
Fluid dynamics of climate

Lecture 1:
Atmospheric Circulation

Tuesday, March 12, 13



Tuesday, March 12, 13



FFDC The climate question: Radiation and transport 

 – 8 – 

 
Figure 4: Global heat balance (Gill, 1982). 

Net heat transport 

The mismatch between the spatial distribution of incident and out-going 
radiation must be balanced by a poleward heat flux. 

 
Figure 5: Poleward heat flux (Fasullo & Trenbert 2008, J. Climate 28). 
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ABSTRACT

New estimates of the poleward energy transport based on atmospheric reanalyses from the National Centers
for Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) and the European
Centre for Medium-Range Weather Forecasts are presented. The analysis focuses on the period from February
1985 to April 1989 when there are reliable top-of-the-atmosphere radiation data from the Earth Radiation Budget
Experiment. Annual mean poleward transports of atmospheric energy peak at 5.0 6 0.14 PW at 438N and with
similar values near 408S, which is much larger than previous estimates. The standard deviation of annual and
zonal mean variability from 1979 to 1998 is mostly less than 0.15 PW (1%–3%). Results are evaluated by
computing the implied ocean heat transports, utilizing physical constraints, and comparing them with direct
oceanographic estimates and those from successful stable coupled climate models that have been run without
artificial flux adjustments for several centuries. Reasonable agreement among ocean transports is obtained with
the disparate methods when the results from NCEP–NCAR reanalyses based upon residually derived (not model-
generated) methods are used, and this suggests that improvements have occurred and convergence is to the true
values. Atmospheric transports adjusted for spurious subterranean transports over land areas are inferred and
show that poleward ocean heat transports are dominant only between 08 and 178N. At 358 latitude, at which the
peak total poleward transport in each hemisphere occurs, the atmospheric transport accounts for 78% of the
total in the Northern Hemisphere and 92% in the Southern Hemisphere. In general, a much greater portion of
the required poleward transport is contributed by the atmosphere than the ocean, as compared with previous
estimates.

1. Introduction

Radiative processes continually act to cool the high
latitudes and warm the low latitudes of the earth, and
it is only the poleward energy transport by the atmo-
sphere and the oceans that serves to offset this. Early
studies that tried to apportion how much each compo-
nent contributed first estimated the required poleward
heat transport from satellite measurements, then com-
puted the atmospheric transports from observations, and
finally computed the ocean transports as residuals.
Moreover, this was done using zonal means (Vonder
Haar and Oort 1973; Oort and Vonder Haar 1976; Tren-
berth 1979; Masuda 1988; Carissimo et al. 1985; Sav-
ijärvi 1988; Michaud and Derome 1991). This procedure
not only assumes that the atmospheric transports are
correct, it also assumes they are correct over both land
and ocean, yet subsequent analyses (e.g., Trenberth and
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Solomon 1994) have found that there are implied sub-
terranean transports in land areas, whereas physical con-
straints ensure that any such transports must be tiny as
they can arise only from surface and groundwater flows
plus conduction. As estimates of direct global ocean heat
transports emerged (Bryden 1993), it became apparent
that the atmospheric transports were likely to have been
underestimated.
The studies of Vonder Haar and Oort (1973) and Oort

and Vonder Haar (1976) for the Northern Hemisphere
(NH) and Trenberth (1979) for the Southern Hemisphere
(SH), as well as those from Carissimo et al. (1985) and
Savijärvi (1988) made use of radiosonde data, but the
uncertainties in the atmospheric heat transports are sub-
stantial because of lack of observations over the oceans.
The uncertainties are apparent at 708S in the Carissimo
et al. and Savijärvi results, for instance, where there is
no ocean but their residuals imply a large poleward heat
transport by the ocean. Moreover, use of global analyses
(Masuda 1988) indicated larger estimates of poleward
atmospheric transport apparently because radiosondes
fail to pick up the substantial heat transports over the
oceans. However, there has been a steady trend of in-
creases in the magnitude of the poleward energy trans-
ports in both hemispheres as atmospheric analyses have
improved, and this has continued with the recent re-
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FIG. 1. TOA annualized ERBE zonal mean net radiation (W m22)
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 m22. 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 208N where there are fewer than
25 observations per 58 square per month. In addition,
TOA biases in absorbed shortwave, outgoing longwave,
and net radiation from both reanalysis NWP models are
substantial (.20 W m22 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 438N 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 638N, values
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¡ Driven by thermal differences – heat losses at high latitude 
¡ Rotation and gradients in the vertical component of rotation much more 

dominant.  
¡ Equator-wards movement of air at surface o easterly due to rotation 

At mid latitudes (mid-latitude or Ferrel cell): 
¡ Sits between the Hadley and polar cells and is largely driven by them. 
¡ Polewards motion of air at surface o westerly due to rotation 
¡ Dominated by sequences of cyclones and anticyclones giving unsettled 

weather 

It is important to note that most of the cooling is from within the atmosphere, 
but much of the heating is from the surface. This leads to convection. 
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Figure 12: Zonal mean heating of troposphere. (www.ecwmf.int) 

From ECMWF numerical weather prediction model
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Meridional heat transport by the atmosphere and the 
ocean: analysis of FGGE data 
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ABSTRACT 
The annual mean meridional heat transport by the atmosphere is evaluated by using FGGE 
(First GARP Global Experiment) level l I lb  data. The transport by the atmosphere-ocean 
system is estimated using satellite radiation observations from the Nimbus 7 ERB (Earth 
Radiation Budget) experiment. The annual mean transport by the Ocean is obtained as  the 
difference between the two values. The latitudinal distribution of transport by the total system 
exhibits good symmetry between the two hemispheres, with maximum poleward transport of 
5.9 x 10" W around 35" latitude N and S. Atmospheric and oceanic contributions to the 
transport exhibit large differences between the two hemispheres. In particular, in the 
subtropics of the northern hemisphere, the Ocean carries more heat poleward than in the same 
latitude of the southern hemisphere. The poleward transport by the Ocean at 20"-30"N 
evaluated in this study is about 3 x 10'5W, which is smaller by 0.5-1 x lOIsW than that 
found by Carissimo et al. but larger by 1-2 x 10" W than recent estimates based on surface 
heat balance. The difference between the results of this study and Carissimo et al. comes from 
differences in estimates of the heat and moisture transport by mid-latitude atmospheric 
transient eddies. 

1. Introduction 

On an annual basis, the earth as a whole, 
including the atmosphere and the ocean, is 
approximately in a state of radiative energy 
balance. When we consider the meridional struc- 
ture, the earth receives more energy than it emits 
in tropical latitudes, while the opposite is the case 
in polar latitudes. To attain a local balance, there 
must be transport of energy from the tropics to 
the polar latitudes, either by the atmosphere or by 
the ocean. The radiation budget of the earth can 
be observed from satellites. Estimates of the 
meridional energy transport differ from one 
another by as much as 1 PW (1 petawatt = l O I 5  
watts) at 30"N where the transport takes a 
maximum value. (See, for example, Fig. 4 of 
Hastenrath 1982; more comparison will be given 
in Section 3). 

The partition of the transport between the 
atmosphere and the ocean is harder to assess than 
the sum total. Various methods are reviewed by 

Bryan (1982). Direct evaluation of oceanic heat 
transport is possible through the use of hydro- 
graphic cross sections of temperature and salinity 
across ocean basins. However, it is difficult to 
yield meridional profiles of heat transport from 
currently available data. Oceanic and atmospher- 
ic modeling provides an opportunity to reveal the 
mechanisms of heat transport, but it cannot 
replace observational studies. One of the most 
successful methods, which can be traced back to 
Sverdrup (1957). has been the evaluation of 
oceanic heat transport from observed sea surface 
heat balance. 

Another method was proposed by Vonder 
Haar and Oort (1973). It is to estimate the 
atmospheric transport from meteorological data 
and derive the oceanic transport by subtracting it 
from the radiation-based estimate of the total 
transport. These authors concluded that the con- 
tribution of the ocean to the heat transport is 
larger than many researchers had expected. 
According to Oort and Vonder Haar (1976), the 
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to equally-spaced latitudes of 1.875" interval. 
These procedures of interpolation are the source 
of inconsistency. At ECMWF, the interpolation 
step of four-dimensional assimilation is per- 
formed on levels of the pressure co-ordinate, 
where there is no guarantee of mass conservation. 
The forecast field used as the initial guess is 
consistent on the sigma levels but must be inter- 
polated to the pressure levels. The larger 
inconsistency of miss in GFDI, data compared 
with ECMWF data seems to be due to the larger 
activity of external gravity waves apparent in the 
surface pressure field (Puri and Stern, 1985). 

DI-" s t i l t  I C  energ,  t r  a n s p o r t .  C u r  

2.2.2. Trnnsport of dry static energy. The trans- 
port of dry static enei-gy (the sum of the transport 
of enthalpy and potential energy) in the 
atmosphere during IIJF and JJA is shown in 
Figs. 3 and 4, respectively. The total transport 
(panel a )  can be decomposed into the transport 
by the mean meridional circulation (b), stationary 
eddies (c) and transients (d). The results from the 
FGGE analyses confirm the following qualitative 
features previously noted by, for example, Oort 
and Peixoto ( 1  983) : the mean meridional circula- 
tion is dominant in the tropics; transients (mainly 
extratropical cyclones) are most important in the 
mid-latitudes; stationary eddies (mainly plan- 
etary waves) are also important in the northern- 
mid latitudes in winter. The transport by the 
transients in the northern mid-latitudes in sum- 
mer (Fig. 4d) is smaller than that in the southern 
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Fig. 3 .  Northward transport of dry static energy during 
DJF (December-January-February) in PW.  (a) Total 
transport; (b) transport by the mean meridional circula- 
tion; (c) transport by stationary eddies; (d) Transport 
by transient eddies. For all panels, the solid lines show 
the results obtained from ECMWF data, the dashed 
lines from GFDL data, and the dotted lines from Oort's 
(1983) statistics. 
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Fig 4 Northward transport of dry static energy during 
JJA (June-July-August) For explanation, see Fig 3 
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Meridional streamfunction (solid) and zonal flow 
(dashed) from an analytical model of the Hadley cell
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Kallberg et al. 1995 (ERA-40 reanalysis)

Surface winds
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Vertical velocity at 500hPa (Pa/s)
Blue = up,    Red = down
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