Semtner and Chervin (1992). 

This paper summarizes the model's climatological 
transports of volume, heat, and salt across idealized 
boundaries of the world's oceans. In addition, the ex- 
ternal forcing and storage within each basin is exam- 
ined. How these changed when the forcing was 
changed from annual-mean to seasonally-varying is 
also examined. The meridional transports of heat and 
salt are compared with measurements as a test of the 
model. Section 3 describes the partitioning of the ma- 
jor ocean basins and how the statistics were calculated. 
Section 4 discusses the model's volume budget, section 
5 the heat budget, and section 6 the salt and fresh wa- 
ter budgets. 

3 Calculation of the fluxes 

The oceans are divided into eight regions representing 
the major ocean basins as shown in Fig. 1. The Atlantic 
and Pacific are split into a North, a Tropical and a 
South basin with inter-basin boundaries at 15°N and 
15°S. The Indian is split into a North and a South basin 
with a boundary at 25°S. Each basin, in turn, is divided 
into 3 layers: (1) the surface layer from 0 m to 25 m, (2) 
the thermocline layer from 25 m to 710 m, and (3) the 
deep layer from 710 m to the bottom. These layers 
were chosen because of the different forcing used in 
each layer during the simulation. The surface layer's 
temperature and salinity were restored to the climato- 
logical values (Levitus 1982) on a monthly time scale, 
while the thermocline layer (except within 10 degrees 
of the north and south boundaries where temperature 
and salinity were restored to climatological values on a 
three-year time scale) was unforced after year 10 of the 
integration. The deep layer was continually restored to 
climatology on a 3-year time scale. Surface layer hori- 
zontal transports represent the total Ekman transport 
as the wind is applied at only this level and not in a 
variable depth mixed layer. The 9 model levels within 
the thermocline layer have the greatest degree of me- 
soscale variability because it would be maximal there 
anyway and because there is no restoring there during 
most of the simulation. The deep layer contains much 
of the global thermohaline circulation, yet still retains 
mesoscale variability as it is only weakly constrained to 
climatological observations. 
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Division of the Global Ocean for the Budget Analyses 

Global ocean volume = 131x10 TM m 3 

Global ocean surface area = 3.24 xl014 m 2 
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Fig. 1. Div i s ion  of the  global  ocean  for the  budge t  analyses .  T h e  8 boxes  are  split into 3 layers  whose  lateral  and  dep th  boun d a r i e s  are 
indicated.  T h e  v o l u m e  of  each  layer  is also n o t e d  

We have computed the transports of volume, heat, 
and salt across all inter-box faces. External thermohal- 
ine forcing was computed by subtracting the observed 
annual-mean climatological values of temperature or 
salinity from the 30-day mean and yearly mean simu- 
lated values. The appropriate forcing factors, (1 
month) -~ for the surface layer, and (3 years) -~ for the 
deep layer and the wall forcing in the thermocline 
layer, were applied to compute the external forcing of 
heat and salt. Storage of heat or salt was computed 
from the trends seen in our samples from the annual- 
mean and seasonal forced model runs. The samples are 
the three 300-day means from the annual-mean forced 
run, the years 5, 6, and 7, and the years 8, 9, and 10 
from the seasonally forced run. The three sets of data 
allow for statistically reasonable comparisons, although 
the latter two data sets yield nearly identical numbers, 
for example, when contrasted with the annual-mean 
forced results. In addition, we also use data from a 
mean over the last five years for computing meridional 
transports and implied surface fluxes. As the model is 
well equilibrated by year five of the seasonal run, inter- 
comparisons between the 5-year and 3-year means are 
valid. We did not directly compute the diffusive and 
convective fluxes, but instead estimated them by sum- 
ming the known fluxes into each box and assuming 
that the residual represents these sub-grid scale proc- 
esses. 

4 The model's volume budget 

The model's transport stream function is shown in Fig. 
2. Figure 2a is the mean transport over the seasonally 
forced years 6 through 10, and Fig. 2b is an instanta- 
neous snapshot from October of year 10. The ocean's 
mean currents and regions of mesoscale variability can 
be seen in these figures. Boundaries for the basins used 
in the budget analysis are indicated in these figures. 

Figure 3 shows the computed volume transports 
across each face of our "boxed" ocean. The results 
from both the annual-mean forced model run and the 
seasonally forced run are indicated in this Figure. The 
numbers in the plain font are from the annual-mean 
case and the numbers in bold are from years 5, 6, and 7 
of the seasonal run. The only major difference between 
the transports of these two cases is in the North Atlan- 
tic where the deep water formation in the seasonal run 
is about 20% larger. The deep water transport is 
greater in the latter case because the ocean responds to 
the annual-minimum temperature (and annual-maxi- 
mum salinity) rather than to the annual-mean of the 
external thermohaline forcing. In the North Pacific, a 
reversal of thermocline and deep layer exchange took 
place: the annual-mean downwelling of 1.7 Sv changed 
to an upwelling of 0.3 Sv. The consistency between the 
two cases in the rest of the interfacial transports indi- 
cates that a high degree of equilibration was attained 
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Fig. 2. Volume transport stream function for a the mean of years 6 through 10 of the seasonal run and b a snapshot from early October 
of year 10 of the seasonal run. Boundaries for the basins used in the budget analysis are indicated 

during the annual-mean forced run. The volume trans- 
ports from years 8, 9, and 10 are nearly identical to the 
transports from years 5, 6 and 7. 

The pattern of the global circulation seen in Fig. 3 

shows that in the North Atlantic, water flows south in 
the thermocline and deep layers with a total flow of 
14.1 Sv (seasonal years 5, 6 and 7). In contrast, the 
North Pacific has no deep equatorward flow. The deep 
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Interfac ia l  V o l u m e  Transports  
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Fig. 3. Interfacial volume transports in Sv (10 ~ m3/s). Numbers  in 
the plain font are from the annual-mean forced model run and 
the numbers  in the bold font are from the seasonally forced m o d -  

el run. The total zonal transports across 113°E, 70°W, and 20°E 
are shown next to the summation sign near the bot tom of the 
figure 

layer transport from the Tropical Atlantic into the 
South Atlantic is 13 Sv. An equivalent 13 Sv upwells 
into the thermocline layer of the South Atlantic and is 
the largest of all the vertical transports. This upwelling 
is necessary to balance the mass transport in the Atlan- 
tic (which has a closed boundary at 65°N), but it 
swamps any signature of intermediate or bottom water 
formation in the South Atlantic basin. The Weddell 
Sea (where most of AABW is formed) is a small part 
of the South Atlantic, and bottom water formation 
there is seasonal, episodic, and has sub-grid length 
scales. Our averaging over the whole South Atlantic 
and over several years probably masks any downwell- 
ing that occurs there. We should also note that the 
model's convective adjustment process causes vertical 
mass transport via mixing. Unfortunately, a measure of 
this mixing was not recorded in the history tape ar- 
chive, so these effects are not explicitly included in the 
large scale vertical advective transports shown in Fig. 
3, 

The spreading of deep water from the North Atlan- 
tic into the rest of the world's oceans is difficult to in- 
terpret from Fig. 3. Our averaging over large areas 
hides the true nature of these flows, which usually exist 
as narrow boundary currents. In contrast, this basin- 
scale averaging helps distinguish regional differences 
in the large scale flow. Semtner and Chervin (1992) de- 

scribe a narrow deep western boundary current of 
NADW in the Atlantic. This water flows via the Ant- 
arctic Circumpolar Current (ACC) into the Indian and 
Pacific Oceans, where according to the theory of Stom- 
mel and Arons (1960) it should uniformly upwell. 

The vertical transports between the thermocline 
and deep layers are near zero everywhere, except in 
the three basins of the Atlantic Ocean. Near the sur- 
face, we see a pattern that is consistent with the equa- 
torial divergences and mid-latitude convergences of 
the global wind forcing field. Ekman pumping in the 
Equatorial Pacific, with (as is shown later) augmenta- 
tion by eddy convergence of buoyancy, causes 50 Sv of 
upwelling into the surface layer. Upwelling into the 
surface layers of the Atlantic and Indian amounts to 22 
Sv and 4.7 Sv. The extra-tropical Pacific basins have 
downward vertical transports of order 20 Sv and the 
extra-tropical Atlantic and Indian have downwelling 
that is order 10 Sv, Though largely due to Ekman dy- 
namics and the basin's long zonal extent, the 50 Sv of 
upwelling in the tropical Pacific is considerable and 
must play a role in the thermohaline circulation. 

The zonal transport through the Indonesian Passage 
from the tropical Pacific to the Indian Ocean may be 
critical in determining how the surface water in the 
North Atlantic is replenished. As discussed by Gordon 
(1986) and Semtner and Chervin (1988), this passage is 
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Table 1. Layer residence times (in years) 
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Basin Annual-mean forcing Seasonal forcing: Years 5, 6, and 7 

Surface Therm Deep Surface Therm Deep 

North Atlantic 1.66 43.00 365.7 1.71 44.3 297.9 
Tropical Atlantic 0.698 16.46 172.4 0.698 17.5 164.0 
South Atlantic 2.41 7.61 30.0 2.43 7.32 29.3 
North Pacific 1.26 31.69 3050.0 1.31 34.77 17667.3 
Tropical Pacific 0.860 19.74 702.8 0.897 20.93 800.1 
South Pacific 2.22 14.54 66.0 2.28 14.33 64.4 
North Indian 2.84 65.34 364.9 2.90 68.24 353.8 
South Indian 2.43 8.47 31.1 2.42 8.24 30.4 

a conduit for the global conveyor-belt circulation. Var- 
iations in this transport may influence global climate 
patterns. As seen in Fig. 3, the throughflow is 17.7 Sv 
for the annual-mean case and 17.8 Sv for years 5, 6, 
and 7 (17.5 Sv for years 8, 9, and 10) of the seasonal 
case. Gordon (1986) discusses the observational esti- 
mates of Indonesian throughflow; they range from 
Fine's (1985) estimate of 5.1 Sv in the upper 300 m to 
Piola and Gordon's (1984) estimate of 14 Sv. Estimates 
from other numerical modeling studies include 7 Sv 
(Kindle et al. 1987), 16+4 Sv (Godfrey 1989), and 17 
Sv (Masamichi and Welsh 1990). Seasonal and interan- 
nual variability in the model's Indonesian throughflow 
is discussed by Long (1990). Long finds the weakest 
transport is 15.70 Sv in December and the strongest is 
21.28 Sv in April, corresponding to a strengthening of 
the North Equatorial current (NEC) in the Pacific. Be- 
cause the model is forced with identical monthly forc- 
ing from year-to-year we would not expect much inter- 
annual variability. The largest interannual variability, 
computed from a 5-year sample, is a 1.02 Sv deviation 
from the mean. This throughflow in our budget is at 
the high end of previously published values, perhaps 
because of the simplified geometry of the Indonesian 
archipelago. 

Another area where zonal transport can be com- 
pared to observations is in the ACC. The transports at 
Drake's Passage and south of Africa are both 197 Sv 
with annual-mean forcing and 203 Sv with seasonal- 
varying forcing. Current meter and hydrographic data 
taken from the Drake Passage show that the ACC 
transport is between 117 and 144 Sv (Whitworth et al. 
1982). Hydrographic measurements taken south of 
Africa give a similar value of 140 Sv (Whitworth and 
Nowlin 1987). As discussed by the FRAM Group 
(1991), general circulation z-coordinate models have 
difficulty computing bottom pressure drags and tor- 
ques in the presence of topography. Both the high re- 
solution FRAM model (1/2 degree in longitude, 1/4 de- 
gree in latitude) and the 2 degree resolution global 
model by Cox (1975) give ACC transports around 200 
Sv. Alternatively, standard hydrographic measure- 
ments or current meter arrays may underestimate the 
total flow because of undersampling. The ACC circula- 
tion seen in this and the FRAM model consists of nar- 

row meandering currents which may be missed in a hy- 
drographic survey. 

Estimates of residence times within each box are 
obtained by dividing the volume of the box by the total 
flow through the box. Table 1 shows the residence 
times in years for each layer in each basin for the an- 
nual-mean forced run and for years 5, 6, and 7 of the 
seasonal forced run. 

The most significant change from the annual-mean 
case to the seasonal forced case is in the deep North 
Atlantic where residence times decreased by 20% to 
298 years. An apparently more dramatic change occurs 
in the deep North Pacific where the residence time in- 
creased nearly 6 times. Because these time-scale calcu- 
lations neglect convection and diffusion, the advective 
flow through a layer may not give an accurate measure 
of the true residence time, especially in the deep North 
Pacific where advection is very small. Nevertheless, the 
residence time of the deep North Pacific is significantly 
greater than the other deep basins which illustrates its 
isolation from the major paths of the global ocean cir- 
culation. The effects of rapid transport by the ACC can 
be seen in the southern hemisphere basins where the 
largest residence time (from the seasonal case) is 64 
years in the South Pacific. 

5 Heat budget 

The temperature at 37.5 m is shown for an instant in 
October of year 10 in Fig. 4. Mean gradients and eddy 
features can be seen in relation to the boundaries of 
the basins. Figures 5, 6, and 7 show the heat budgets 
for the annual-mean forced run and for the two sam- 
ples from the seasonally forced run. For each layer in 
each basin the contributions to the heat budget by ex- 
ternal forcing, advection, and storage are shown. Sum- 
ming these terms gives a residual transport which rep- 
resents sub-grid scale transport processes. These resid- 
uals, which must be considered in order to have a bal- 
anced budget, are shown within parentheses in the fig- 
ures. 

We can infer a great deal about the model's per- 
formance from these figures. In general, the budgets 
show a warming of surface equatorial waters and ad- 
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Atlantic, South Atlantic, and South Pacific) where 
deep water is formed. The largest residual fluxes are in 
the surface and thermocline layers and represent main- 
ly vertical mixing which takes place between these two 
layers. 
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Fig. 4. Temperature at 37.5 m for an instant in early October of 
year 10 of the seasonal run. Contour interval is 1 Deg C. Boun- 
daries for the basins used in the budget analysis are indicated 

vective transport of these waters towards the poles. 
Heat is returned to the tropics by equatorward trans- 
port in the thermocline layer. External forcing of the 
deep layer, which substitutes for poorly resolved con- 
vective processes, is greatest in the three basins (North 

External forcing 

Fluxes of heat and fresh water between the atmo- 
sphere and the ocean are accomplished through the 
forcing of the model's surface layer toward observed 
climatological values of surface temperature and salini- 
ty. In effect, the model ocean is overlain by an atmo- 
sphere with prescribed seasonally varying fluxes. This 
pseudo-atmosphere also accounts for the transport of 
heat and fresh water between the ocean basins. Weak 
diagnostic forcing is applied below the surface layers of 
the model to help maintain the deep circulation and to 
augment poorly resolved convection. 

Using the basin-wide areal averages (Figs. 5, 6, and 
7), we can quantitatively assess how the model reacted 
when the external forcing was changed from annual- 
mean to seasonal. In the annual-mean run, the ocean 
north of 15°N was cooled at a rate of 213 TW 
(TW = 1022 W), the southern basins were warmed at a 
rate of 878 TW (Fig. 5). After the seasonal cycle was 
spun up, the northern hemisphere cooling increased to 
694 TW and the southern hemisphere warming de- 
creased to 459 TW (Fig. 6). These changes are mainly 
due to the increased formation of NADW during the 
seasonal run. Though the onset of seasonal forcing 
lowered the atmospheric warming of the ocean's sur- 
face below 15°S, it did not provide for enough convec- 
tion to increase bottom water formation significantly in 
the southern hemisphere. 

Lateral boundary forcing is applied to the thermo- 
cline layer within 10 degrees of the northern and 
southern boundaries. This forcing is a relaxation to- 
ward climatological temperature and salinity with a 
three year time constant. In the North Atlantic this 
forcing is two times larger than in any other region. 
This external cooling of 171 TW (Fig. 6) acts as a proxy 
for the missing Arctic Ocean. At all boundaries, the 
magnitude of wall forcing decreased when the forcing 
changed from annual-mean to seasonal. 

External forcing in the deep layers is of the same 
order of magnitude as surface layer forcing in the 
North Atlantic, South Atlantic, and South Pacific ba- 
sins. (It is an order of magnitude less in the remaining 
5 basins.) The ocean's cold deep water is formed in the 
North Atlantic, the Weddell Sea, and the Ross Sea. 
The model's diagnostic forcing corrects for inadequate 
deep convection by removing heat from the deep 
layers of these basins. Except for North Atlantic basin 
(which can have deep water inflow from the Arctic), 
this deep layer forcing has no physical analog - it is an 
artificial adjustment of heat content based on the mod- 
el's tendency to drift away from climatology. External 
forcing removes heat from the deep layer of each basin 
but the Tropical Pacific. Basins where deep water 
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Heat budget for the last 900 days of the annual-mean forced model nan 
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Fig. 5. Heat budget in TW (10 ~2 watts) for the last 900 days of the 
annual-mean forced model run. Solid filled arrows represent ex- 
ternal forcing, plain arrows represent advective transport be- 
tween layers, open filled arrows represent the storage within the 
layer, and the broken arrows represent the sub-grid scale trans- 
ports into or out of the layer. Wide arrows indicate transports 

greater than 1000 TW, medium-sized arrows are for transports 
between 500 and 1000 TW, and thin arrows indicate transports 
less than 500 TW. The total zonal transports across 113°E, 70°W, 
and 20°E are shown next to the summation sign near the bottom 
of the figure 

forms (the North Atlantic and the South Atlantic) con- 
sistently have the largest removal of heat (Figs. 5, 6, 
and 7). These fluxes, which are order  300 TW, indicate 
the magnitude of additional deep convection that is re- 
quired for the model to properly form deep water. 

H e a t  s torage 

Storage of heat is represented by the open- f i l l ed  a r rows  
in Figs. 5, 6, and 7. An arrow leaving the box shows the 
removal of heat from the box's budget;  in other  words 
it indicates a rise in temperature  for the box. The un- 
forced thermocline layers have the most heat storage 
with a relatively high positive temperature  trend in all 
basins during the annual-mean forced run. With the 
change to seasonal forcing these trends decrease. Sea- 
sonal forcing causes the surface layer temperature  to 
decrease below the annual mean during the winter 
months. This leads to proper  seasonal ventilation of 
the thermocline layers and hence a lowered tempera-  
ture trend. 

The thermocline layer warming is consistent with 
the net positive external forcing applied at the surface, 
walls, and within the deep layer. The total external 

forcing for years 5, 6, and 7 is 612 TW, for years 8, 9, 
and 10 it is 679 TW. This later amount  of forcing would 
warm the global ocean at a rate of 0.039 °C/decade. 
The net surface imbalance averages about only 2 W/ 
m 2, which is a small percentage of the total surface flux 
and far smaller than the 10-20 W/m 2 discrepancies 
seen in coupled air-sea models. 

H e a t  advec t ion  

As mentioned above, heat flows away from the equa- 
torial regions in the surface layer and returns in the 
thermocline layers. An exception is in the Indian 
Ocean where there is about 300 TW poleward trans- 
port  across 25°S within the thermocline (Figs. 6 and 7). 
From Fig. 7, the total temperature  transport  through 
the Indonesian archipelago is 1077 TW and the total 
transport  f rom the North Indian into the South Indian 
is a comparable 1148 TW. So the North  Indian is a con- 
duit for heat that comes from the equatorial Pacific 
and goes into the South Indian. 

The advective heat transports shown in Figs. 5, 6, 
and 7 are most readily interpreted when they are sum- 
med on an interface that has zero net mass flux, or if 
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Heat budget for years 5, 6, and 7 of the seasonally forced model run 
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Fig. 6. Heat budget in TW (1012 watts) for years 5, 6, and 7 of the seasonally forced model run. Same conventions as Fig. 5 

they are compared with the heat transport on another 
interface that has an identical mass flux. Three of the 
latter interfaces are those separating the three major 
oceans at 113 E, 70 W, and 20 E. The respective east- 
ward transports are 1903 TW, 2448 TW, and 1698 TW 
(shown next to the summation sign in Fig. 6). The dif- 
ferences in these transports gives us the heat gained or 
lost in each ocean: the Indian loses 205 TW, the Pacific 
loses 545 TW and the Atlantic gains 750 TW. (The dif- 
ferences for years 8, 9, and 10 are respectively 151 TW, 
534 TW, and 685 TW.) This model's Atlantic heat gain 
compares well with Hastenrath's (1982) estimate of 690 
TW. 

Residual fluxes 

The residual flux (representing subgrid scale transport) 
for a layer is obtained by summing the computed ad- 
vective, forced, and storage fluxes. It is indicated for 
each layer in Figs. 5, 6, and 7 by a number enclosed in 
parentheses. The broken arrows next to these numbers 
are a graphic representation of the additional fluxes 
that are needed to balance the budget. These residual 
flux arrows point either into or out of the layer; they 
do not point towards a particular layer because they 

may go to any adjacent layer. The calculation of these 
residuals does not allow the exact source or sink to be 
specified. 

These residual fluxes are attributed to sub-grid scale 
mixing processes that have been parameterized in this 
simulation, namely diffusion and convection. Horizon- 
tal mixing is accomplished by biharmonic diffusion, 
and vertical mixing is parameterized in terms of the 
Richardson number as in Pacanowski and Philander 
(1981), as well as by convective adjustment. A simple 
case of how the residual fluxes balance between adja- 
cent layers can be seen in the North Pacific of the sea- 
sonal years 5, 6, and 7. The sum of the known fluxes 
(advection, forcing and storage) into the surface layer 
is 464 TW. The sum of the known fluxes into the ther- 
mocline layer is -465 TW. The budget for these layers 
can be nearly balanced by assigning a transport of 464 
TW from the surface to the thermocline. This is a plau- 
sible downward heat flux due to sub-grid scale mixing 
processes. This assumed flux is in the same direction as 
the advective flux between these layers and about 20% 
of its magnitude• Since the residual fluxes for the sur- 
face and thermocline layers in most of the other basins 
are nearly the same magnitude but have opposite signs, 
we may assume that vertical mixing between these 
layers accounts for much of the residual flux in these 
layers. 
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Heat budget for years 8, 9, and 10 of the seasonally forced model run 
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Fig. 7. Heat budget in TW (1012 watts) for years 8, 9, and l0 of the seasonally forced model run. Same conventions as Fig. 5 

The value in parentheses outside of the lower-left 
corner of the box is the total residual flux for each ba- 
sin. It represents the sub-grid scale horizontal trans- 
ports among the basins and probably includes errors 
introduced by approximations that were made. (For in- 
stance, our calculation of storage is approximate, as it 
is a difference between the mean temperatures of the 
first and last years of the sample.) To see how the basin 
residuals represent horizontal diffusive transport, con- 
sider the North and South Indian basins. Figure 4 
shows a strong meridional temperature gradient along 
the boundary separating these basins. Horizontal diffu- 
sion across this boundary may account for some of the 
31 TW surplus in the north and for most of the 9 TW 
deficit in the south (Fig. 7). As a measure of the rela- 
tive error in our method we can sum the residuals for 
all of the basins: from the annual-mean run the total is 
- 7 1  W, from years 5, 6, and 7 it is - 2  TW, and from 
years 8, 9 and 10 it is 14 TW. These errors are small in 
comparison to the model's major transports, which are 
order 1000 TW. 

Meridional heat transport and implied heat fluxes 

With T and V representing the instantaneous 3-day 
temperature and meridional velocity, and an overbar 

(--)  representing a 5-year mean of these values, then 
the 5-year mean of the meridional heat transport may 
be decomposed into mean and fluctuating compo- 
nents: 

pep VT = (flCp) (V--}- V#) ('iP-I -- Tt)  -- (pCp) (VT-[- Vt ~ )  

The first term on the right is the meridional trans- 
port due to mean currents and the second term on the 
right is the meridional transport due to eddies. Figure 
8a shows the vertically integrated meridional transport 
of heat summed zonally over the global ocean from the 
last 5 years of the seasonal run. The solid curve is the 
total transport ( p C p ~ ) ,  which includes the transport 
due to eddies, and the dashed curve is the eddy trans- 
port (pCpV'  T ' ) .  

The maximum total northward transport of 1.37 PW 
(10 ls watts) at 14°N is about half of that derived from 
satellite and radiosonde observations (Carissimo et al. 
1985) but about the same order as that computed from 
hydrographic observations and surface heat budget 
analyses (Hastenrath 1982). In the southern hemis- 
phere the peak poleward transport is 0.7 PW at 12 °S. 
An interesting feature occurs in the region from 45°S 
to 30°S where the heat transport is equatorward with a 
maximum of 0.3 PW at 40°S. This feature may not 
have appeared in non-eddy-resolving simulations of 
the global circulation (e.g. Maier-Reimer and Mikola- 
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jewicz 1989) because in these models lateral diffusion 
dominates, forcing the poleward transport of heat. 
Semtner and Chervin (1992) discuss how the anomaly 
in this simulation may not be a real feature of the 
ocean circulation and might be due to weak Antarctic 
Bottom Water (AABW) formation or due to poor re- 
solution of high-latitude eddies which would better mix 
heat across fronts of the ACC. If the model's transport 
of AABW was increased by 20 Sv, and it transported 
water that was on average 5 degrees colder than the 
surrounding water then poleward heat transport in the 
45°S to 30°S latitude band would increase by 0.4 PW, 
nullifying the equatorward transport. We may need to 
improve both the explicit formation of deep water and 
the representation of high-latitude eddies if we are to 
have meridional heat transport that is antisymmetric 
about the equator, as is seen in indirect measurements 
(Carissimo et al. 1985). 

There is a possibility that equatorward, heat trans- 
port may be a real feature of the southern ocean. A 
direct measurement of the ocean heat transport at 30 ° S 
gave a northward transport of 1.15 to 2.27 PW (Ben- 
nett 1978). Bennett's measurement greatly exceeds the 
model's transport (which is near zero at 30°S), but 
along with these model results, it raises a question of 
whether the ocean does transport heat equatorward in 
the southern hemisphere. If the equatorward heat 
transport is real, then it may be because of the geome- 
try or phenomena in a particular basin, such as the 
South Atlantic where heat is added at a high southern 
latitude. If there is not enough poleward transport in 
the Pacific and Indian Oceans, then the northward 
transport in the South Atlantic (of order 0.5 PW in Fig. 
8b) may show up as an equatorward transport in sum- 
mation over the global ocean. Another possibility is 
that strong westerlies in this latitude belt drive a shal- 
low circulation cell which transports warm surface wa- 
ter equatorward. In Fugio and Imasoto's (1991) diag- 
nostic calculation of circulation in the Pacific, the heat 
transport is less than 0.15 PW poleward between 30°S 
and 45°S. Direct measurements in the South Pacific 
(Wunsch et al. 1983) indicate negligible poleward heat 
transport at 28°S and 43°S. So the South Pacific's pole- 
ward heat transport may not be large enough to coun- 
teract the anomalous equatorward transport in the 
South Atlantic. Whether the global ocean's equator- 
ward heat transport is real or not awaits more exten- 
sive direct measurements as well as further examina- 
tion of this and other model data sets. 

Eddies transport a maximum 1.28 PW toward the 
equator at 3.5°N (Fig. 8a). The large eddy heat trans- 
ports in the tropics are strongly associated with tropical 
instability waves (e.g. Legeckis 1977) which are strong- 
er in the Pacific than in the Atlantic (Figs. 8b and 8c). 
The tropics, more than any other latitude belt, contain 
the largest eddy heat transports. This may be a result 
of the model's 0.5 degree resolution which gives better 
resolution of mesocale disturbances at low latitudes 
than at high latitudes. Bryan (1991) compares a hierar- 
chy of models of increasing resolution and concludes 
that eddies do not change the poleward transport of 
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heat. Instead, they generate mean flows which tend to 
cancel the fluxes caused by eddies. This direct interac- 
tion between eddy and mean flow is supported by Figs. 
8a, 8b, and 8b where there is virtually no correlation 
between the total and eddy heat transports. Eddies, as 
we see later, may still influence global oceanic heat 
transport  by mixing buoyancy and aiding vertical trans- 
port  along critical routes of the thermohaline circula- 
tion. 

Figure 8b shows the total (solid) and eddy (dashed) 
meridional heat transport  summed zonally over the 
Atlantic Ocean. Total heat transport  is northward at 
all latitudes with a peak of 0.82 PW at 13.5 N. The 
South Atlantic heat transport  is anomalous in that it 
flows to the north rather than poleward. Gordon  
(1986) states that this anomaly is due to the introduc- 
tion of warm water that enters the Atlantic via a 
branch of the Agulhas current that does not curl back 
into the Indian Ocean as part of the Agulhas retroflec- 
tion. Computer  animations of the temperature  field 
from this model indeed show that warm-core eddies 
are shed off the Agulhas Current  which then move to 
the west-north-west across the South Atlantic. (Copies 
of this video in NTSC or P A L  format  may be obtained 
by contacting one of the authors.) The F R A M  group 
(1991) estimates that these eddies are responsible for a 
heat flow of 0.2 PW into the Atlantic. 

As an example of how heat is t ransported by cur- 
rents in the South Atlantic, Fig. 9 shows the meridional 
temperature  transports at 32°S and 15°S (shading indi- 
cates northward transport). The transport  east of the 
prime meridian at 32 S adds 1.82 PW to the Atlantic 
and the transport  west of the prime meridian (mostly 
due to the western boundary current  along the coast of 
South America) takes away 1.18 PW (Fig. 9a). Sum- 
ming the two gives a net heat gain for the Atlantic of 
0.64 PW. The net heat gain at 15°S (Fig. 9b) is a similar 
0.57 PW, but  the current structure is quite different. 
The region of equatorward transport  has moved west 
and has concentrated much of its flow into a western 
boundary current. Northward temperature  transport  is 
confined mostly to the upper 25 m, the sum of which is 
0.73 PW, as indicated by the surface layer transport  
shown in Figs. 6 and 7. 

At  25°N the total northward heat transport  is 0.67 
PW, somewhat less than the 1.2_+0.3 PW computed 
from hydrographic measurements at this latitude (Hall 
and Bryden 1982), but within the seasonal range of 

Fig. 9a, b. Zonal section of the meridional total temperature 
transport in units of deg C cm/s in the Atlantic. Northward trans- 
port is shaded, southward transport is shown with dashed con- 
tours. To convert to Watts/m 2 multiply by 41800. a At 32°S; heat 
added to the Atlantic between 0°E and 20°E (the region of spin- 
off eddies from the Agulhas) amounts to 1.82 PW. Heat taken 
away by the western boundary current between 60°W and 0°E 
amounts to 1.18 PW, leaving a net gain of 0.64 PW. b At 15°S; 
northward temperature transport is concentrated in a western 
boundary current. Southward transport is in the surface layer and 
in a poleward flowing eastern boundary current. The Atlantic 
gains 0.57 PW at this latitude 
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0.57 to 0.75 PW calculated by a higher resolution mod- 
el of the Atlantic Ocean (Bryan and Holland 1989). 
Both models transport  N A D W  at a rate of 15 Sv, 
which is still significantly less than other estimates 
which range around 20 Sv (e.g. Stommel and Arons 
1960). The disagreement between the models and the 
observation indicate that underest imated overturning 
transport  may cause less than observed meridional 
heat transport.  We should also note  that increased ho- 
rizontal model resolution does not necessarily improve 
overturning circulation. 

Eddy heat transport  throughout  most of the Atlan- 
tic is small compared to the total transport.  However  
between I°N and 5°N there is equatorward eddy trans- 
port, with a maximum of 0.17 PW at 3°N. This relative- 
ly weak transport,  compared to that in the Indo-Pacific 
(Fig. 8c), is consistent with the model 's  weaker tropical 
instability wave activity in the Atlantic. The effective 
heat flux due to eddies in the Atlantic (Fig. 10b) is or- 
der 100 W/m 2. Bryan and Holland's (1989) 1/3 degree 
in latitude, 2/5 degree in longitude model  of the North 
Atlantic does give higher mid-latitude eddy transports 
(0.1 PW poleward at 40°N) than this 1/2 degree model  
(0.05 PW poleward at 43°N), but does not show the 
eddy heat convergence at the equator.  

Figure 8c shows the total and eddy heat transports 
for the Indo-Pacific ocean (bounded by the 20°E and 
70°W meridians). The total circulation transports twice 
as much heat southward at 12°S (1.2 PW) as it does 
northward at 13°N (0.55 PW). This is most certainly 
because of the large southward heat transport  that 
takes place in the Indian Ocean (Fig. 7 and Hastenrath  
1982). The eddy heat transport  within 20 degrees of the 
equator  is of the same order  as the total transport; the 
convergence of eddy heat transport  at the equator  is 
200 W/m 2 (Fig. 10c). This zonal average over the Indo- 
Pacific basin matches fairly well the value of 245 W/m 2 
computed by Bryden and Brady (1989) from upper- 
level current meter  observations taken in the Pacific at 
152°W and l l0°W.  This convergence of heat at the 
equator  by eddies may be a vital mechanism for warm- 
ing an upwelling port ion of the global conveyor-belt  
circulation. 

Derived total and eddy heat fluxes for the global, 
Atlantic, and Indo-Pacific oceans (computed by differ- 
entiating the transports with respect to latitude and 
then dividing by the width of the basin) are shown in 
Fig. 7. A 2-degree latitude filter was applied to sup- 
press noise that results f rom the differencing opera- 
tion. The filter was not applied within 1 degree of the 
equator  for the eddy transports in order  to preserve 
the magnitudes of the equatorial  convergences. Solid 
curves indicate that atmospheric surface heat fluxes 
that are computed from the total heat transport  and 
are hence required by the model 's  circulation. A down- 
ward heat flux of 50 W/m 2 is a plausible value for the 
heating of the ocean by the atmosphere at the equator  
(Hastenrath and Lamb 1977). At  mid- and high-lati- 
tudes the global ocean (Fig. 10a) loses heat to the at- 
mosphere  except around 40-50°S and 45-50°N. The 
highest heat flux out of the ocean is over 100 W/m 2 at 
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65°N and most of this flux takes place in the Atlantic 
(compare Figs. 10b and 10c). The relative importance 
of eddy heat flux (dashed curves) is easily seen in these 
figures. 

Effective eddy fluxes are of the same order as total 
surface fluxes at all latitudes and tend to be out of 
phase, especially in the 30-50 latitude bands. The out- 
of-phase fluctuations indicate the role that eddies play 
in the mid-latitudes. By bringing cold water to the sur- 
face, upwelling in a cyclone increases atmospheric heat 
input and the horizontal temperature gradients caused 
by the upwelling allow instabilities where eddies grow. 
The eddies then act to redistribute heat down-gradient. 
Likewise, downwelling in an anticyclone increases sur- 
face temperatures and eddies act to diverge heat away 
from the centers of downwelling. These fluctuations 
have latitudinal scales of 300 Km - the characteristic 
length scale of Gulf Stream rings. It will be interesting 
to see the effect of eddies when global models are able 
to resolve motions at scales smaller than the mid-lati- 
tude radius of deformation. 

Salt budget 

The salinity at 37.5 m is shown for an instant in Octo- 
ber of year 10 in Fig. 11. Mean gradients and fronts can 
be seen in relation to the boundaries of the basins. Fig- 
ures 12, 13, and 14 show the salt budgets for the an- 
nual-mean forced run and the seasonally forced run. In 
general, evaporation exceeds precipitation in the high 
latitude basins (indicated by the external forcing of salt 
into the surface) and precipitation exceeds evaporation 
in the equatorial basins. Of course in the real ocean, 
fresh water, and not salt, is transported across the air- 
sea interface. For the transports and fluxes shown in 
Fig. 12 through 15, the equivalent fresh water transport 
can be estimated by dividing the salt transport by a ref- 
erence ocean salinity of 35 x 103 g/m 3 and reversing the 
sign. For instance, the global salt transport of 28 Gg/s 
(1 Gg/s--109 g/s) across the equator (Fig. 15a) is equi- 
valent to a southward fresh water transport of 0.8 x 106 
m3/s. This equivalence is valid because the net mass 
flux across this interface is zero. 

External forcing 

The most notable surface layer forcing is in the South 
Indian where there is 12 Gg/s transport of salt into the 
layer for both annual-mean forced and seasonal forced 
cases. In terms of an evaporative flux this represents 
about 0.34 x 106 m3/s or 300 mm/yr of evaporation over 
the surface of this layer. Another  area of high external 
forcing is the North Atlantic which has 260 mm/yr 
evaporative flux. The basin which has the highest fresh 
water input is the Tropical Pacific where there is an 
input of 116 mm/yr. In comparison, the Atlantic from 
15°S to 15°N has a fresh water flux of 70 ram/yr. 

Our division of the global ocean into these 8 basins 
is not the most appropriate for analyzing surface fluxes 
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o 

o 

Fig. 11. Salinity at 37.5 m for an instant in early October of year 
10 of the seasonal run. Contour interval is 0.2 ppt. Boundaries for 
the basins used in the budget analysis are indicated 

of fresh water. Excess precipitation occurs from the 
equator to 10°N (the intertropical convergence zone, 
ITCZ) and mid-latitude excess evaporation extends 
from the ITCZ to 40°N and to 40°S. Our latitudinal 
basin boundaries of 15°N and 15°S and the large size 
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Salt budget for the last 900 days of the annual-mean forced model run 
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Fig. 12. Salt budget in Gg/s (i0 ~ g/s) for the last 900 days of the 
annual-mean forced model run. Solid fi l led arrows represent ex- 
ternal forcing, plain arrows represent advective transport be- 
tween layers, open filled arrows represent the storage within the 
layer, and the broken arrows represent the sub-grid scale trans- 
ports into or out of the layer. Wide arrows indicate transports 

greater than 1000 Gg/s, medium-sized arrows are for transports 
between 500 and 1000 Gg/s, and thin arrows indicate transports 
less than 500 Gg/s. The total zonal transports across 113°E, 
70°W, and 20°E are shown next to the summation sign near the 
bottom of the figure 

of our basins tend to average out much of these fresh 
water flux features. Figure 38 in Semtner  and Chervin 
(1992) shows a contour  plot of the salinity forcing, indi- 
cating areas where there is fresh water forcing of the 
surface layer. The Tropical Atlantic is visibly freshened 
by the Amazon River and the Tropical Pacific is fre- 
shened by excess precipitation. Excess evaporation 
takes place in the mid-latitudes with largest values oc- 
curring in the South Indian in association with the 
Agulhas current  and its retroflection. 

Lateral  boundary  forcing of salinity is very similar 
to the external wall forcing of temperature.  Every- 
where heat is removed from the thermocline, salt is 
also removed. Deep  layer diagnostic forcing is small in 
all basins except for the North Atlantic and the South 
Atlantic where salt is removed (fresh water added) by 
the external forcing. The largest salt forcing is in the 
deep South Atlantic where 6 Gg/s is removed (a fresh 
water inflow of 0.17 Sv). The deep layer forcing in the 
North Atlantic adds 0.11 Sv of fresh water. Fresh water 
is added to this layer by the diagnostic forcing as a 
proxy for fresh water input f rom the Arctic Ocean. In 
addition, salt is added near the outflow of the Mediter- 
ranean in lieu of an actual salty flow. 

Storage 

The salinity trend in the unforced thermocline layer 
decreases in all basins but  the North Atlantic and 
North Indian when the forcing was changed from an- 
nual-mean to seasonal. As with temperature,  the Trop- 
ical Atlantic shows the greatest trend, and the trend of 
the South Atlantic during the last 3 years is opposite to 
the trend in the other basins. For  all basins but the 
South Indian, salinity in the thermocline increases, 
which is consistent with the net addition of salt by ex- 
ternal forcing. Total external forcing for years 5, 6, and 
7 is 19.65 Gg/s; when applied over the global ocean this 
gives a trend of 0.0047 ppt/decade. Represented as a 
flux through the surface of the global ocean the aver- 
age net evaporat ion is 54 mm/year. 

Salt advection 

Like heat, salt is t ransported throughout  the ocean by 
wind and thermohaline driven circulations. For  this 
reason the general nature of salt advection is similar to 
that of heat advection which has been described above 
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Salt budget for years 5, 6, and 7 of the seasonally forced model run 
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Fig. 13. Salt budget in Gg/s (109 g/s) for years 5, 6, and 7 of the seasonally forced model run. Same conventions as Fig. 12 

and is shown in Figs. 5, 6, and 7. The salt budget (Figs. 
12, 13, and 14) shows a poleward transport away from 
the equatorial surface layers and a return to the equa- 
torial regions via the thermocline and deep layers. In 
the North Atlantic there is a nearly equal partition of 
this flow in these layers across 15°N; whereas in the 
North Pacific the equatorward salt transport is solely in 
the thermocline layer. This difference further illus- 
trates the presence of deep water formation with equa- 
torward transport in the North Atlantic and no deep 
water formation in the North Pacific. 

Comparing the zonal transports across 113 ° E, 70°W 
and 20°E we see that the Indian loses 16 Gg/s, the Pa- 
cific gains 9 Gg/s, and the Atlantic gains 7 Gg/s (Fig. 
13). The 7 Gg/s gain in the Atlantic amounts to a fresh 
water export of 0.20 SV. The Indian gains 0.46 Sv of 
fresh water and the Pacific exports about 0.26 Sv. 
These numbers differ from observational estimates 
which include the net water transport from the Pacific 
to the Atlantic via the Arctic Ocean (Baumgartner and 
Reichel 1975). 

Residual fluxes 

Figures 13 and 14 show that there is a near balance 
between the surface and thermocline layer residual 
fluxes. For salt, the implied sub-grid scale vertical 
transports are typically about 35% of the advective 

transports, and they are in the same direction as the 
advective transports. 

As with the residual heat fluxes, we can use the total 
residual salt flux as an approximate measure of the er- 
ror in our method. For the annual-mean case the total 
of the residuals is 1.1 Gg/s. The totals of the residuals 
for the two samples from the seasonal run are a bit 
higher: for years 5, 6, and 7 it is 2.5 Gg/s, and for years 
8, 9, and 10 it is 2.0 Gg/s. The horizontal diffusive 
transport of salt is a little less clear than it is for heat. 
Only the annual-mean run and years 5, 6, and 7 show 
an implied diffusive transport of fresh water from the 
North Indian to the South Indian (as would be ex- 
pected considering the gradient that is seen along the 
boundary in Fig. 11). 

Meridional salt transport and surface fresh water 
fluxes 

Figure 15a shows the depth and latitude integrated salt 
transports for the global ocean. These transports are 
computed in the same way as the meridional heat 
transports which are shown in Fig. 8. Heat  is trans- 
ported away from tropical regions because that is 
where heat is input to the ocean from the atmosphere. 
The meridional transport of salt responds in the same 
way. In southern hemisphere mid-latitudes, salt is 
transported away from regions of excess evaporation, 
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Salt budget for years 8, 9, and 10 of the seasonally forced model run 
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Fig. 14. Salt budget Gg/s (10 ~ g/s) for years 8, 9, and 10 of the seasonally forced model run. Same conventions as Fig. 12 

much of it occurring in the South Indian Ocean (see 
Figs. 13 and 14). The Northern hemisphere salt trans- 
port is a bit more complex because in the 1TCZ (cen- 
tered at 5°N), a considerable amount of fresh water is 
added to the ocean. The effect of this in the ocean cir- 
culation is a transport of salt toward the ITCZ. In the 
mid-latitudes, from 15°N to 40°N, evaporation exceeds 
precipitation and salt is transported poleward. 

Eddies in the Pacific vigorously transport salt north- 
ward across the equator; whereas in the Atlantic, ed- 
dies transport salt southward toward the equator (Figs. 
15b and 15c). The stronger Pacific eddy transport is 
due to the sharper gradient of salinity at the equator 
caused by the meeting of relatively fresh North Pacific 
Central Water and the salty Pacific Equatorial Water. 
The eddy convergence of salt in the Indo-Pacific is 
quite strong; it amounts to an effective evaporation of 
2 m/yr or 0.0024 g/s/m 2 of salt flux (Fig. 16c). This flux 
of salt at the equator will increase the density of the 
water, perhaps compensating for the decrease of densi- 
ty caused by the 200 w/m 2 convergence of heat by ed- 
dies. A simple calculation using a linear equation of 
state shows the relative importance of the heat and salt 
convergences in the equatorial Pacific. The change in 
near-surface water density (zXp) can be approximated 
using a linear equation of state: 

Ap =/3AS - c~A T, 

using values of o~ and /3 for equatorial surface water 
and the equatorial peaks of the vertically integrated 

eddy fluxes from Figs. 10c and 16c, the ratio of the 2 
terms on the right hand side is: 

/3AS _ 0.142= 1 
oeA T 7 

therefore, the heat contributed by eddies in the Pacific 
contributes 7 parts positive buoyancy for each part of 
negative buoyancy contributed by the eddy transport 
of salt. 

Much can be revealed by examining the derived sur- 
face fresh water fluxes that the circulation of this mod- 
el requires. Figure 16 shows the total (solid curves) and 
the effective eddy (dashed curves) fresh water fluxes 
for the global, Atlantic, and Indo-Pacific Oceans. 
These were computed by taking the divergence of the 
meridional salt transport (Fig. 15) and dividing by 
- 3 5  x 103 g/m 3. Again, a 2-degree filter was applied, 
except for the eddy convergences at the equator. Posi- 
tive values in the total flux indicate a freshening of the 
ocean by atmospheric or riverine input. Negative val- 
ues show that evaporation exceeds precipitation and 
river run-off. The total fresh water flux curve for the 
Atlantic (Fig. 16b) is similar to observed values shown 
in Gordon and Piola (1983). The largest deviations are 
within the ITCZ where the model's fresh water input 
of 2 m/yr exceeds the value of 1.2 m/yr (determined by 
a combination of river runoff, evaporation, and preci- 
pitation for the Atlantic), and at high latitudes where 
at 60°N the model's fresh water input of 1 m/yr is 
about twice the observed value shown in Gordon and 
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Piola's figure. The total fluxes for the Indo-Pacific (Fig. 
16c) show a similar pat tern to the Atlantic, but  the ex- 
tremes are about  half the magnitude and the fresh wa- 
ter influx does not extend to the northern boundary. 

O c e a n i c  f r e sh  wa ter  t ranspor t  

Wijffels et al. (1992) discuss the importance of the 
fresh water transport  from the Pacific to the Atlantic 
via the Arctic Ocean. This model  has no Arctic Ocean 
and the wall forcing at the nor thern boundaries is an 
inadequate substitute for the flow that occurs there. 
For  instance, the diagnostic forcing at the North Pacific 
wall introduces 0.049 Sv of fresh water into the Pacific. 
This is opposite to what is observed by Coachman and 
Aagaard (1988). They  measured a 0.8 Sv flow of rela- 
tively fresh, 32.5 ppt, water flowing from the Pacific to 
the Arctic. This is a 0.77 Sv transport  of fresh water out 
of the Pacific. Adding the net fresh water input that 
occurs in the Arctic, the flux of fresh water into the 
Atlantic f rom the Arctic is 0.95 Sv. Wall forcing in the 
model 's  North Atlantic adds only 0.09 Sv of fresh wa- 
ter and deep layer forcing adds only another  0.08 Sv 
(Fig. 14). 

The model 's  fresh water transport  can be calculated 
from Fig. 15 by dividing by 35 x 103 g/m 3 and reversing 
the sign. This is valid because in the model  the merid- 
ional mass transport  is zero along these curves. For  the 
Atlantic and Indo-Pacific basins we can adjust the 
fresh water transports by adding the known fresh water 
exchange with the Arctic Ocean. Figure 17 shows these 
adjusted fresh water transports for the global, Atlantic, 
and Indo-Pacific oceans ( so l id  curves) .  The observed 
transports, computed by integrating Baumgartner  and 
Reichel 's (1975, Table XXXV) fresh water flux data 
along the 5 degree latitude bands, are shown as d a s h e d  
curves  with as ter i sks  in Fig. 17. The model 's  transport  
integrated over the globe (Fig. 17a) compares quite 
well with the inferred transport  computed from surface 
fluxes. It is also a good complement  to atmospheric 
water vapor transport  (do t t ed  curves  with circles, Fig. 
17a) as inferred from radiosonde observations by Peix- 
6to and Oort  (1983). The Indo-Pacific transport  also 
compares quite well with the observed data (Fig. 17c). 
However ,  in the Atlantic, the model  transports too 
much fresh water southward, or too much salty water 
northward (Fig. 17b). The absence of an actual flow of 
salty Medi terranean water, and a weak northward flow 
of relatively fresh Antarctic Intermediate Water  
(AAIW) probably contribute to this difference. 

The observed salt flux into the Atlantic from the 
Medi terranean is only about 1.5 Gg/s according to 
Bryden and Kinder (1991). Its effect in the model  
could be increased by explicitly including the Mediter- 
ranean or by strengthening the diagnostic forcing near 
its outflow. The most we could decrease the model 's  
excess southward transport  would be about 0.04 Sv (1.5 
Gg/s divided by - 3 5  x 10 3 g/m3), whereas the discre- 
pancy with observations is about 0.5 Sv. 
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Fig. 17. Oceanic fresh water transports in l0 t, m-~/s computed 
from the model's circulation (solid) and inferred from Baum- 
gartner and Reichel's (1975) fresh water flux tabulation (dashed) 
over a the global ocean (atmospheric water vapor transport from 
Peix6to and Oort, 1983, is shown as a dotted curve with circles), b 
the Atlantic Ocean, and c the Pacific Ocean 
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28°W in the Atlantic from a Levitus (1982) 
data set and from b years 6 through 10 of 
the seasonal run. While the model un- 
smoothed the Levitus data in the surface 
levels it shrunk the volume of AAIW 

A more  likely explanation for the model ' s  diagree- 
ment  with observations is the model ' s  inadequate  flow 
of A A I W .  Figure 18a is a meridional  section of salinity 
f rom the Levitus (1982) historical data set along 28°W; 
Fig. 18b is the same section f rom the mean  of last five 
years of the seasonal run. Note  the 34.60 halocline: the 
Levitus data show it enclosing about  400 m of fresher 
water  at the latitude of the equator,  whereas the model  
encloses only about  100 m of fresher water. Because 
much of the A A I W  circulation is within the model ' s  
unrestrained thermocline layer, the volume of fresh 
water  has been  reduced by a combinat ion of poor  reso- 

lution of the intermediate  water  format ion process and 
perhaps  because of a low salinity bias in the Levitus 
surface forcing data. (See England, 1992, for a discus- 
sion on the impor tance  of surface salinity forcing in the 
format ion  of southern hemisphere  intermediate  and 
bo t t om water.) Bet ter  agreement  with observations 
can be expected when the Arctic domain, the Mediter-  
ranean outflow, and bet ter  southern hemisphere  forc- 
ing fields are included in a higher resolution imple- 
menta t ion  of this model.  
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7 Summary 

The parti t ioning of the ocean into regional basins has 
given us an overall  view of the forcing, trends, and 
transports  of this model.  Changing the external forcing 
f rom annual-mean to seasonally-varying, s t rengthened 
N A D W  format ion  to a ra ther  realistic value of 14 Sv. 
Free  thermocl ine layer trends and deep layer robust-  
diagnostic forcing also improved  with the introduction 
of seasonal forcing. Volume transports  of the A C C  and 
of the Indonesian passage throughflow exceed mea-  
sured values by about  30%. Weak  Antarct ic  In terme-  
diate and Bot tom Water  format ion  probably  contri- 
butes to an anomalous  equatorward  t ransport  of heat  
in the southern hemisphere,  and causes an overest ima- 
tion of the southward t ransport  of fresh water  in the 
Atlantic. Improvemen t s  that  will increase A A I W  and 
A A B W  format ion  are needed to create a more  realis- 
tic simulation of the global thermohal ine  circulation. 
These changes are necessary if this model  is to be used 
for simulating and offering predictions of global cli- 
mate  change. The intermediate  and bo t tom water  for- 
mat ion problems in this model  also point  to possible 
problems in coarse resolution climate models which 
perhaps  rely too heavily on lateral diffusion to trans- 
por t  heat  poleward,  and hence gloss over  the actual 
mechanisms of oceanic transport.  

An  analysis of the residuals left over  f rom summing 
the known fluxes into each volume shows the magni-  
tude of the sub-grid scale processes. In terms of trans- 
port ing heat  and salt, vertical mixing processes are 
more  important  than horizontal  diffusion. The  subgrid 
scale t empera tu re  transports  be tween the surface and 
thermocline layers are typically about  25% of the ad- 
vcctive transports,  for salt the percentage is about  
35%. These indirect measures  of mixing are marginally 
useful; to assess accurately the effects of mixing on ver- 
tical t ransports  and water  mass formation,  we must  
know the actual mixing within each model  cell. A 
count of how often each cell is mixed should be re- 
corded in future history tape archives. 

The zonally integrated surface heat  and fresh water  
fluxes that the circulation of this model  requires give 
an indication of the role eddies play in the meridional  
t ransport  of  heat  and fresh water. Eddies act to redis- 
tr ibute heat  or fresh water  that  is added by surface 
forcing. The  greatest  possible effect of eddies on the 
global circulation is in the Tropical  Pacific where trop- 
ical instability waves converge heat  and buoyancy to- 
ward the equator.  Perhaps  the most  impor tant  climato- 
logical effect of  eddies is their role in adding buoyancy 
to the upwelling por t ion of the global conveyor-bel t  
circulation. 

This is the first global model  that is able to resolve 
eddies (albeit marginally in the mid- and high-lati- 
tudes). By limiting the number  of open boundaries  in 
this simulation we eliminate may  of the "side-effects" 
which can contaminate  an analysis of fluxes between 
ocean basins on a global scale. The future is encourag- 
ing for high-resolution global ocean modeling. Mas- 
sively parallel supercomputers  will make  possible a 

doubling of this model ' s  horizontal and vertical resolu- 
tion. High latitude eddies will be  bet ter  resolved and 
convection may  improve as the model ' s  grid ap- 
proaches the actual scales of the deep convective proc- 
ess. However ,  bet ter  estimates of the surface tempera-  
ture and salinity boundary  conditions will be needed to 
construct a more  realistic simulation of the thermohal-  
ine circulation. 
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