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The Story So Far: 
We have discussed conservation of Volume, 
Salt, Energy, and seen some of the equations

We have seen how potential temperature 
compensates for pressure/temperature 
connection, allowing potential temperature to 
take the role of Entropy/Energy conservation

We have seen how in estuarine flow, 
integrating the budgets over a fixed volume 
leads to manageable equations.
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stand for volume transports out and in 

respectively.  The symbol R represents the river 

runoff as a volume transport that adds water 

into the basin.  The symbols P and E are the 

precipitation and evaporation for each point and 

are therefore expressed in m/s.  (They are often 

reported in cm/year.)  The symbol A is the area 

over which the precipitation and evaporation 

happen.  (These areas might not be the same.)  

F (for "F"reshwater) is defined by the right side 

of (5.2), which is why the symbol "!" is used.  

The left side of (5.1) is the volume transport 

into the fjord.  The right side of (5.1) is the 

volume transport out.  The second equation 

simply says that the net volume flow of salt 

water balances the net volume flow of fresh 

water (when averaged over a suitable time 

period).  This is an example of a steady-state 

situation in which some or all of the parts of a 

system may be in action but at no point is there 

any change of motion (or of a property) with 

time. 

 (To be completely precise, the principle 

expressed in (5.1) and (5.2) should really 

include the density of water, and becomes a 

statement of mass conservation rather than of 

volume conservation.  This is because simple 

heating of water will expand it slightly without 

adding any mass, and so the true conservation 

principle is for mass.  However, for most ocean 

applications, seawater density has such a small 

range of values that we can usually assume the 

density is uniform.) 

 Even though we discussed this 

conservation principle with the example of a 

nearly closed region, a fjord, it also applies just 

as well to any other closed "box" that we might 

draw in the ocean.  If our closed box includes 

the sea surface, then it will include P and E.  If 

it has a coastline, then it will include R.  If it 

has sea ice flowing into it and melting, or vice 

versa, then it includes yet another term for the 

water volume in the ice.  Or our box could be 

completely within the ocean somewhere, in 

which case the flows into the box on any of its 

sides must be balanced by the flows out of it on 

any of its sides, as described next. 

 

 
Fig. 5.1. Schematic diagram of basin inflows and outflows for Conservation of Volume discussion. 

 

 

5.1.2 Open Ocean Continuity  

We can extend this thinking about flow 

into and out of a closed box into the open 

ocean.  Here we think of a hypothetical closed 

box, with sides and a top and bottom (Fig. 5.2).  

We can then apply the same balance (5.1) to 

this box.  If none of the sides are next to the 

coast then the runoff term R is zero.  If the top 

of the box is inside the ocean and is not the sea 

surface, the precipitation and evaporation terms 

are also zero.  Then the volume balance for the 

box becomes 

Vo - Vi =  0   (5.3) 

 

This says that the transport into the box must 

equal the transport out of the box.  (This is a 

macro version of what is called the "continuity 

equation", which is usually expressed in partial 

derivative form, with terms that are the change 
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in velocity over a small distance in the same 

direction as the velocity.)  In practice, in all 

open ocean areas, the volume transports into 

and out of boxes of interest are usually much 

larger than any precipitation or evaporation flux 

across the sea surface, and so we use an 

approximate version of (5.3) even for boxes 

that include the surface (section 5.1.3).   This 

seems like a very intuitive result, so not that 

interesting, but the continuity equation has been 

critical in solving many complex problems in 

ocean circulation.  It is one law that applies to 

any and all situations and must be maintained 

regardless of how complex the system 

becomes.  We will discuss this more when we 

come to sections that describe some of the early 

models of the ocean’s circulation. 

 
Figure 5.2.  Continuity of mass for a small 

volume of fluid.   By continuity, Vo = Vi. 

 

5.1.3 How seawater properties are affected 

by radiation, flux, and diffusion 

Before we can talk further about 

conservation of volume and salt, we need to 

understand how heat, water, salt, and other 

dissolved materials move around within the 

ocean and how they can be changed by physical 

processes (as opposed to chemical or biological 

processes). There are three ways to change 

things physically inside the ocean: radiation, 

advection, and diffusion.   

(1) Radiation is how heat and light 

(electromagnetic) move.  Radiation is most 

important in the atmosphere and less important 

in the ocean as it is not very transparent.  

However heat and light do penetrate into the 

ocean's surface layer  ("euphotic zone"), which 

is the way that the sun actually heats the ocean.  

When we look at ocean heat budgets in section 

5.4 we will talk about the radiative part of heat 

transfer.  The ocean also radiates heat out to the 

atmosphere.   

(2) Advection is how the movement of a 

fluid "parcel" carries stuff such as heat and salt 

with it.  Sometimes we use the word convection 

when referring to vertical motion.  As already 

introduced in section 5.1.1, the basic concept 

here is velocity, which has units of length 

divided by time (m/sec) and a direction.  A 

fluid is made up of countless molecules that 

move more or less together.  If we draw some 

sort of surface in our minds through a part of 

the ocean, the surface will have an area (call it 

A) (Fig. 5.2).  The volume transport of water 

through the area is equal to the velocity of the 

fluid (call it v) through the surface multiplied 

by the area, or vA.  The units of volume 

transport are m
3
/sec.   We can talk about 

transport of mass as well.  Water, including 

seawater, has density !, which has units of 

mass/volume.  Mass transport though our area 

is then density times velocity times area (! v A) 

and has units of kg/sec.    

Seawater has dissolved matter in it, 

which has a concentration (call it C) of mass or 

molecules of matter per unit mass of seawater. 

(Recall our definition of salinity in chapter 3.)  

We can talk about any dissolved matter, 

including salts.  The transport of the dissolved 

matter is then this concentration times density 

times velocity times area (C ! v A) and has 

units of (mass of matter)/time or 

molecules/time, depending on how you write 

the concentration.  For salt transport, we use 

salinity written as units of grams of salt per 

kilogram of seawater, and so salt transport has 

units of g/sec, which can obviously also be 

written in terms of kg/sec by multiplying by 

1,000.  For specific dissolved substances, we 

write the concentration in terms of moles per 

unit mass of seawater:  mol/kg.   Since 

concentrations of many common dissolved 

materials (such as oxygen and nutrients) are on 

the order of 10
-6

 mol/kg, we often use the 
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Fig. 5.4. (a) Meridional (south-to-north) freshwater transport (Sverdrups or 1 x10

6
 m

3
/s), at various 

latitudes, positive northward, based on summaries in Wijffels (2001), superimposed on the map of 

evaporation minus precipitation from Fig. 4.14 (blue is net precipitation, red is net evaporation).  

Meridional freshwater transports based on surface evaporation minus precipitation balances (connected 

curves) and based on direct estimates from measurements of salinity and estimates of geostrophic 

velocity (isolated dark diamonds with error bars (Wijffels (2001).  Positive values are northward.  

  

products of models that require the balance.  

The solid diamonds with error bars are 

estimates based on measurements of salinity 

and geostrophic velocity from within the 

ocean's water column.  The numbers 

superimposed on the map in Fig. 5.4 a are also 

direct estimates of this type, with error bars at 

least the size of those shown in Fig. 5.4 b. The 

(b) 
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cloud cover (Fig. 5.16).  Higher shortwave 

radiation in the tropics occurs where there are 

fewer clouds.  Less shortwave radiation reaches 

the sea where there is extensive cloud cover. 

Longwave radiation results in net heat 

loss from the ocean (Fig. 5.15 b), even though 

there is some longwave radiation into the ocean 

from the atmosphere.  The radiation heat loss 

centers around 50 W/m
2
 over much of the earth.  

Long-wave radiation (Fig. 5.15 b, Fig. 21) does 

not have a large range of values because it 

depends on the absolute temperature (Kelvin 

and not Celsius).  The relative changes in 

temperature are just a small fraction of the total 

temperature.  The relative humidity also does 

not change much over the sea.  For instance, a 

seasonal change of sea temperature from 10° to 

20°C changes the outward radiation 

proportional to the ratio 293
4
/283

4
 or about 

1.15, i.e. only a 15% increase.  At the same 

time the atmospheric radiation inward would 

increase and reduce the net rate of loss below 

this figure.  The small seasonal and geographic 

changes of Qb are in contrast to the large 

seasonal changes of Qs.  Variations in longwave 

radiation with latitude follow cloud cover (see 

the seasonal maps below in Fig. 5.19) rather 

than surface temperature.  Longwave radiative 

heat loss is highest in the subtropics (more than 

50 W/m
2
) where the cloud cover is smaller than 

in the equatorial and subpolar regions. 

  
Fig. 5.15.  Annual average heat fluxes (W/m

2
).  (a) Shortwave heat flux Qs.  (b) Longwave (back 

radiation) heat flux Qb.  (c) Evaporative heat flux Qe.  (d) Sensible heat flux Qh.  Positive (yellows and 

reds) – heat gain by the sea; negative (blues) – heat loss by the sea.  Contour intervals are 50 W/m
2
 in a 

and c,  25 W/m
2 

 in b, and 15 W/m
2 

 in d. (Southampton Oceanography Centre climatology: Grist and 

Josey, 2003) 

 

Latent heat flux (Fig. 5.15 c, Fig. 5.17) 

is the largest heat loss component at all 

latitudes.  It is strongest  (more than 100 W/m
2
 

heat loss) in the subtropical regions of low 

cloud cover, where dry air descends from aloft 

onto the oceans.  Variations from west to east in 

the stormy regions of the western North 
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FIG. 2. Annualized mean TOA ERBE measurements for the period Feb 1985–Apr 1989 for the
ASR, OLR, and net in W m!2. The color key is under each plot and the contour interval is 20
W m!2. Zonal mean profile panels are given at right.

for most clouds; the main exception being the low stra-
tocumulus cloud decks such as in the eastern Pacific.
Figure 3 provides the inferred annual mean diabatic

heating Q1 ! Qf , latent heating Q2, and net heating Q1

! Qf ! Q2. The latter is equal to the net downward
radiation at TOA (Fig. 2) plus the net surface flux of
heat into the atmosphere. Hence the difference with the
net radiation in Fig. 2 over the oceans is due to ocean

heat transports. Over land, for the annual mean, differ-
ences should be small, as there is only a very small
change in energy storage. These aspects are discussed
in detail in Trenberth et al. (2001) and Trenberth and
Caron (2001), who note problems especially in moun-
tain areas. However, such problems are greatly reduced
over the oceans. For instance, the equatorial minimum
in the zonal mean in the lowest panel of Fig. 3 is seen

Trenberth & Stepaniak 03



2) Outgoing from Atm.
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FIG. 2. Annualized mean TOA ERBE measurements for the period Feb 1985–Apr 1989 for the
ASR, OLR, and net in W m!2. The color key is under each plot and the contour interval is 20
W m!2. Zonal mean profile panels are given at right.

for most clouds; the main exception being the low stra-
tocumulus cloud decks such as in the eastern Pacific.
Figure 3 provides the inferred annual mean diabatic

heating Q1 ! Qf , latent heating Q2, and net heating Q1

! Qf ! Q2. The latter is equal to the net downward
radiation at TOA (Fig. 2) plus the net surface flux of
heat into the atmosphere. Hence the difference with the
net radiation in Fig. 2 over the oceans is due to ocean

heat transports. Over land, for the annual mean, differ-
ences should be small, as there is only a very small
change in energy storage. These aspects are discussed
in detail in Trenberth et al. (2001) and Trenberth and
Caron (2001), who note problems especially in moun-
tain areas. However, such problems are greatly reduced
over the oceans. For instance, the equatorial minimum
in the zonal mean in the lowest panel of Fig. 3 is seen

Trenberth & Stepaniak 03
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FIG. 2. Annualized mean TOA ERBE measurements for the period Feb 1985–Apr 1989 for the
ASR, OLR, and net in W m!2. The color key is under each plot and the contour interval is 20
W m!2. Zonal mean profile panels are given at right.

for most clouds; the main exception being the low stra-
tocumulus cloud decks such as in the eastern Pacific.
Figure 3 provides the inferred annual mean diabatic

heating Q1 ! Qf , latent heating Q2, and net heating Q1

! Qf ! Q2. The latter is equal to the net downward
radiation at TOA (Fig. 2) plus the net surface flux of
heat into the atmosphere. Hence the difference with the
net radiation in Fig. 2 over the oceans is due to ocean

heat transports. Over land, for the annual mean, differ-
ences should be small, as there is only a very small
change in energy storage. These aspects are discussed
in detail in Trenberth et al. (2001) and Trenberth and
Caron (2001), who note problems especially in moun-
tain areas. However, such problems are greatly reduced
over the oceans. For instance, the equatorial minimum
in the zonal mean in the lowest panel of Fig. 3 is seen

Trenberth & Stepaniak 03
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FIG. 1. TOA annualized ERBE zonal mean net radiation (W m!2)
for Feb 1985–Apr 1989.

FIG. 2. The required total heat transport from the TOA radiation
RT is given along with the estimates of the total atmospheric transport
AT from NCEP and ECMWF reanalyses (PW).

with those of the assimilating-model first guess (Tren-
berth et al. 2001b). Two spurious discontinuities are
present in tropical temperatures, with jumps to warmer
values throughout the Tropics below 500 mb in late 1986
and early 1989, and further spurious interannual vari-
ability is also present. These features are also reflected
in the specific humidity fields. The temperature dis-
crepancies, which were identified initially using micro-
wave sounder unit data, have a complex vertical struc-
ture with height (warming below 500 mb but cooling
in the layer above), and these problems affect moist
static energy profiles and therefore poleward heat trans-
ports. The time series of tropical temperatures from the
NCEP reanalyses are more consistent than those from
ECMWF, and so only the NCEP results are used to
examine the time series of variability.
The divergence of the monthly mean vertically in-

tegrated atmospheric energy transports from the two
centers were compared for 1979–93 in Trenberth et al.
(2001a). Full maps of the spatial structure of the at-
mospheric energy divergence, the TOA fluxes, the de-
rived surface fluxes, and the correlations and rms dif-
ferences of the monthly means were also given. For the
ERBE period, net surface fluxes from the NCEP and
ECMWF products were compared with each other and
those from short-term (6–12 h) integrations of the as-
similating NWP models and from the Comprehensive
Ocean–Atmosphere Data Set (COADS) (da Silva et al.
1994).
Recent global air–sea flux climatological means based

on ship data (COADS) and bulk formulas (da Silva et
al. 1994; Josey et al. 1999) exhibit an overall global
imbalance; on average the ocean gains heat at a rate of
about 30 W m!2. This was adjusted by da Silva et al.
(1994) by globally scaling their long-term flux esti-
mates, but the surface fluxes are not in balance for the
ERBE subperiod. Given that Josey et al. (1999) found
good agreement with buoy measurements in their un-
adjusted flux estimates, the evidence suggests that spa-
tially uniform corrections are not appropriate but should
be done locally. Time series of monthly COADS surface

fluxes are shown by Trenberth et al. (2001a) to be un-
reliable south of about 20"N where there are fewer than
25 observations per 5" square per month. In addition,
TOA biases in absorbed shortwave, outgoing longwave,
and net radiation from both reanalysis NWP models are
substantial (#20 W m!2 in the Tropics) and indicate
that clouds are a primary source of problems in the NWP
model fluxes, both at the surface and the TOA. As a
consequence, although time series of monthly bulk flux
anomalies from the two NWPmodels and COADS agree
very well over the northern extratropical oceans, these
products were all found to contain large systematic bi-
ases that make them unsuitable for determining net
ocean heat transports.
The surface fluxes can then in turn be integrated me-

ridionally to give the implied ocean northward heat
transports (see Trenberth et al. 2001a). Of the products
examined in that study (two derived, two NWP model,
and COADS, but not including the coupled models dealt
with here) only the derived surface fluxes give reason-
able implied northward ocean heat transports, because
the other three were corrupted by the large systematic
biases.

b. The atmospheric energy transports

The zonal mean TOA energy budget from the ERBE
data (Fig. 1) is used to compute the required poleward
heat transport RT, which is presented along with the
estimated atmospheric transports AT from both reanal-
yses for the same period (Fig. 2). Peak values in the
NH of about 5.0 PW (see also Fig. 6) at 43"N greatly
exceed the 3.1 PW of Oort and Vonder Haar (1976) and
also those from the Global Weather Experiment
ECMWF analyses of 4.0 PW (Masuda 1988). In Fig. 3,
we present the mean northward atmospheric energy
transports from NCEP as a function of month, because
this allows a comparison with those of Oort and Vonder
Haar (1976) for the NH. The latter featured peak north-
ward transports of 5.0 PW in December at 63"N, values

Trenberth & Caron 01
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FIG. 5. Implied zonal annual mean ocean heat transports based upon the surface fluxes for Feb
1985–Apr 1989 for the total, Atlantic, Indian, and Pacific basins for NCEP and ECMWF atmo-
spheric fields (PW). The 1 std err bars are indicated by the dashed curves.

all latitudes. The lack of reproducibility is consistent
with the very small size of the interannual variability
(1%–3% of the actual transports), and the main message
is that temporal sampling is not a major factor.
For the ERBE period, the bias in the northward at-

mospheric energy transport as compared with the mean
for the entire 1979–98 period is slightly negative by
about 0.05 PW from 10! to 50!N and is positive by
about 0.05 PW from 10! to 35!S. This is consistent with
the error bar estimates provided by the panel on the
right of Fig. 4, with values divided by 2 (square root
of the number of ERBE years), in terms of sampling.

c. The derived ocean heat transports

In Fig. 2, the difference (RT " AT) gives an implied
ocean heat transport, and for NCEP, in particular, the
implication is that there is almost no ocean contribution
north of 45!N. However, such an ocean estimate as-
sumes that the long-term surface heat budget over land
is in balance, because internal heat transport is negli-
gible. Instead, such a balance does not typically exist
over land, and so such an ocean estimate is contaminated

by the considerable problems over land. This constraint
allows the errors in atmospheric transports and surface
fluxes over land to be quantified, and they are found to
be largest over complex and high topography (Trenberth
et al. 2001a). Therefore it is desirable to recompute the
ocean transport separately based upon the implied sur-
face fluxes over just the ocean, and in this way we can
also (somewhat arbitrarily south of 35!S) partition the
transports into those from the individual ocean basins.
The implied zonal mean ocean transports, adjusted as

discussed below, are computed from the residually de-
rived surface fluxes (Fig. 5) starting at 65!N where there
is a minimum of ocean available to transport heat north-
ward. Estimates are that the transport through the Bering
Strait is 0.2 # 1013 W, and that in the North Atlantic is
1.4 # 1014 W (Aagaard and Greisman 1975). Therefore
we use 0.14 PW at 65!N as the starting point of our
integration in the Atlantic. We set the dividing line be-
tween the Atlantic and Indian Ocean at 25!E, directly
south of Africa. The Atlantic and the Pacific are sepa-
rated at 70!W, south of South America. For the Pacific
and Indian Oceans, we use 130!E from 5!S to south of
Australia and 100!E north of 5!S. Although integration

What’s 
Left is 
Ocean

(Trenberth 
& Caron, 
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Atlantic and western North Pacific are 

associated with dry winds blowing off the 

continents, creating greater latent heat flux.  

Latent heat loss also depends mildly on 

temperature since warmer water evaporates 

more easily than colder water.   

Sensible heat flux (Fig. 5.15 d, Fig. 

5.17) is the smallest of all of the components. It 

is small (-15 to 0 W/m
2
) over most of the 

ocean.  It is slightly larger in the western North 

Atlantic and western North Pacific, where 

latent heat loss is also large.  This is because 

the air-sea temperature contrast is large in these 

regions, where cold air blows off the continent 

over the warm western boundary currents.  

Sensible heat loss is more important in winter 

in some regions than is apparent from these 

maps of the mean components.  (The seasonal 

variations of all components are shown in the 

next section.)  A small amount of heat gain 

from sensible heat exchange is shown in the 

Antarctic, but the reader should understand that 

the data are especially poor there. 

The total air-sea heat flux (Fig. 5.16) is 

the sum of the four components of Fig. 5.15.  

The ocean gains heat in the tropics and loses 

heat at higher latitudes.  The most heat is 

gained along the equator, especially in the 

eastern Pacific.   Regions of net heat gain 

spread away from the equator on the eastern 

sides of the oceans, in the regions where colder 

water is upwelled to the surface.  Patches of 

heat gain are found in the Antarctic, 

corresponding to regions where the sensible 

heat flux is into the ocean in Fig. 5.15d, but 

where there are also almost no winter data to 

balance observations of summer heat gains.  

The greatest mean annual heat losses 

occur in the Gulf Stream region of the North 

Atlantic, the Kuroshio of the North Pacific, and 

in the Nordic Seas north of Iceland and west of 

Norway.  Other notable regions of heat loss are 

in the Agulhas Current southeast of Africa, and 

in the boundary regions on both sides of 

Australia. 

 
Fig. 5.16.  Annual average net heat flux (W/m

2
).  Positive: heat gain by the sea.  Negative: heat loss by 

the sea. (Southampton Oceanography Centre climatology: Grist and Josey, 2003) 
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more radiation in winter than does the southern 

hemisphere. Other east-west differences in 

radiation result from cloud cover (Fig. 5.19). 

 

 
Fig.  5.18 Monthly mean shortwave radiation (W/m

2
) for a. January, b. April, c. July and d. October in 

W/m
-2 

from Grist and Josey (2003). 

 

 

 

For longwave radiation, seasonal 

variations are small, just as geographical 

variations are small (section 5.6.1), because the 

radiation variations depend only weakly on 

temperature.  Within these small variations, 

longwave radiation is larger in the winter 

hemisphere than in the summer hemisphere.  

That is, in January, the band of large longwave 

radiation around 30 °N is stronger than the 

band around 30 °S.  The opposite is true in 

July.  The April and October longwave 

radiation maps are similar to each other and the 

southern and northern hemispheres have similar 

patterns.  (In specific regions though there are 

differences: the Mediterranean and Japan Seas 

have stronger longwave radiation in the April, 

which is at the end of the northern hemisphere 

winter.  The coastal regions of Australia have 

stronger longwave radiation in October, which 

is the end of the southern hemisphere winter.)  

The longwave radiation patterns in all of these 

months look much like the cloud cover maps 

(Fig. 5.19), although obviously not in minute 

detail. 
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Fig. 5.19. Cloud cover (%) for a. January, b. April, c. July and d. October. Data are from the 

climatology of daSilva et al. (1994), based on surface observations. 

  

 

Fig. 5.20  Monthly mean longwave heat flux (W/m
2
) for a. January, b. April, c. July and d. October in 

Wm
-2  

from Grist and Josey (2003). 
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 Latent heat loss through the seasons is 

strongest (most negative) in the winter, building 

up to its winter strength in the fall.  The 

summer latent heat loss is much smaller. The 

northern hemisphere's western boundary 

currents (Gulf Stream and Kuroshio) are clearly 

marked by their large latent heat loss in fall and 

winter (October and January here).  Southern 

hemisphere latent heat loss is less associated 

with the western boundary currents and more 

associated with the central subtropical gyres.  

(These are regions of high evaporation that lead 

to the high salinity surface layers in the 

subtropical gyres seen in chapter 4.)   

 

 
Fig. 5.21  Monthly mean latent heat flux (W/m

2
) for a. January, b. April, c. July and d. October in Wm

-

2  
from Grist and Josey (2003). 

 

 Despite the relatively small size and 

impact of sensible (conductive) heat flux 

overall, seasonal variations (Fig. 5.22) are 

striking.  These changes are associated with a 

change in the sign of the temperature difference 

between the ocean and overlying air.  Sensible 

heat flux causes heat loss in winter (January in 

the northern hemisphere, July in the southern 

hemisphere here).  Significant heat loss is found 

in the western boundary current regions, of 

more than 100 W/m
2
.   Sensible heat flux 

actually heats the ocean in higher latitudes in 

summer, when the air temperature is higher 

than the water temperature. The net sensible 

heat flux in section 5.6.1 (Fig. 5.15 d) is the 

sum of these summer-winter contributions and 

is small overall. 
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Fig. 5.22  Monthly mean sensible heat flux (W/m

2
) for a. January, b. April, c. July and d. October in 

Wm
-2  

from Grist and Josey (2003). 

 

5.7 Meridional (south-north) heat transport 

 For the world as a whole, and averaged 

over the year, there is a net heat gain by 

radiation at lower latitudes because the solar 

radiation Qs is greater than the back radiation 

Qb between the equator and about 40 °N (Fig. 

5.15).  At higher latitudes, Qs is less than Qb 

and there is growing ocean heat loss through 

evaporative flux Qe and therefore there is a net 

heat loss.   The overall balance between the 

gain and loss terms thus shows a net heat gain 

from the equator to about 30°S and N and a net 

loss beyond this. Since average temperatures 

over the earth remain substantially constant, we 

conclude that there must be a net advective flux 

of heat towards both poles, from the lower 

latitudes of net heat gain to the higher ones of 

net heat loss.  This poleward heat flux is carried 

by both the ocean and atmosphere.  These 

transport warm water or air toward the pole and 

cooler water or air toward the equator, although 

not symmetrically in all oceans (see below). 

As there is no indication that the oceans 

as a whole are getting warmer or cooler (except 

at small rates that are indeed significant for 

climate studies) we expect an exact balance 

between heat gain and loss when summed over 

all of the ocean area.  In practice the terms 

don’t cancel exactly because of errors in the 

bulk formulae and insufficient observations. 

Some groups that analyze surface heat flux 

terms force them to cancel by adjusting the bulk 

formulae while others produce flux fields that 

do not balance.  Improvement is coming but is 

very slow because the remaining errors amount 

to about 10 W/m
2
, and are difficult to reduce. 

 The poleward transports of heat by the 

oceans are calculated in three separate and 

independent ways.  First they can be calculated 

from the surface heat fluxes and calculations 

like that of Fig. 5.17, where the surface heat 

fluxes are summed.  The ocean must then 

transport enough heat into or out of each 

latitude band to balance the heat lost or gained 

through the sea surface in that band.  This is an 
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age, would result from a net heat gain or loss on 

the order of 1 to 10 W/m
2
 , calculated for a 

1000 m thick layer of water over 100 or 10 

years, respectively.  It is also well known that 

global warming associated with a doubling of 

CO
2
 in the atmosphere corresponds to a net 

change in heat flux of 4 W/m
2
.]

 
Fig. 5.23. Net south-north heat transports (PW) from direct estimates, superimposed on the map of 

annual average heat flux (Fig. 5.10).  Black: estimates from "inverse models" from many sources 

(summaries in Bryden and Imawaki, 2001; Talley, 2003).  Red: Talley (2003).  Positive transports are 

northward. 

 

 Regarding the heat transport patterns in 

Figs. 5.4 and 5.23, showing northward transport 

throughout the Atlantic and poleward transport 

in the Pacific and Indian, Henry Stommel 

(personal communication) told an interesting 

story.  One of the last studies by Georg Wüst 

was a study of all the north-south fluxes of all 

properties in the South Atlantic.  Although 

Wüst (1957) computed and published the fluxes 

of oxygen, salinity, nutrients, etc. he did not 

include meridional heat flux, which is the 

easiest to compute since only temperature 

profiles are required.  Stommel suspected that 

Wüst computed the heat flux and it appeared to 

go in the wrong direction, namely from the 

south to north (towards the equator) as we see 

in both Figs. 5.4 and 5.23.  This violated his 

intuition, which required the heat to flow from 

the tropical north to the colder polar south. To 

verify his suspicion, Stommel sought out 

former students of Wüst’s.  He managed to 

locate a German Admiral Noodt who wrote to 

say that, yes, Prof. Wüst did not publish the 

heat flux because it appeared that it “flew in the 

wrong direction” (sic).  This view did not 

change until the 1970’s when new studies 

(Bennett, 1976) clearly displayed that the 

meridional heat flux in the South Atlantic is 

northward.   

But, It doesn’t sum up to nothing! 
There are internal fluxes of heat
Estimated with ‘Inverse Methods’



Atmosphere Heated from 
below/within...



Ocean Heated & cooled at top

Image Courtesy:
 N. Balmforth

Diffusivity (Rayleigh #):
Decreasing (increasing)

as you go down.



Ocean Transports Heat,
But Atmosphere is Heat Engine that Drives the system 

(Sandstrom 1916, Wunsch & Ferrari 04)

13 Dec 2003 18:52 AR AR203-FL36-12.tex AR203-FL36-12.sgm LaTeX2e(2002/01/18) P1: IBD
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Figure 5 Strawman energy budget for the global ocean circulation, with uncertainties of

at least factors of 2 and possibly as large as 10. Top row of boxes represent possible energy

sources. Shaded boxes are the principal energy reservoirs in the ocean, with crude energy

values given [in exajoules (EJ) 1018 J, and yottajoules (YJ) 1024 J]. Fluxes to and from the

reservoirs are in terrawatts (TWs). Tidal input (see Munk & Wunsch 1998) of 3.5 TW is

the only accurate number here. Total wind work is in the middle of the range estimated by

Lueck & Reid (1984); net wind work on the general circulation is from Wunsch (1998).

Heating/cooling/evaporation/precipitation values are all taken from Huang & Wang (2003).

Value for surface waves and turbulence is for surface waves alone, as estimated by Lefevre

& Cotton (2001). The internal wave energy estimate is by Munk (1981); the internal tide

energy estimate is from Kantha & Tierney (1997); the Wunsch (1975) estimate is four times

larger. Oort et al. (1994) estimated the energy of the general circulation. Energy of the

mesoscale is from the Zang &Wunsch (2001) spectrum (X. Zang, personal communication,

2002). Ellipse indicates the conceivable importance of a loss of balance in the geostrophic

mesoscale, resulting in internal waves and mixing, but of unknown importance. Dashed-dot

lines indicate energy returned to the general circulation by mixing, and are first multiplied

by !. Open-ocean mixing by internal waves includes the upper ocean.

such kinetic energy exist, the wind stress and tidal flows. The tides can account

for approximately 1 TW, at most. The wind field provides approximately 1 TW—

directly—to the large-scale circulation and probably at least another 0.5 TW by

generating inertial waves and the internal wave continuum.

Taken together, Sandström’s (1908, 1916) and Paparella & Young’s (2002)

theorems, the very small, probably negative, contribution to oceanic potential

energy by buoyancy exchanges with the atmosphere, and the ready availability of
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FIG. 5. Implied zonal annual mean ocean heat transports based upon the surface fluxes for Feb
1985–Apr 1989 for the total, Atlantic, Indian, and Pacific basins for NCEP and ECMWF atmo-
spheric fields (PW). The 1 std err bars are indicated by the dashed curves.

all latitudes. The lack of reproducibility is consistent
with the very small size of the interannual variability
(1%–3% of the actual transports), and the main message
is that temporal sampling is not a major factor.
For the ERBE period, the bias in the northward at-

mospheric energy transport as compared with the mean
for the entire 1979–98 period is slightly negative by
about 0.05 PW from 10! to 50!N and is positive by
about 0.05 PW from 10! to 35!S. This is consistent with
the error bar estimates provided by the panel on the
right of Fig. 4, with values divided by 2 (square root
of the number of ERBE years), in terms of sampling.

c. The derived ocean heat transports

In Fig. 2, the difference (RT " AT) gives an implied
ocean heat transport, and for NCEP, in particular, the
implication is that there is almost no ocean contribution
north of 45!N. However, such an ocean estimate as-
sumes that the long-term surface heat budget over land
is in balance, because internal heat transport is negli-
gible. Instead, such a balance does not typically exist
over land, and so such an ocean estimate is contaminated

by the considerable problems over land. This constraint
allows the errors in atmospheric transports and surface
fluxes over land to be quantified, and they are found to
be largest over complex and high topography (Trenberth
et al. 2001a). Therefore it is desirable to recompute the
ocean transport separately based upon the implied sur-
face fluxes over just the ocean, and in this way we can
also (somewhat arbitrarily south of 35!S) partition the
transports into those from the individual ocean basins.
The implied zonal mean ocean transports, adjusted as

discussed below, are computed from the residually de-
rived surface fluxes (Fig. 5) starting at 65!N where there
is a minimum of ocean available to transport heat north-
ward. Estimates are that the transport through the Bering
Strait is 0.2 # 1013 W, and that in the North Atlantic is
1.4 # 1014 W (Aagaard and Greisman 1975). Therefore
we use 0.14 PW at 65!N as the starting point of our
integration in the Atlantic. We set the dividing line be-
tween the Atlantic and Indian Ocean at 25!E, directly
south of Africa. The Atlantic and the Pacific are sepa-
rated at 70!W, south of South America. For the Pacific
and Indian Oceans, we use 130!E from 5!S to south of
Australia and 100!E north of 5!S. Although integration

Thermohaline 
or Meridional 
Overturning
Circulation:

A bit like a conveyor belt, because 
energy is externally supplied (Winds 
& Tides)

However, what’s on the conveyor 
affects how the conveyor moves

Heating and cooling at the surface 
affect how/what is tranported.

This is what we are after now...



Volume Transports/Transform



Different Ways To 
Consider Flow...


