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ABSTRACT

The annual mean meridional heat transport by the atmosphere is evaluated by using FGGE
(First GARP Global Experiment) level 1IIb 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
59 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'SW, which is smaller by 0.5-1 x 10'SW 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 = 105
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
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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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ocean carries nearly 3 PW of heat polewards at
20°N. Recently, Carissimo et al. (1985) made a
revised analysis with a similar technique and
found that the oceanic transport at this latitude
amounts to 3.5 PW. Since recent surface heat
balance studies (Hsiung, 1985: Talley, 1984;
Hastenrath, 1982) still give the value of 1 to 2
PW, the gap between the results of the two
methods has become even larger. Sources of the
discrepancy can be sought in the uncertainty of
both methods. For the residual method in
particular, the sparse data coverage in the tropics
and in the southern hemisphere might lead to an
under-estimated atmospheric transport and an
over-estimated oceanic transport.

The First GARP Global Experiment (FGGE),
also known as the Global Weather Experiment
(GWE), which took place from 1 December 1978
through 30 November 1979, benefited from
international cooperation in enhanced observa-
tion and compilation of reports. Gridpoint
data sets called “FGGE level 11Ib data sets” or
briefly “FGGE 1IIb data sets” are made from
these observation reports at the European Centre
for Medium-Range Weather Forecasts
(ECMWF) and the Geophysical Fluid Dynamics
Laboratory (GFDL). These are accomplished by
“four-dimensional™ assimilation systems which
are integrated systems of interpolation and nu-
merical forecast processes. In areas where no
observations exist at a given time, forecast values
are adopted. These have a physically realistic
structure, though they depend on formulations of
dynamical and physical processes of the model. It
is expected that better coverage of observation
along with the realistic patterns in poorly ob-
served areas make the FGGE data superior to
conventional station data analysis, even though a
one-year period may be too short a sample of the
present climate. In addition, the two centers used
very different designs to assimilate the data;
namely “intermittent assimilation” at ECMWF
and “‘continuous assimilation” at GFDL (see, for
example, Bourke et al., 1985). The difference
between results from the two data sets can be a
measure of possible errors of the current state of
the art.

The observation of radiation budgets was also
improved during this period. The equipment of
the Earth Radiation Budget (ERB) experiment to
measure the radiative fluxes of the whole spectral
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range started operation in October 1978 on the
Nimbus 7 satellite (Jacobowitz et al., 1984b).

In this paper, heat transport by the atmosphere
is evaluated by making use of FGGE IIIb data
(Section 2). The heat transport by the ocean-
atmosphere system is evaluated from radiative
balance with the MATRIX data of Nimbus 7
ERB experiment (Section 3). The transport by
the ocean is evaluated as the residual of the two,
and is compared with the results of previous
studies (Section 4). A brief conclusion is given in
Section 5. Problems associated with FGGE I1Ib
data sets are discussed in a companion paper
(Masuda, 1988).

2. Atmospheric energy transport derived from
meteorological data

2.1. Method

2.1.1. Principle. In this study, the energy trans-
port in the atmosphere is discussed in the form of
energy quantities integrated vertically from the
effective top of the atmosphere (p,,) to the earth’s
surface (p,). The integration of an arbitrary quan-
tity X,

1 (s Prop)
*j (X)dp=J (pX)dz $))
g Yo (p)

will be denoted with brackets as <X)>. When
discussing the vertically integrated energy trans-
port, it is convenient to introduce moist static
energy (per unit mass) 4 as defined by the sum of
enthalpy, potential energy and latent energy:

h=CT+g-+ Lg 2)

The horizontal two-dimensional vector of the
vertically integrated energy transport can be
written as

Cheyy = (CpTl’}{> + gy + {Lqry), (3)

neglecting the minor contribution of kinetic
energy transport. ry, is the two-dimensional vector
of horizontal wind. The first term on the right-
hand side of (3) is the sum of the advection of
internal energy (C,Tt,;> and the *‘pressure term”
{pory> = {RTry>. The divergence of the press-
ure term 1s equal to the vertically integrated work
done by pressure, if we assume hydrostatic
balance and vanishing exchange of mass at p,,,
and p, (see Oort and Peixoto (1983)).
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In this study, the meridional component of the
energy transport vector, {hv), is calculated at
each horizontal gridpoint, and integrated along
each latitudinal circle. Thus the total transport
across the latitude is

2n
T, = '[ a cos¢ <hvy dA. 4)
Actually, it is evalvated as the sum of three
components, namely:

2n
T, = '[ a cosg {C(T — T,)vydi

o

, (enthalpy transport)
+ J a cos¢ {g(z — zy) vy dA

o

, (potential energy transport)
+ J a cos¢ {Lqv) di

o

(latent heat transport). (5)

The quantity C,T + gz is the dry static energy,
and the sum of the first two terms on the right-
hand side is therefore the transport of dry static
energy. To prevent loss of significant digits due to
adding numbers of the same sign, two prescribed
constants T, and z, are introduced. These repre-
sent approximate values of the global mean tem-
perature and geopotential height, respectively.
The expression (5) is arithmetically equivalent to
(4) as long as no net exchange of mass occurs
across a latitudinal circle, that is, when

n
J. acosgp (v)di =10 )
holds. This condition is equivalent to that the
divergence of the vertically integrated mass flux
is zero,

Vi {oy) = 0. )]

In reality, there is true mass flux divergence
associated with the local change of surface press-
ure. However, it is generally smaller than the
computed apparent mass flux divergence which
has the order of magnitude of 1073 kg m=2 s~!.
Thus, the assumption of vanishing mass flux
divergence can be justified.

Though one of the aims of four-dimensional
assimilation is to produce physically consistent
fields of meteorological variables, actual products
of assimilation do not perfectly satisfy the re-
quirements. It is therefore necessary to adjust the
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wind field to ensure the above approximate con-
dition of mass conservation. In the present study,
the condition (7) is adopted in order to make a
consistent estimate of energy flux divergence as
well as energy transport. The vertical mean diver-
gent wind is subtracted from the wind at each
level to meet this condition. The vertical mean
divergent wind is obtained by (a) vertically inte-
grating wind components from p,,, top, to give
the total horizontal mass flux, (b) taking the
divergence of the mass flux, (c) solving Poisson’s
equation on the sphere to give the potential
function of mass flux, and (d) taking the gradient
of the potential function and dividing it by the
total mass of the air column. The procedure is
basically the same as that adopted by Boer and
Sargent (1985) and Boer (1986), except that a
gridpoint method is used here instead of a spheri-
cal harmonic expansion for the solution of
Poisson’s equation. Because the poles are singu-
larities of the latitude-longitude coordinate sys-
tem, regular finite differences yield large errors in
evaluating flux divergences. To cope with this,
before applying the above procedure, the zonal
and vertical mean is subtracted out from the
meridional component of the wind in the row of
gridpoints just next to the poles.

Making use of a time mean (denoted by an
over-bar) and the deviation from it (a prime), the
time mean transport of some quantity X can be
decomposed into the transport by “stationary”, X
v, and “transient”, X"v’, motions:

Xo=Xt+Xv. (8)
The zonal mean (denoted by square brackets) of
the stationary part is further divided into the

transport by the mean meridional circulation and
by “stationary eddies” as:

(Xv] = [X]1[5] + [X*5*]. 9)

where asterisks stand for deviations from the
zonal mean. The term “the transport by transient
eddies” is used as the synonym of the transport
by transient motions, which is not decomposed
into zonally symmetric and asymmetric parts.

In this study, time averages of three-month
periods are considered. The periods, December-
January-February (DJF), March-April-May
(MAM), June-July-August (JJA) and September-
October-November (SON), are referred to as
‘“seasons” here without any implication for the
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question of the climatologically proper definition
of seasons. The total transport during a season
{[Xv]) is calculated by a simple time average of
twice-daily instantaneous transport values. The
transport by time-mean motion (X &]> is cal-
culated from the seasonal mean field of meteor-
ological variables. The transport by the mean
meridional circulation ([X][F]) is evaluated by
multiplying the mass-weighted zonal mean of the
seasonal mean meridional wind [z] by that of the
carried quantity [X]. The transient eddy and
stationary eddy transport are obtained from (8)
and (9), respectively.

2.1.2. Processing of the ECMWF data. The first
source of atmospheric data used in this study is
the FGGE 1lib data set produced by ECMWF.
This data set is called the “main IIIb" to distin-
guish it from the *“final IIIb” (mentioned in
Section 5). The data are given on a 1.875° longi-
tude x 1.875° latitude (192 x 97) grid with 15
vertical levels in the pressure coordinate system,
twice daily at 00 GMT and 12 GMT for the
period from 1 December 1978 to 30 November
1979.

The primary analysis variables of the ECMWF
assimilation system are the geopotential height
(z), the horizontal wind components (u, ¢) at 15
standard levels, mean sea level pressure, and the
specific humidity integrated with respect to
pressure within each interval between standard
levels below 300 hPa (5 layers). The officially
published ECMWF FGGE IIIb data set contains
temperature and relative humidity at standard
levels {instead of layer-integrated specific humid-
ity). Those quantities were computed from the
primary analysis variables using their normal
mode initialization routine. The data set is de-
scribed by Bengtsson (1983) and Bengtsson et al.
(1982). The scheme of the interpolation process is
more thoroughly explained by Lorenc (1981) for
mass and wind, and by Lorenc and Tibaldi (1980)
for moisture.

In the present study, the 50 hPa level is
assigned as the upper boundary, p,,,. The data
quality above this level is generally not good
because observations were few. The data at the
15hPa level of the ECMWF data set are also
excluded because they suffer from the inadequate
partition of the 100-200 hPa thickness from
satellite observations during the first half of the

FGGE period (Julian, 1983: Lambert, 1983).
{The omission of the 150 hPa level might intro-
duce another kind of bias into the analysis in this
study.)

The lower boundary p, is the surface pressure.
The height of the orographic surface of the 1.875°
gridpoint model used during the ‘“main™ IIIb
assimilation at ECMWF (called ‘*‘the old
orography” by Kallberg and Uppala, 1985) is
adopted. The pressure is interpolated to the bot-
tom surface by referring to the geopotential
height at standard levels at each assimilation
time. It is assumed here that the difference of the
height is proportional to the difference of the
logarithm of the pressure.

Constant values of C, (specific heat of air at
constant pressure) = 1 R, R (gas constant for air)
= 287.05 ) K°' kg™' and L (latent heat of
vaporization of water per unit mass of water) =
2.50 x 10°J kg~' are used.

The atmosphere is divided into 10 layers
according to the 11 standard levels where the
data values are available. The configuration of
the layers in this study is shown in Fig. la. To
define a proper lower boundary condition, the
layer which contains the ground surface is modi-
fied to have the bottom at the ground. In places
where p, > 1000 hPa, the lowest layer is extended
to the ground. In layers completely below the
orographic surface, as marked ““o” in Fig. 1, zero
transport is assigned. When applied to the com-
putation of divergences of energy and moisture
fluxes (which will be published in other papers),
this procedure yields better (though not very
satisfactory) results in mountainous areas such as
the Tibetan Plateau, than the usual finite differ-
ences on standard pressure levels.

Every variable is converted into a layer-mean
or layer-integrated quantity. The geopotential
height z and the horizontal wind components (u,
v) are linearly interpolated in pressure to the
middle of each layer (denoted by dash-dotted
lines in Fig. 1). The temperature T is calculated
from the geopotential height with the corrections
for the buoyancy of water vapor as suggested by
Bengtsson (1983). The calculation of the moisture
transport is made only for layers below 300 hPa.
The omission of moisture in the upper layers does
not substantially affect the vertically integrated
transport, because the absolute humidity in the
upper layers is quite small. To obtain layer-mean
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Fig. 1. Explanation of layers adopted in this study for the analysis of (a) ECMWF and (b) GFDL data. The dash-
dotted lines indicate the middle level of each layer. The marks “o™ indicate those levels which are completely

underground.

specific humidity, relative humidity and tempera-
ture of the IIIb data set are first interpolated to
the middle of each layer, and then converted to
specific humidity at this level. The result is
compared with the original layer-integrated mois-
ture content data, which were made available by
courtesy of Dr. M. Kanamitsu for part of the
FGGE year (Masuda, 1988). Though a somewhat
different method is applied for the reproduction
from relative humidity there, the method of the
present study yields similar results. In general,
the moisture content in the layers 6, 7, 8, and 9
(see Fig. 1(a)) is successfully reproduced. That of
the lowest layer is, however, 10% smaller than the
original layer-integrated value. This discrepancy
seems to be due to the extrapolation scheme used
at ECMWF to produce standard level values
from layer values. To compensate for this bias,
the moisture content of the layer 10 of the
ECMWEF data set is multipiied by a factorof 1.11.

2.1.3. Processing of the GFDL data. The second
source of atmospheric data is the FGGE IIIb
data set produced by GFDL, which is described
by Miyakoda et al. (1983). This is also called the
“main IIIb™ data set. The assimilation scheme is
explained by Stern et al. (1985). In this study, the
monthiy statistics tape provided by courtesy of
Dr. N.-C. Lau of GFDL is used. Some of the
statistics are presented graphically in the reports
by Lau (1984a.b, 1985). The data set contains
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monthly mean values and covariances, calculated
from twice-daily values, of geopotential height,
temperature, specific humidity, and horizontal
and vertical wind components. The resolution of
data is 3.75° longitude x 1.875° latitude with 12
levels ranging from 10 hPa to 1000 hPa (extracted
from 1.875° longitude x [.875° latitude and 19
levels of the official 111b data).

The processing of GFDL data in this study is
the same as the ECMWF data except for the
following points. (1) The fluxes by transient
eddies with periods shorter than a month are
added to the fluxes for monthly mean fields in
order to account for all of the atmospheric trans-
port resolvable by twice-daily time intervals. (2)
The configuration of layers is shown in Fig. 1(b).
The surface pressure p, is calculated by
interpolating pressure at the orographic height of
the rhomboidal-30 spectral model used for the
assimilation, referring to the monthly mean stan-
dard level geopotential height. (3) The tempera-
ture and the specific humidity from the statistic
tape is used directly. (4) All meteorological
variables are interpolated linearly in p to the
middle of each layer. This procedure may over-
estimate the specific humidity. However, the
degree of over-estimation is small in this case,
because the pressure intervals in the lower tropo-
sphere are small. (5) Moisture transport is evalu-
ated at all layers.
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2.1.4. Processing of QOort’s statistics. It is inter-
esting to compare the results of the FGGE
analyses with the comprehensive statistics of the
global atmospheric variables compiled by Oort
(1983). This is the same data set as was used by
Carissitmo et al. (1985). The statistics are based
on radiosonde station data and surface ship data
of the ten-year period from May 1963 to April
1973. Monthly means and covariances at each
station were first calculated and converted to
5° x 57 gridpoint data by a relaxation method.
For gridpoints where there are no stations near-
by, covariance values relaxed from surrounding
gridpoints were given. To obtain the mean
meridional circulation, Oort used indirect
evaluation from the balance of angular momen-
tum for latitudes poleward of 20°, direct averag-
ing for latitudes equatorward of 10°, and
interpolation of the two results in between. The
transport of heat and moisture in the atmosphere
was discussed by Oort and Peix6to (1983) and
Peixoto and Qort (1983).

In the present study, 10-year composites of
seasonal (3-month) means and covariances of
Oort (1983) are used. The *“vertical mean™ of
zonally averaged meriodional fluxes of tempera-
ture, of geopotential height and of specific hu-
midity are taken from the microfiches attached to
the publication of Oort (1983). These are
multiplied by the annual mean atmospheric mass
over each latitudinal circle which is tabulated in
his Table 14.

2.2 Results

2.2.1. Mass conservation. Before proceeding to
the energy transport, let us examine the apparent
mass transport, since the error in the mass budget
can cause a proportional error in the energy
budget. When the original gridpoint data contain
some erroneous component of the mass transport,
there is some arbitrariness in how to distribute
the correction. In this study, a correction inde-
pendent of altitude is adopted (as noted in
subsection 2.1.1). Other choices would lead to
somewhat different values of the energy
transport.

The annual mean and vertically integrated
apparent meridional transport of mass is shown
in Fig. 2. Results from both data sets have a peak
in the northward transport near the equator. The
magnitude is about 4 times larger in the GFDL
analysis. Considering that the typical range of
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Fig. 2. Annual mean northward apparent mass trans-
port resulted from the analyses of (a) ECMWF and (b)
GFDL data. The solid line denotes the transport as
directly obtained from the data; the dashed line denotes
the transport after the correction applied in this study.

moist static energy in the average vertical profile
of the troposphere in the equatorial region is
about 2-3 x 10* J kg!, the apparent mass
transport of 2.5 x 10'° kg s~! in the ECMWF
data set corresponds to the uncertainty of the
energy transport of 0.5-0.75 PW. Similarly, the
uncertainty of the GFDL analysis due to the
inconsistency of mass is 2-3 PW.

The divergence of the apparent mass flux is
also calculated (Masuda, 1988). Large absolute
values of flux divergence are found over large
mountains. Thus, it is suspected that the main
source of the inconsistency in mass is the vertical
interpolation between the pressure coordinate
and terrain-following ‘sigma™ coordinate. At
GFDL, the interpolation process is performed on
the sigma levels, where mass balance is satis-
fied (Miyakoda, personal communication). The
resultant field is interpolated to standard pressure
levels for the official archives. At the same time,
the field is horizontally interpolated from
Gaussian latitudes of approximately 2.2° interval
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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 mass in GFDL 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).
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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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2.2.2. Transport of dry static energy. The trans-
port of dry static energy (the sum of the transport
of enthalpy and potential energy) in the
atmosphere during DJF 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 (1983): 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. 4. Northward transport of dry static energy during
JJA (June-July-August). For explanation, see Fig. 3.



292 KOOITI MASUDA

mid-latitudes in summer (Fig. 3d). The transport
of gz by transient eddies is negligible, as is
anticipated from the fact that it is exactly zero in
the geostrophic case, so that the transient trans-
port of dry static energy is essentially that of C,T.

The transport of dry static energy by the mean
meridional circulation is the residual of two op-
posing components: namely the transport of air
with larger C.T in the lower branch and an
opposite transport of air with larger gz in the
upper branch. Fig. 5 shows the transport of
enthalpy and potential energy by the mean
meridional circulation, and Fig. 6 shows the field
of zonal mean meridional wind. Both figures are
for the JJA season. We recognize two Hadley
(direct) cells in the tropics and two Ferrel (indi-
rect) cells in the mid-latitudes. Lower level con-
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Fig. 5. Northward transport of (a) potential energy gz
and (c) enthalpy C,T by the mean meridional circula-
tion during JJA. The lines are as explained in Fig. 3. In
panel (b), letters “H™ and “F” denote Hadley cells and
Ferrel cells, respectively, and the arrows show the
direction of mean meridional wind in the upper and
lower branches of the cells.

vergence and upper level divergence are domi-
nant at the intertropical convergence zone
(ITCZ) of the summer hemisphere. In other
words, the Hadley cell of the winter hemisphere
is strengthened and extends beyond the equator.

The GFDL data show a stronger Hadley circu-
lation than the ECMWF data in spite of the fact
that the observations used for the assimilation
were basically the same. In particular, the cross-
equatorial flow during JJA observed with the
GFDL data is twice as strong as that observed
with the ECMWF data. The same is valid for the
northward transport of C,T and the southward
transport of gz. A similar feature was demon-
strated by Kung and Tanaka (1983) and Lau
(1984b) for May and June of 1979. The disagree-
ment of two datasets is related to the difference
in amplitude of the divergent motion in the
tropics. It is suspected that the ECMWF assimi-
lation scheme tends to suppress the divergent
motion, while the GFDL scheme tends to empha-
size it {Julian, 1985). In the ECMWF scheme, at
least two factors are likely to contribute to under-
estimating the divergence. First, in the
interpolation process, the covariance matrices of
the observational errors were formulated with the
assumption of no divergence. They essentially
filtered out the divergent component of the ob-
served wind field (Ikawa, 1984; Daley, 1985).
Second, in the normal mode initialization
process, adiabatic motion was assumed. This
resulted in a severe suppression of gravity-wave
modes, which contain most of the divergence. In
the GFDL scheme, wind and height observations
were interpolated separately. In addition, GFDL
had difficulty in separating out erroneous
observational reports. Thus, gravity waves were
easily excited by the imbalance of wind and
height fields. In view of the above, it may be
surmised that the true magnitude of the Hadley
circulation is somewhere between the two analy-
ses, presumably close to Oort’s analysis. Since the
two components C,T and gz are contributing in
opposite directions, the effect of the uncertainty
in the total energy transport is smaller than that
of each component. In addition, the errors in the
two extreme seasons (JJA and DJF) tend to
cancel each other.

In the middle latitudes of the northern
hemisphere, we find a good agreement between
ECMWF and GFDL for the transport by
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transients. Both datasets give about | PW larger
transport than Oort’s analysis does in winter
(DJF) as well as in spring and autumn. Since
extratropical cyclones often intensify over the
ocean where there are few conventional upper-air
observations, it is likely that Qort’s analysis un-
der-estimates the transport by transients.

In the southern hemisphere mid-latitudes, the
ECMWF data give a larger poleward transport
by transients than do the GFDL data. It was
learned from drifting buoy observations during
FGGE that the surface pressure in the
extratropical cyclones in the southern ocean was
deeper than what had been expected (Guymer
and Le Marshall, 1980). The ECMWF assimila-
tion scheme accommodated those buoy observa-
tions while the GFDL scheme often rejected
them. This fact was considered a weakness of the
GFDL scheme, so attempts to improve
acceptance have been made after the “main™ 11Ib
assimilation (Stern et al., 1985; Puri and Stern,
1985). In this context, the result from the
ECMWF data seems to be more faithful to reality
of the FGGE year. Meanwhile, Trenberth (1984)
claimed that the FGGE year is not a good
example of climatology, because the surface
pressure around 60°S was extraordinarily low
during that year. Since we do not have data of
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other years with as good quality as the FGGE
I1Ib data, we cannot quantitatively answer the
question of how anomalous the energy transport
was during the FGGE year.

2.2.3. Transport of moisture. The transport of
latent energy, that is, the transport of moisture
multiplied by the latent heat of evaporation per
unit mass of water is shown in Figs. 7, and 8 for
DIJF and JJA, respectively. In the tropics, mois-
ture is transported by the lower branch of the
Hadley cells. Together with C,T, it nearly com-
pensates for the transport of gz by the upper
branch. We again see the difference among the
three analyses concerning the Hadley circulation.
Besides being carried by the meridional circula-
tion, moisture is carried by transient motion
down-gradient from the equatorial region to the
subtropics. In middle latitudes, moisture is
carried mainly by transient eddies. The differ-
ences observed among the various analyses are
similar to those seen in the dry static energy
transport.

Around 20°N in JJA, the FGGE analyses yield
a 1.5-2 PW northward transport of latent energy.
The contribution of stationary eddies more than
compensates for the southward transport by the
nothern (minor) Hadley cell. Qort’s analysis gives
the value of 0.5 PW. A breakdown into the three



294 KOOITI MASUDA

Latent heat transeport OJF
5] Total -~ d ﬁ
D
-2 —— ECMWF
-4 v/ -~ GFDL
I Oort
Merid. circ. b
z
ot
4o
[
o)
a
&
c
e}
“
= r
PN CJ
D g R e
S -2
T 2i Transient ﬁ
s
z 0 t
0
5 -Zi
z

S8C 60 40 20 0O 20 40 B0 BON
Latitude [(deg.)

Fig. 7. Northward transport of latent energy during
DJF (December-January-February). For explanation ,
see Fig. 3.

components shows that all three contribute to the
difference between FGGE analyses and Oort’s
analyses. Examination of the geographic distribu-
tion of moisture fluxes (figure omitted) reveals
that Oort’s analysis (Fig. 8 of Peix6to and Oort,
1983) did not capture the moisture transport by
the monsoon circulation over the Arabian Sea.
2.2.4. Transport of moist static energy. The
mean transport of moist static energy during the
four seasons is shown in Fig. 9. The transport in
mid-latitudes is larger in winter than in summer
in both hemispheres. But the magnitude of sea-
sonal change is different. The transport in the
northern hemisphere in summer (JJA) is less than
one half of the that in winter (DJF), and the
transport in spring and autumn is also consider-
ably smaller than in winter. On the other hand,
the transport in the southern hemisphere in sum-
mer (DJF) is about } of that in winter, and the
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Fig. 8 Northward transport of latent energy during
JJA (June-July-August). For explanation, see Fig. 3.

transport in spring and autumn is nearly the same
as that in winter.

The transport across the equator is small
according to the ECMWF data. The smallness is
reasonable, considering that the mean meridional
circulation is the dominant energy transporter
and that the moist static energy near the
tropopause 1s approximately equal to that near
the surface in the equatorial area. The GFDL
data show net southward transport by 4 PW
during the JJA season.

The annual mean transport is shown in Fig. 10.
The agreement between the two FGGE data sets
is good north of 30°N. The peak value of the
northward transport is about 4 PW at 40°N. The
value is 1 PW larger than the value obtained from
the statistics of Oort (1983). There is a large
difference between the two FGGE data sets
concerning the transport across the equator:
according to the GFDL data, large southward
transport during the JJA season is not compen-
sated for in other seasons. There is also a
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Fig. 9. Northward transport of moist static energy
during the four seasons from the analyses of (a)
ECMWEF, (b) GFDL and (c) Oort (1983). The solid
lines are for DJF, dashed lines for MAM, dash-dotted
lines for JJA, and dotted lines for SON seasons.

difference in the southern mid-latitudes. The
peak value of southward transport is 4.7 PW at
40°S in the ECMWF analysis, while it is 4.2 PW
at 20°S in the GFDL analysis.

The partition of the annual mean transport
between the transport of dry static energy and
that of latent energy is shown in Fig. 11. Overall,
the two components have a similar order of
magnitude. The transport of dry static energy is
poleward in most latitudes, while the transport of
moisture is equatorward in the tropics. The
difference in moisture transport values between
the two FGGE analyses is small, despite many
uncertainties in both data sets.
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The decomposition of energy transport into the
transport by mean meridional circulation, by
stationary eddies and by transient motions is
shown in Fig. 12. Here, the decomposition is
based on seasonal averages, not on annual ones as
was done by Oort and Peix6to (1983). Again we
confirm that the dominant component is the
mean meridional circulation in the tropics and
transients in the mid-latitudes. In addition,
stationary eddies play an important role in the
nothern mid- to high latitudes in winter (plan-
etary waves) and in the northern subtropics in
summer (monsoon).

3. Transport by the atmosphere-ocean system
derived from satellite radiation data

3.1. Principle

If interannual variations of energy storage can
be ignored, the total amount of energy that must
be transported in a year by the atmosphere or by

the ocean can be deduced from the net radiation
budget (Vonder Haar and Oort, 1973). When a
latitude belt has net income F,,, in the radiation
budget, the belt must lose energy through
meridional transport in the atmosphere T, or in
the ocean T,,. Thus,

1 d
acosp Fo + ———(Ty + Ty) = 0. (10)
a do
Therefore, T, + T, can be evaluated by integrat-
ing the net radiation with respect to latitude ¢:

To($) + To(d) = — f & cosd’ Fo (¢) A,
) (11)

or in discrete form,

Ty(d) + To (@)
= —Z a’(sing, — sing, ) F.. (¢, ) A¢. (12)

/=1

3.2. Processing of Nimbus 7 ERB data

In this study, monthly mean values in the
MATRIX tapes of Nimbus 7 Earth Radiation
Budget (ERB) experiment (Jacobowitz et al.,
1984a,b) during the FGGE period are used. The
Nimbus 7 ERB equipment has both narrow field
of view (NFOYV) scanning sensors and wide field
of view (WFOV) non-scanning sensors. MA-
TRIX tapes contain the net radiation values from
each set of sensors in a quasi-equal-area grid,
which has a 4.5° latitudinal width and
approximately 600 km east-west extent.

Data from both sets of sensors are used to
evaluate the annual mean transport. No WFOV
data are given for latitudes higher than 81°
because the orbit of the satellite does not pass
these latitudes. The values for the adjacent lati-
tude belt (76.5°-81° in each hemisphere) are
assumed to be valid for the polar regions. Many
NFOV observations are missing for the northern
winter of 1978/79 due to the special operation of
LIMS (Limb Infrared Monitor of the Strato-
sphere) equipment (Jacobowitz et al., 1984a).
With a scatter diagram of all available monthly
grid values of NFOV and WFOV data, it is
found that the two sets of data are almost linearly
correlated with a slope of unity and a bias of 13.0

W m 2 (WFOV is larger), where the correlation
coefficient is 0.986. Therefore, WFOV values are

substituted with the correction of the mean bias
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where the NFOV values are missing. The balance
over the whole globe is —3.16 W m~? for the
NFOV data and +9.58 W m™? for the WFOV
data. The minor difference between these values
and those tabulated by Jacobowitz et al. (1984a)
is due to the somewhat different time periods and
the different ways for filling missing data.
Though the examinations of ERB observations
(e.g., Arking and Vemury, 1984) suggest that the
bias between the WFOV and NFOV observa-
tions comes from calibration problems in both
sets of sensors, it is difficult for users of processed
MATRIX data to make detailed corrections.
Consequently, a simple scheme is adopted in this
study, namely, the global mean value is
subtracted out from all grid values of net radi-
ation before the integration of expression (12).
Without the correction, the transport at the end
of the pole-to-pole integration would be — 1.6 PW
for the NFOV data and +4.9 PW for the WFOV
data. A similar cumulative error from the radi-
ation budget of Campbell and Vonder Haar
(1980) would be +5.1 PW according to Oort and
Peixoto (1983) and about +4.3 PW according to
Carissimo et al. (1985).

Observations taken by the two sets of sensors
have a different nature. While the NFOV sensors
observe the radiation from target areas of
approximately (150 km)?® along several scanning
planes around the sub-satellite point, the WFOV
sensors are designed to observe radiation from
the total area of the earth visible from the
satellite. The WFOV system has an advantage in
evaluating the total radiative flux from the earth,
including the emission in oblique directions.
However, some deconvolution process would be
necessary to evaluate the spatial derivative of the
net radiation over the globe from the WFOV
data. On the other hand, the simple finite
difference formula (12) is adequate for the NFOV
data. Therefore, the results from the NFOV data
are selected for this study. Another advantage of
the NFOV data is that the magnitude of the
global mean residual is smaller.

3.3 Results

Fig. 13 shows the annual mean northward
energy transport. A similar result was obtained
by Hartmann et al. (1986), with the same data
set. The values adopted in previous transport
studies are also shown. The NFOV curve shows
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Fig. 13. The annual mean northward energy transport
by the atmosphere-ocean system inferred from radi-
ation observations. Solid lines show the results from
Nimbus 7 NFOV data, dashed lines from Nimbus 7
WFOV data, dotted lines from Carissimo et al. (1985),
and dash-dotted lines from Nimbus 6 WFOV data
(Hastenrath, 1982). Symbols “*O” stands for Oort and
Vonder Haar (1976); V™ for Vonder Haar and Oort
(1973); and *T” for Stone (1978), adopted by Trenberth
(1979).

good symmetry about the equator. The peaks are
found around 35° latitudes in both hemispheres,
where the value is 5.9 PW.

The discrepancy among the curves is largest at
20-40°N. The difference between the NFOV
curve and that of Carissimo et al. is small. The
WFOV curve is about | PW higher than the
NFOV curve. The curve based on Nimbus 6
ERB WFOV observations during 1975-1976
(quoted from Fig. 2 of Hastenrath, 1982) appears
even higher at these latitudes. The systematic
difference between WFOV and NFOV may be
due to the difficuity in interpreting the WFOV
data mentioned above. Alternatively, it may be
due to the fact that WFOV observations cannot
capture the minimum of outgoing infrared radi-
ation associated with large amounts of upper
clouds at the narrow ITCZ over the oceans.
Vonder Haar and Oort (1973), Oort and Vonder
Haar (1976) and some other older studies give
values 1-2 PW lower than recent ones at these
latitudes, while Newton (1972) gives values (not
reproduced here) close to the recent ones.
Interestingly, the difference among the analyses
are quite small for the southern hemisphere.



298 KOOITI MASUDA

4. Oceanic energy transport

The annual mean energy transport by the
ocean is estimated by subtracting the atmospher-
ic transport obtained in Section 2 from the total
transport given in Section 3. The result is shown
in Fig. 14 together with those of earlier studies.
The evaluation of seasonal oceanic transport re-
quires the evaluation of the surface heat ex-
change and oceanic heat storage, which are be-
yond the scope of this study.

The solid line in Fig. 14a is the estimate
derived from ECMWF FGGE data and Nimbus
7 NFOV data. The pattern of oceanic transport is
very different between the two hemispheres. In
the northern hemisphere, a peak of northward
transport appears around 25°N, where the value
is about 3 PW. In the southern hemisphere, there
are two peaks at 50°S and 20°S, where the values
are less than 2 PW. The main reason for the
difference between the two hemispheres is due to
the difference of atmospheric transient eddy ac-
tivity in summer, spring and autumn mentioned
in subsection 2.2.4. The oceanic transport at 70°S
is 0.6 PW, which should be nearly zero in reality
because there is a negligible area of ocean at that
latitude.

The GFDL analysis (dashed line) gives a
northward transport of 4 PW around the equator
and a southward transport somewhat larger than
the ECMWF analysis does around 50°S. Both
features do not seem to be reliable since they are
related to problems of the GFDL data.

The poleward transport around 25°N and 25°S
in both FGGE analyses is about 1 PW smaller
than the result of Carissimo et al. (1985),
reflecting a larger atmospheric transport. The
agreement with Oort and Vonder Haar (1976) is
fortuitous, since both the total transport and the
atmospheric transport are 1 PW larger than their
results.

The values from surface heat budget studies
are shown in Fig. 14, panel (b). Roughly speak-
ing, the resultant curves of those studies are
similar. However, some biases exist among them,
indicating that the heat budget over polar oceans
is the most uncertain.

The agreement between results of FGGE anal-
yses and surface heat budgets is good over the
southern subtropics. They also agree with the
combined direct estimate from hydrographical

Hnnual energy transeort (Ocean)
4 0 Oort-vonderHaar N e a
v vonderHaar-0ort X

Z1 1 Tremberth 1979 /
/

eSS

] S
NFOV - ECMWF l

-—-— NFOV - GFDL

......... Carissimo et al

" N Newton 1972
< S Sellers 1885
Ct—8—f—g—
] TCECy,
—Zj Hsiung 1985
—-—~— Hastenrath 1982
_ [T T Hastenrath 1380
Eﬁ -—-— Taltey 1984
Log c
i)
b2 =z,
5 T
o —
1) 0
c
S -2
[N
5 Han 1964
-4 N ~-—— Meehl 1982 00C!
5\" N Meeh( 1982 DOC2
o -B -—-— Takano et al
o)
c [ serett 1978 » d
7 T
5 £ RN
L e T B
S 0 T/
= ) 7 ~——- Bryan & lLewis
4: -2+ u Manabe et al
5 _qj c—-— Miller et at t
=

S80 B0 40 20 O 20 40 6O 80N
Latitude (deg.)

Fig. 14. The annual mean energy northward transport
by the ocean. Panel (2): those evaluated by the residual
method. The solid line shows the results from Nimbus 7
NFOV and FGGE ECMWF data; the dashed line,
Nimbus 7 NFOV and FGGE GFDL data, the dotted
line, Carissimo et al. (1985). The symbols “O” stands
for Oort and Vonder Haar (1976); V™, Vonder Haar
and Oort (1973); “T", Trenberth (1979). Panel (b):
those evaluated by the surface heat budget method. The
solid line, Hsiung (1985); the dashed line, Hastenrath
(1982); the dotted line, Hastenrath (1980); the dash-
dotted line, Talley (1984); “N™, Newton (1972); “S",
Sellers (1965). Panel (¢): those evaluated by ocean mod-
els. The solid line, Han (1984); the dashed line,
experiment DOC1 of Meehl et al. (1982); the dotted
line, experiment DOC2 of Meehl et al. (1982); and the
dash-dotted line, Takano et al. (unpublished, 1973) as
displayed by Takano (1979). Panel (d): those evaluated
by rvarious methods. The dashed line, ocean model of
Bryan and Lewis (1979); the dotted line, coupled ocean-
atmosphere model by Manabe et al. (1979), the dash-
dotted line, atmospheric model by Miller et al. (1983).
The box drawn with solid line indicates the
hydrographical estimate by Bennett (1978).
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sections by Bennett (1978) who concluded that
the southward transport across 28°-32°S is 1.15-
2.27 PW (this is indicated by a rectangle in Fig.
14d). In the northern subtropics, on the other
hand. the FGGE analyses indicate a poleward
transport larger by 1 to 2 PW. This disagreement
is difficult to explain. A weak point in the
evaluation of the surface flux is the net radiative
flux. Most of the investigators use empirical
formulae involving surface temperature, humid-
ity and cloudiness, similar to those proposed by
Berliand and Berliand (see Budyko, 1971, ch. 2).
Since there are very few stations that observe
radiation over and around tropical oceans, the
calibration of the coefficients for the empirical
formulae may be inadequate. On the other hand,
it is possible that the resolution of currently
available atmospheric data is insufficient. In case
of the ECMWEF data, for example, the resolution
is limited by their 660 km “analysis boxes™ (see
Lorenc, 1981) and the intervals between standard
pressure levels. Those kinds of atmospheric circu-
lation which have smaller scales than resolvable
may contribute to heat and moisture transport:
cold surges, intense tropical storms, or sub-synop-
tic scale cyclones along subtropical fronts such as
the Baiu (Mei-yu) front over East Asia, to name a
few.

Large differences are found among the results
of oceanic models (Fig. 14, panel (c) and part of
panel (d)). These reflect uncertainty of effective
diffusion and viscosity in models which cannot
resolve mesoscale eddies, as well as uncertainty
about the forcing from the atmosphere (wind
stress, heat and water exchange). A pioneering
work with a realistic configuration of ocean
basins was carried out by Takano, Mintz and
Han (unpublished, 1973) and reviewed by
Takano (1979). In that study, density was a
function of temperature only, so that the trans-
port of heat there corresponded to transports of
heat and salt in the real ocean. Meehl et al. (1982)
used the coefficient of horizontal diffusion of
heat of 2 x 10*m?s~! for the experiment DOCI,
while the value was changed to 1/10 of that for
DOC?2. The effect of the diffusion coefficient was
large in the southern hemisphere as shown in the
figure. In the northern hemisphere, the total
value happened to be similar, even though the
dominant component in DOC2 was the
meridional overturning instead of diffusion as in
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DOCI1. The result of a coupled ocean-atmosphere
model by Manabe et al. (1979} is also shown.
(The curve of energy transport is provided by
Manabe, personal communication (1983)). The
oceanic part of the model was the same as the
oceanic model of Bryan and Lewis (1979), result-
ing in a similar small value of transport.

Miller et al. (1983) used the surface heat fluxes
simulated by an atmospheric model with speci-
fied seasonally varying sea surface temperature,
instead of observed surface fluxes, to evaluate the
annual oceanic heat transport. Russell et al.
(1985) extended the analysis to its seasonal vari-
ation. Their curve, included in Fig. 14(d), shows
more resemblance to the FGGE ECMWF curve
than to those calculated from surface heat budget
studies. This perhaps supports the conjecture that
a source of error in the surface heat budget
method can be found in empirical formulae of
radiation, since radiation at the surface is com-
puted explicitly in models. It seems, however,
that the resolution of their atmospheric model (8°
latitude x 10° longitude) is insufficient for re-
solving heat transport by synoptic scale systems.

S. Concluding remarks

Figure 15 summarizes the annual mean trans-
port by the atmosphere and the ocean evaluated
in this study. In panel (a), ECMWF data are
used, while in panel (b), GFDL data are used. In
both cases, NFOV data of Nimbus 7 ERB
experiment are used as the source of radiation
information. Panel (c) shows the result of
Carissimo et al. (1985) for comparison. Among
two FGGE data sets, ECMWF data seem to
give a better result here because of the smaller
error of mass conservation and the better accept-
ance of southern hemisphere surface pressure
observations.

The total transport by the atmosphere-ocean
system is symmetric about the equator. This
shape of the curve can be explained with a simple
diffusion-type transport model (Stone, 1978).
However, the contribution of either the
atmosphere or the ocean is not similar between
the two hemispheres. In particular, the ocean at
20-30°N carries more heat polewards than that
of the same latitudes in the southern hemisphere,
despite the oceanic area being smaller. To
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Fig. 15. The partition of annual mean northward trans-
port of energy (solid lines) into the contribution of the
atmosphere (dashed lines) and the ocean (dotted lines)
evaluated with (a) Nimbus 7 NFOV and FGGE
ECMWF data sets, (b) Nimbus 7 NFOV and FGGE
GFDL data sets, and (c) by Carissimo et al. (1985).

explain the larger relative role of the ocean in the
northern hemisphere, the following two
mechanisms might be suggested. However, in
contrast to the above observation, both are likely
to have the largest contribution at 40-50° lati-
tudes. (1) In the northern hemisphere, the eastern
boundaries of the mid-latitude ocean enable the
poleward geostrophic flow just below the Ekman
layer to counter-balance the equator-ward Ekman
transport under a westerly wind. The result is a
larger poleward heat transport by the ocean in
the northern hemisphere than the southern
hemisphere (Bryan and Lewis, 1979). (2) In the
nothern hemisphere, there is a larger area of land

that has less heat capacity than the sea, so the
thermal gradient between the tropics and the
polar latitudes is smaller in summer, resulting in
smaller heat transport by the atmosphere.

A difference of 2 PW was found in the oceanic
heat transport of the northern subtropics between
the residual estimate by Carissimo et al. (1985)
and the estimate from surface heat balance by
Hsiung (1985). If the result of the present study
with ECMWF data is chosen as representative of
the residual method, the unexplained discrepancy
is reduced to 1 PW. The difference between the
results of this study and Carissimo et al.’s mainly
comes from the atmospheric transport, in
particular, from the larger poleward heat and
moisture transports by transient eddies in middle
latitudes.

Significant advances of data assimilation
technology came out after the production of the
“main IIIb” data sets. Both ECMWF and GFDL
made so-called ““final IIIb” data sets with revised
schemes and the revised FGGE database
(Kallberg and Uppala, 1985; Stern and Ploshay,
1987). ECMWF has introduced diabatic heating
in the initialization process. GFDL has revised
the assimilation scheme to reduce gravity-wave
noise and to achieve better acceptance of isolated
observations. In addition, GFDL now archives
assimilated fields on sigma levels, and ECMWF
has adopted the interpolation of difference from
the initial guess in the conversion from sigma to
pressure coordinates. Both are likely to reduce the
error in the conservation of mass. The period of
the new assimilation is limited to the Special
Observing Periods of FGGE (January-February
and May-June), however. If data of the whole
year could be assimilated with the currently best
schemes, the overall accuracy would be consider-
ably better than the results with the “main IIIb”,
though assimilation of the divergent wind and
moisture is still in its developing stage.

The representativeness of the FGGE year is
another problem. It will be necessary to use data
of several years after FGGE to evaluate
interannual variability of energy transport.
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