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ABSTRACT

The global conversion rates into available potential and kinetic energy (Lorenz’s quantities G
and C) have been traditionally evaluated on the gridscale (G&Y, C®~ 2.5+ 0.4 W/m?).
Convective phenomena acting on the sub-gridscale (like, e.g., thunderstorms) have been treated
as molecular. In Part I of this study it has been outlined how Lorenz’s energy cycle may be
extended to include sub-gridscale processes. For this purpose new fluxes, particularly the global
mean conversion rate into kinetic energy on the sub-gridscale (C**®), have been defined.
Evaluating them is the purpose of the present Part II. C** is closely related to the buoyancy
production term of turbulence kinetic energy which can be expressed through the vertical sub-
gridscale fluxes of moisture and heat. A thermodynamic diagnostic model (DIAMOD) that
estimates these fluxes indirectly from gridscale analyses is applied. In this way the conversion
rate has been calculated for three months using global reanalysis data from ECMWF and from
NCEP/NCAR. The errors of our results are caused by the analysis data used, by the specification
of the ratio between moisture and heat fluxes (the main closure assumption in DIAMOD)
and by uncertainties in the radiative heating field; they are given here at the 95% level.
We find C*®*= +22+1.7W/m% The new complete conversion rate C = C&d 4 C° js
+4.7+ 2.0 W/m?. This figure is the main result of this study, presented here for the first time:
Lorenz’s energy cycle, if extended to the sub-gridscale, is about twice as intense as in the
traditional approximations. In contrast to C**® the sub-gridscale generation rate G**® and
therefore the complete G cannot be evaluated. All one can do is to improve the estimate of
G#4 by improving the estimates of the net heating. For G®#4 we find the new value of
+3.140.5 Wm?

1. Introduction

It is a fascinating question how the general
circulation of the global atmosphere is maintained
against the dissipative effects of friction. Lorenz
(1960) has defined the intensity of the general
circulation as the global mean conversion rate C
from available potential energy A into Kkinetic
energy K. The reservoir 4 is constantly fed by the
generation rate G; it exchanges with the K reser-
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voir through C. K is eventually tapped by the
dissipation rate D. This concept leads, in the
climatological mean, to

G=C=D. (1.1)

This allows to estimate C by estimating G or
to estimate both and then check the results against
each other; D cannot be estimated independently
and is to be taken from the equivalence expressed
by (1.1). As has been discussed in Part I (Hantel
and Haimberger, 2000), G and C as understood
by Lorenz (1955) are integrals of gridscale correla-
tions. Consequently, all processes below the
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gridscale, including deep convection, have tradi-
tionally been treated as internal energy. This
implied that the energy transfer from gridscale to
sub-gridscale kinetic energy was considered as
molecular dissipation.

The aim of Part I has been to drop these
restrictions and come up with a generalized theory
of the global energy cycle. Our approach, different
from others, extends the classical energy reservoirs
and conversion rates such that sub-gridscale pro-
cesses are included. The ultimate reason is that
the separation between gridscale and sub-gridscale
is, in a sense, artificial, and has historically been
dictated not by physical arguments but by the
practical data availability. For the sub-gridscale
quantities we use relations that can be evaluated
from gridscale data by using an indirect method.
We have introduced the following partitioning:

C =¥ 4 o, (1.2)
where the right-hand side is defined as:
Cr= —{Gw}, = —{d0"}. (1.3)

The averaging operators have been defined in
Section 3 of Part I. A corresponding partitioning
has been introduced for G, D, K and A. With this
terminology eq.(1.1) reads in its traditional
approximation:

Ggrid ~ Cgrid ~ Dgrid.

(1.4)

In order to proceed towards a full account of
Lorenz’s original equivalence one would wish to
estimate also the sub-gridscale conversion terms.
Due to significant progress in data accuracy and
completeness over the last twenty years this task
can now be tackled. The authors have put some
efforts into developing an indirect method (referred
to as “diagnostic model” DIAMOD) for estimat-
ing energy fluxes related to sub-gridscale processes
(Hantel et al., 1993). It has so far been used for
regional-scale diagnostic studies of convective
systems (Haimberger et al., 1995; Hantel and
Hamelbeck, 1988), recently it has been applied
also for global evaluations (Hantel and
Haimberger, 1998).

In Section 2, we shall show how the sub-
gridscale energy fluxes diagnosed by DIAMOD
can be related to sub-gridscale quantities that
have been defined in Part I. In particular, the
integrand —a"w” of the sub-gridscale conversion
rate C**® is in good approximation equal to the

buoyancy flux as familiarly used in planetary
boundary layer (PBL) theory (Kraus and
Businger, 1994). Section 3 contains details of the
numerical evaluations performed and of the input
data used. The main results are presented in
Section 4.

2. Indirectly estimating the sub-gridscale
conversion terms

Some of the sub-gridscale quantities derived in
Part I can be expressed in terms of sub-gridscale
moisture and heat fluxes. In the following we
demonstrate how these fluxes can be diagnosed
indirectly from gridscale analysis data.

2.1. Diagnosing the buoyancy flux with DIAMOD

The basis for the diagnostic method used
(DIAMOD; see Hantel et al. (1993)) is the equa-
tion for the enthalpy of moist air c,9, with
& =T+ c,'Lq referred to as equivalent temper-
ature. In local form it reads (Ninomiya, 1968;
Ninomiya, 1975):

de 9
dt

= Q4+ awm. (2.1)

The heating is defined as:

o .8
7.]]—415.]]4’8

J

QS = Qrad — 0

Xj
Q.aq 1s radiative heating, J§ is the latent heat flux
due to molecular diffusion of water vapour, J% is
the molecular sensible heat flux, ¢ is molecular
dissipation. The heating Qg4 is in contrast to the
net heating Q of the enthalpy equation (eq. (2.3)
of Part I) for dry air which contains net condensa-
tion but does not include J§.

The moist enthalpy equation (2.1) may be
written in mass-averaged form, using standard
cartesian tensor notation, as follows (compare
Section 3 of Part I):

T,
\ar "%y,

l—\ = __
= .9”1;;!> =0y +ao+od'w’. (2.3)

",

Before we can use (2.3) for evaluating —o"w
some simplifications are necessary which are out-
lined in the following. Most atmospheric data are
given in pressure coordinates. The corresponding
regional mass-averaging for a quantity k is defined
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as:

_ 1
k=—
s | L,

x k(t, x, y, p)dp d4 dt, k=k+k. (24)

This operator differs from {} defined in
eq. (3.13) of Part I by the different limits; it has
also been used in previous studies with DIAMOD
(Haimberger et al., 1995). Here Ap is the difference
between two adjacent pressure levels, A4 is the
horizontal area of the gridcell, At=6-12h.
Assuming that the hydrostatic equation holds on
the gridscale we adopt the following approxi-
mation:

k~k. (2.5)

It allows to consider the averaged quantities
diagnosed with DIAMOD as mass-averages in
the sense of Part L.

As is done by most researchers (see Cotton and
Anthes, 1989), the horizontal sub-gridscale and
molecular flux components &"vy, 3"v5, J¢, Jg,
JB, J% are all neglected while the vertical sub-
gridscale component is kept and in this study is
approximated as:

11— 1

—cp | =935 |-, 30 =c.
o g

(2.6)

¢ is the sub-gridscale enthalpy flux of moist air,
introduced earlier as “total convective heat flux”
(Hantel et al., 1993); here it will be referred to as
convective flux.

w'o' (Kms™)

———
—
—~———

The molecular vertical flux components J§ and
J& are active only in the less than 1 cm thick skin
layer immediately above the Earth’s surface (Fig. 1).
It may be useful in cases to lump them into the
correlation flux to yield the effective turbulent heat
flux (Stull, 1988). However, we shall not adopt this
convention but rather maintain that the molecular
fluxes are physically different from ¢ and thus are
to be kept within Qg. This implies that the boundary
condition for ¢ (namely, the measured latent and
sensible heat fluxes, referred to as LH and SH) does
not apply at the material surface of the Earth but
at the top of the skin layer; this property of the c(p)-
profile will be used below for an estimate of the net
heating profile. The local dissipation rate ¢ is typic-
ally smaller than the errors in the specification of
radiative heating Q,,4. We thus imply that Q.4
contains not only radiative heating but also ¢ with-
out specifying ¢ explicitly. In summary, we assume
that Qg ~ Q,,4 everywhere outside the skin layer.

Applying _all these approximations (plus
expanding d/dt in pressure coordinates in flux
form) the moist enthalpy equation (2.3) reads with
the approximations (2.5), (2.6):

U

__ %o =
%o, +CPV2'19V2+cpﬁ—ocw—de
\ ~ J
bud
o
¢ o —ad'w'=0 (2.7)

Total
effective
turbulent
flux

T ———
S~
——

(a) The effective turbulent heat flux using daytime convective
conditions as an example, may be nonzero at the surface. (b)
This effective flux, however, is the sum of the actual turbulent flux

and the molecular flux.

Fig. 1. Vertical molecular and turbulent heat flux in surface skin layer (reproduced from Stull (1988). Turbulent flux
vanishes at surface due to kinematic boundary condition while molecular flux is extreme at surface and vanishes at

top of skin layer.
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V, is the horizontal windvector. (2.7) is identical
to the convection equation (CE) of our former
studies (Hantel et al, 1993; Haimberger et al.,
1995; Hantel and Haimberger, 1998).

Instead of solving eq.(2.7) for the gridscale
tendency 09/0t as done in forecast models (pro-
gnostic mode, sig parameterized) we solve the CE
for the sub-gridscale quantity sig (diagnostic mode,
03/0t from observations). In the diagnostic mode,
bud is considered observed and sig is considered
unknown.

The first term in sig (i.e., the divergence of the
convective flux) is the dominating one while the
second (i.e., the buoyancy flux) is about one order
of magnitude smaller. However, convective flux
and buoyancy flux are coupled. This has been
known from PBL theory for long (Stull, 1988;
Garratt, 1992) and shall be reproduced briefly in
the following.

The buoyancy flux reads:

R K——
—do'x —c,- Tyw'. (2.8)
Here we have eliminated o with the virtual temper-
ature T, and have neglected pressure fluctuations.
The virtual temperature flux can be written, neg-
lecting both triple correlations and the term
0.61qT'w"

K
—c,—Tow' =

_ _Cpg{(ﬂ T)(1+0.61[G+q ]}’

K — _
R —c,—[T'w' +0.61Tqw]. (2.9)
p

We further introduce the relation between temper-
ature flux and moisture flux in form of the inverse
Bowen ratio in the atmosphere (Hantel, 1987):
Lgo’ 1

= =—. (2.10)
T'w B

The inverse Bowen ratio 1/f(p) is an unknown
function of pressure to be specified externally (see
below); this is equivalent to a closure assumption.
With it the temperature and the moisture flux
take on the forms:

p T/ ’ 1 L G
—Tw = c, —q'o
g 1+1/p g

C

Y .
IRESY

(2.11)

Upon combining egs. (2.8)—(2.11) we obtain:

— g 1+(06lc, T/L)1/B
—0wx— K

p 1+1/p

~

(2.12)

¢

K

Considering T(p) and 1/B(p) as gridscale functions
of pressure, eq. (2.12) allows to calculate the pro-
file —a'w’'(p) of the buoyancy flux once the profile
¢(p) of the convective flux has been estimated. The
gridscale function &(p) is for dry conditions (mois-
ture flux zero) identical to k= R/c,. For moist
conditions &(p) deviates from x; the deviation is
controlled by the inverse Bowen ratio profile.

Due to the coupling between buoyancy flux and
convective flux eq. (2.7) can be written as ordinary
differential equation in pressure:

; )
bud(p) + g Z(If’)—g?dp):o.

(2.13)

The CE in the form (2.13) can be solved by
standard methods. The boundary condition at the
surface is ¢(ps) = LH + SH; the surface fluxes LH,
SH are considered turbulent above the skin layer.
The CE is the key for diagnosing the sub-
gridscale processes of our extended energy cycle.
Once the solution ¢(p) has been found, the buoy-
ancy flux can be computed in every gridbox of an
atmospheric column and, upon global integration,
yields the sub-gridscale conversion rate C°.

2.2. Diagnosing the heating rate with DIAMOD

One of the achievements that came with
Lorenz’s energy cycle is that estimates of C can
be checked with independent estimates of G =
{NQ}. The main problem in calculating G is to
estimate the net heating rate Q defined in eq. (2.1)
of Part I (which is different from Q). The following
processes, sorted after their magnitude on the
global scale, contribute to Q: radiative heating,
latent heat release, heating due to molecular heat
conduction and dissipation. The most straight-
forward option, equivalent to how we have treated
Qg4 above, would be to approximate Q by radiation
plus latent heating. However, specification of
latent heating from observations is too inaccurate.
Thus, following various authors (Hantel and
Baader, 1978; Hoskins et al., 1989; Fortelius, 1995),
we evaluated the heating rate Q indirectly by
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employing the dry enthalpy equation:

de, T
Tode

%{_J

R

— .

(2.14)

R can be interpreted as the response of the atmo-
sphere to diabatic forcing. Expanding R and aver-
aging yields with approximations consistent with
the ones used in deriving eq. (2.7):

_ 0 __ oTo
R=c, o +ch2-TV2+cPTp —am
. J
Y
Rerid
T e 2.15
c —dw'. .
+ % (2.15)
%{—J
Rsub

The idea is that R has to be equal to the forcing
0. The sub-gridscale response R*“® should be
included since it does not need to be small (Hantel
and Baader, 1978).

The generation rate G={NR} can now be
separated into:

Ggrid: {]\_]Egrid} + {]\_]Esub}’
H_J

G** = (NR’}.

Giﬁd
(2.16)

In previous estimates of the generation rate
(Siegmund, 1994) only G&¢ has been evaluated.
The contribution NR*"® has been neglected since
the sub-gridscale quantities in R**® have been
considered molecular.

With the formulae (2.11) and (2.12) both com-
ponents of R**® can now be expressed in terms of
the convective flux. Thus we can calculate the
complete G&9, G**° is still not evaluable at present.

However, when trying to evaluate R*'°, and
opposite to the situation when evaluating the
buoyancy flux, we encounter a new problem. It is
caused by the skin layer immediately above the
Earth’s surface (thickness less than 1 cm, mass Ap
less than 10~ ° of the mass of the total atmosphere)
in which Q, represented by R**® in (2.15), reaches
extreme values. The reason is the huge divergence
of T'w' in the skin layer. In contrast, the formula
(2.12) for —a’w” does not require differentiation.

In order to estimate the term {NR**®} we split
the averaging over the mass of the atmosphere
into two parts, one over the atmosphere above
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the skin layer and one over the skin layer:

1 __
—J NR=®dM
M M

1 ps—Ap
— T SR apan
psA A JO

Dy
+if f NR=® dp dA.
psA A s —Ap
Above the skin layer, R*"® has moderate values
and can be diagnosed with DIAMOD. Thus we
can readily evaluate the first integral on the rhs.
of (2.17).

The second integral cannot be evaluated with
DIAMOD. This is reflected in the lower boundary
value of T'w’ in DIAMOD, which is equal to
gc, 'SH, valid at the top of the skin layer. Exactly
at the Earth’s surface T'w’ is zero since there can
be no turbulent transport through a material
surface. Thus there is rapid divergence of T'w’
within the skin layer. This property of the turbu-
lent flux T'w’ is illustrated in Fig. 1 from the
textbook of Stull (1988). It is important to reco-
gnise that T'w’ in the present context is not the
effective flux (= the sum of molecular and turbu-
lent flux) since it does not contain the molecular
flux J%. The molecular forcing Q is dominated by
the convergence of the molecular heat flux and
the response R is almost exclusively represented
by the extreme divergence of T'w’; both effects
balance each other in the skin layer.

From these arguments the second integral of
(2.17) can be approximated as follows:

1 JJPS
psA J4 ps—Ap

Cp Ps _dT'w’
R —— N——dpd4
psA J4 ps—Ap dp

g —
- A.
1 JA NSHd

(2.17)

NR**® dp dA

(2.18)
Ps

Here we have neglected the second term of R®*®
in (2.15) and have assumed that the efficiency
factor in the skin layer is constant in the vertical;
thus NR*"® becomes independent upon the poorly
known thickness Ap.

We conservatively adopt for N the value near
the Earth’s surface where it is almost everywhere
positive (Dutton and Johnson, 1967; note,
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however, that this neglects the ®-dependence of
p, and thus of N within the skin layer). Further,
since SH is reasonably well known, at least the
sign and the order of magnitude of NR**" can be
estimated with the approximation (2.18). We
expect that N is positively correlated with —SH
which yields a systematic and nonnegligible con-
tribution to G&¢,

We are now ready to evaluate C&9, C**® and
the improved G#¢ from general circulation data.

3. Input data and numerical issues

Preliminary estimates of C**® have been gained
with operational initialized analyses of the
European Centre for Medium-Range Weather
Forecasts (ECMWF) for August 1991 (Haim-
berger and Hantel, 1996; Haimberger, 1998); a
value of 2.8 W/m? has been found, but it has been
concluded that the data input must be improved
to get a reliable estimate of C**®.

In the present paper we use primarily reanalysed
data for the gridscale atmospheric budget terms.
These have been generated in delayed mode by
the European Re-Analysis (ERA) project per-
formed at ECMWF (Gibson et al, 1996) and
by the National Center for Environmental Predic-
tion (NCEP)/National Center for Atmospheric
Research (NCAR) reanalysis project, respectively
(Kalnay et al., 1996). The highest available reso-
lution has been taken for each data source
(T106L31 model level data for ERA, T62L28
model level data for NCEP, 6 hourly intervals).

All terms of bud in eq.(2.7) except Q,,4 have
been calculated from these input data using the
original discretization schemes of the assimilating
models (pressure hybrid coordinates, semi-
Lagrangian advection in the ECMWF-model,
Eulerian advection in the NCEP/NCAR forecast
model) in order to avoid interpolation errors.
These are not always small and can blur the
physical signal as has been discussed by
Haimberger et al. (1995); Trenberth (1995);
Calanca and Fortelius (1996). The gridscale bud
has been evaluated with DIAMOD in 120 x 60
atmospheric columns of equal area covering the
whole globe.

To solve the CE (2.13), further input is needed.
The field of Q,.4 has been taken from ERA (6-18
hourly forecasts) and NCEP/NCAR (0—6 hourly

forecasts since longer term forecasts have not been
available) as a substitute for satellite observations
which are not available in the needed vertical
resolution. For the specification of the lower
boundary condition of the CE we used the corres-
ponding forecast latent and sensible heat fluxes
LH and SH, respectively, as a substitute for
observations.

It has been noted by the providers of the
reanalysed data sets that the products gained from
forecasts should be used with caution. Thus we
have performed some consistency tests with the
forecast radiation and surface energy flux fields.

As is well known, the surface fluxes LH, SH
should balance the net radiative flux difference
between bottom and top of the atmosphere in the
global mean*. If this is not the case, the atmo-
sphere would cool down or heat up. This behavi-
our should also be found in global forecast models
and can be used to detect systematic forecast
errors (Klinker and Sardeshmukh, 1992). As a
matter of fact, {Q,.q} and {LH} + {SH} do not
balance in the first hours of the forecasts of the
assimilating models. The imbalance in the first 6 h
of the forecasts is 20 W/m? in the ERA model and
13 W/m? in the NCEP/NCAR model for January
1993. Consequently, the model atmospheres of
both ERA and NCEP/NCAR model show a spuri-
ous cooling trend of up to 0.4 K/day in the global
mean in some atmospheric layers (Fig. 2). It is
caused by a systematic error either in {Q,,q} or
{LH} + {SH} or in both.

This misfit cannot be tolerated. Since the cooling
trend disappears after about 2—3 forecast days it
would seem an option to avoid it by using fluxes
from longer term forecasts as input data; however,
it is undesirable to use forecasts longer than
12-18 h since the model atmospheres may have
drifted towards a possibly unrealistic “model
climate”.

The second option is to remove the misfit in
the short-term forecast flux fields. We performed
two different modifications of these forecast
input fields.

® In the first modification we assume that
LH + SH is correct and the misfit is caused by the

* The other terms on the rhs. of the globally averaged
moist enthalpy equation (2.3), — {ow} and {¢}, are much
smaller and should also balance.
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Fig. 2. Global mean forecast (solid) and analysed (dashed) tendencies of heat (thick curves, bottom x-axis, units
K/day) and moisture (thin curves, top x-axis, units 10~3/day), averaged over January 1993. (a) From 6-hourly ERA-
forecasts/analyses, (b) from 6-hourly NCEP/NCAR-forecasts/analyses. Differences between forecast and analysed

tendencies are systematic tendency errors.

radiative heating field (too strong radiative cool-
ing). The model bias may be measured as the
monthly mean difference between analysed tend-
ency and forecast tendency as shown in Fig. 2.
Thus we add the difference between forecast
equivalent temperature tendency and analysed
equivalent temperature tendency to the Q,,4 field.
This reduces the misfit between Q.4 and LH + SH
by an order of magnitude. To remove the imbal-
ance completely would be possible but not useful
since for monthly means, as discussed here, small
deviations from radiative-convective equilibrium
can occur. The modified Q,,4 is then consistent in
the global mean with LH + SH and the analysed
equivalent temperature tendency. Fig. 3 shows the
vertical profile of the resulting modification of
Q..4 in the global monthly mean.

® In the other modification we assume that
Q.4 1s correct. In this case we add the vertically
integrated systematic equivalent temperature tend-
ency forecast error to LH + SH in every atmo-
spheric column. This leads to stronger surface
fluxes in almost all latitudes (see Fig.4). The
global mean 1/ (~5) at the surface remains
nearly unchanged by this modification.

Tellus 52A (2000), 1

Both modifications have their merits. The modi-
fication of Q,,4 corrects the misfit in every atmo-
spheric layer. This is particularly important since
the tendency errors tend to be positive in high
and negative in low layers. Thus they introduce
a spurious slope into the bud-profile (see
Haimberger et al., 1995) that is corrected with the
Q..q-modification. On the other hand the modi-
fication of LH + SH is weaker due to the partial
compensation of the tendency errors in the ver-
tical. Further it is known that LH + SH tends to
be too weak in the first hours of the forecasts
(Kallberg, 1998). The best guess is probably a
combination of modifications.

The global data inconsistencies as demonstrated
in Figs. 2—4 are principally relevant and contribute
significantly to the errors encountered in the final
results of this study. However, as we shall see
later, the modification mode chosen does not have
much impact upon value and accuracy of C*“®.

The second principal error source is due to our
ignorance concerning the profile of the inverse
Bowen ratio 1/ which must be specified for the
CE (2.13) to be solved. Since Lg'w’ and ¢, T'w’
are driven by the same eddy velocity it seems
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Fig. 3. Global horizontal monthly mean of unmodified (solid) and modified (dashed) Q,,4, (2) from twice daily ERA-
forecasts (forecast hours 6-18), (b) from four times daily NCEP/NCAR-forecasts (forecast hours 0-6). Values in
units K/day, valid for January 1993.
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Fig. 4. Zonal monthly mean of unmodified (solid) and modified (dashed) LH + SH, (a) from twice daily ERA-
forecasts (forecast hours 6-18), (b) from four times daily NCEP/NCAR-forecasts (forecast hours 0—6). Values in
units W/m?, valid for January 1993.
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Fig. 5. (a) Ratio of gridscale variance of ¢, T and Lq within 72 regions regularly distributed over the Earth. Size of
regions: (3000 km)?%; size of gridscale columns: (300 km)2 Thin curves: profiles of ratio in each region. Thick curve:
global average of profiles. (b) Idealized profiles of 1/f. Thick solid profile 2 designed to closely match mean profile
in (a). The other two profiles 1, 3 are used in sensitivity experiments.

plausible that Lg'w’ may be proportional to the
sub-gridscale moisture variance and ¢, T'w’ pro-
portional to the sub-gridscale horizontal temper-
ature variance. The various 1/f profiles in Fig. 5a
have been calculated from gridscale variances on
areas of (3000 km)?* all over the globe. The thick
curve is the mean over all those ratios of variances.
This profile shall be used as the standard profile
in the following evaluations. It is scaled with the
ratio 1/f(ps) = LH/SH at the surface in the indi-
vidual columns. A similar result is independently
obtained if we approximate 1/f by the ratio of the
global mean gridscale moisture flux and heat flux
(not shown).

In addition to the thick 1/ profile in Fig. 5a
two other profiles are chosen that account for
the inherent uncertainty in the specification of the
global mean 1/f profile visible in Fig. 5a. The
results of a couple of sensitivity experiments
performed with the three 1/f profiles shown in
Fig. 5b are discussed below.

4. Results

Here we document results from evaluations of
gridscale and sub-gridscale energy conversion
rates for three months, January 1993, July 1996
and January 1997 from the data sets noted above.
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We first show our evaluations of the classical
conversion terms. Fig. 6 displays vertical zonal
monthly means of the integrands of G&*¢ and
C#d. The integrand NR®® shows maximum
values near the ITCZ, where the atmosphere is
heated at relatively high temperatures and at high
latitudes where it is cooled at low temperatures.

The integrand —a@ of C#¢ shows a broad
positive maximum in the tropics and broad nega-
tive maxima in the subtropics, reflecting the
Hadley cell; thus —d&® is subject to considerable
compensation, the mean value is only about 1%
of the standard deviation. Alternatively one can
also evaluate —V,-V,® since for gridscale data
the implied hydrostatic assumption is totally
acceptable (Peixoto and Oort, 1974). In this case
the compensation is much less and the global
mean value is thus less prone to numerical errors.
The values for C# presented here are therefore
global means of — ¥, V,®.

Our best estimates for the global averages over
the three months investigated are G&¢=
2.6+ 0.4 W/m? and C&9=25+04W/m2 The
error values are twice the standard deviations of
the mean values. Though not strictly comparable
due to the short time averaging interval they are
quite in accord with results in the literature (Arpe
et al.,, 1986; Peixoto and Oort, 1992; Siegmund,
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Fig. 6. Zonal monthly mean of vertically integrated NR# (solid), of vertically integrated — & (dotted, multiplied
with 0.1) and of vertically integrated — 1, + V,® (dashed). Curves valid for January 1993, calculated from ERA data.
Corresponding global means are 2.3 W/m?2, 2.4 W/m? and 2.6 W/m?, respectively.

1994). The remaining part of G& (which is sub-
gridscale) will be discussed further below.

We now move to the evaluation of C**®. Fig. 7
shows zonal mean plots of ¢(p). Panel (a), gener-
ated with ERA-data, exhibits the typical distribu-
tion of ¢(p): Maximum negative values near the
surface in the subtropics of the northern hemi-
sphere, corresponding to a permanent upward
convective flux beginning at the Earth’s surface
and converging in upward direction to about
tropopause level. A second maximum of ¢(p) can
be found in the tropical mid-troposphere. Slightly
positive (i.e., downward directed) values of c(p)
prevail at and above the tropopause and in
polar regions.

A qualitatively similar picture can be found
when wusing NCEP/NCAR reanalysis data
(Fig. 7b). However there are sizeable differences
in the tropics and subtropics between panels (a)
and (b). No maximum of ¢(p) in the tropical mid-
troposphere can be found in the evaluations of
the NCEP/NCAR reanalyses and the subtropical
surface fluxes are larger. Since the global observa-
tion data source for the two reanalyses was similar
for both centres the differences of the ¢(p) fluxes
must mainly stem from differences in the repres-
entation of various physical processes in the
assimilating models (Hantel and Haimberger,
1998). However this cannot be avoided when
using analysis data. We have also evaluated c(p)
with corrected LH + SH; the differences between
the ¢(p) fluxes from ERA and NCEP/NCAR are
about the same (not shown).

Figs. 8, 9 show the zonal monthly mean of the
buoyancy flux —o'w’. The differences between the
four panels due to data and evaluation method
uncertainties are not small. However, the main

features are invariant: The typical order of magni-
tude in the zonal mean is 1073 W/kg. Further,
—o'w’ is positive throughout the troposphere with
maximum values in the PBL and in the tropical
upper troposphere. Only in the stratosphere and
near the poles negative values prevail, consistent
with the small positive ¢(p)-values in the strato-
sphere noted in Fig. 7.

So far only the sensitivity to the modification
of Q..q and of LH + SH and the sensitivity with
respect to the analysis data sources has been
tested; the 1/f profile has been kept fixed. The
next step is to vary the 1/f profiles. While the
impact of 1/B(p) on ¢(p) is very small (not shown
but extensively discussed in Hantel et al. 1993;
Haimberger et al.,, 1995) this is different for the
buoyancy flux. Fig. 10 shows the monthly mean
of —a'w’ in a meridional section, Fig. 11 in a
vertical section. The integrand is the larger the
smaller 1/f. The three 1/ profiles have a visible
impact upon the size of the integrand, but not
upon its sign. The integrand with maximum values
of more than 5 W/m? in the tropics is positive
almost everywhere except in the polar regions;
therefore the global mean C*® is also positive and
typically within the range 2.2+ 1.0 W/m?. A sim-
ilar result is found when using NCEP/NCAR data
(Table 1). The vertical profiles of the horizontally
averaged —o'w’ (Fig. 11) are positive except above
the troposphere where comparatively small nega-
tive values can be found. The impact of 1/ on
—o'w’ is strongest in the mid-troposphere. In
summary, the error due to 1/f is comparable to
the error sources of the assimilating models.

The values of C**® obtained are summarized in
Table 1, including results for July 1996 and
January 1997. The three-month survey indicates

Tellus 52A (2000), 1
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Fig. 7. Zonal monthly mean of ¢(p) with corrected Q,,4. Values in units W/m? valid for January 1993. ¢(p) calculated
with thick 1/f profile of Fig. 5b. Black regions at bottom indicate zonal mean orography. Upper abscissa geographical
latitude ¢, lower abscissa sin ¢. (a) Pattern calculated from ERA data; (b) from NCEP/NCAR data.

that Cs*° is larger if Q,,q is corrected instead of
LH + SH, particularly when ECMWF data are
used. C**® is consistently larger (about 1 W/m? on
average) with NCEP/NCAR than with ERA
reanalyses, particularly when LH+SH is
corrected.

From the results above we conclude that sign
and order of magnitude of C**® can be estimated
fairly reliably although the error of C*** is sizeable.
The 95% confidence interval for C**® calculated
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from the 36 values of Table 1, assuming normal
distribution, is:

C"° =22+ 1.7 W/m?. (4.1)

Our next evaluation concerns the components
of G&9, The zonally, vertically and monthly aver-
aged integrands NR® and NR*'® are shown in
Fig. 12. The globally mass-averaged NR**® in the
atmosphere above the skin layer is slightly nega-
tive (—0.0 to —0.4 W/m?) while it is positive
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Fig. 8. Zonal monthly mean of buoyancy flux —a'w’ calculated from ERA data with thick 1/f profile of Fig. 5b.
Panel (a) with corrected Q,,q4, (b) with corrected LH + SH. Black regions at bottom indicate zonal mean orography.

Values in units 10”4 W/kg valid for January 1993.

(~0.6 W/m?) in the skin layer, resulting in values
of {NR®"*} between 0.2 and 0.6 W/m? (see also
Table 2, limited to ECMWF data).

This strong influence of the skin layer is consist-
ent with the fact that the destabilizing effect due
to the convergence of the molecular flux J% is
concentrated in the skin layer. J% generates
unstable vertical temperature stratifications that
eventually lead to non-molecular motion above
the skin layer; in other words, it feeds an energy

reservoir available for conversion into kinetic
energy.

The range of values in Fig. 12 is the result of a
sensitivity experiment in which the 1/f profile has
been varied according to Fig. 5b. The error of
NR®® due to uncertainties in specifying 1/ is not
too large. Yet, one should not forget that a con-
stant N in the skin layer (extrapolated from calcu-
lated values in the boundary layer above) has been
used in order to evaluate this term. Further, we
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Fig. 9. As Fig. 8 but calculated from NCEP/NCAR instead of ERA data.

needed Q.4 as input to get first bud, then ¢(p)
and finally NR®®. This implies that we had to
specify a part of Q (namely, Q,,4 and the divergence
of J% in the skin layer) in order to get the complete
R (= 0 including latent heat release). Despite these
uncertainties sign and order of magnitude of
{NR®®} are physically plausible.

Our results are graphically summarized in
Fig. 13 which is similar to that in Lorenz (1967).
It shows the global conversion rates between the
gridscale plus sub-gridscale reservoirs of available
potential energy (4) and of kinetic energy (K).
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Figures without brackets have been calculated
from general circulation data. This applies in the
first place to the components of C. Because of
eq. (1.1) knowing the complete C is sufficient to
specify the intensity of the generalized Lorenz
energy cycle. The figures with brackets correspond
to quantities that cannot be evaluated directly
since their integrands are unavailable. An example
is G*"® whose integrand N'R’ cannot be evaluated.
We have estimated G**° as residual by assuming
that the reservoirs A and K are constant in time.

We have further assumed, in accord with the
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Fig. 10. Zonal-vertical integrals of —a'ew’, time-averaged over January 1993, in units W/m?, from ERA-data. Three
curves in each panel generated with 1/f profiles of Fig. 5b. (a) Calculated with corrected Q,.4. (b) Calculated with

corrected LH + SH.
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Fig. 11. Global horizontal averages of —o’w’-profiles, time-averaged over January 1993, in units 10~% W/kg, from
ERA-data. Three curves in each panel generated with 1/f profiles of Fig. 5b. (a) Calculated with corrected Q,,q4-

(b) Calculated with corrected LH + SH.
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Table 1. Mean values of C*** for 3 different months,
calculated from ECMWEF data (reanalysis data for
January 1993, operational analysis data for July
1996 and January 1997) and NCEP/NCAR re-
analysis data using different corrections and 1/
profiles (see text); values are in units W/m?

Data source Q.aq corrected  LH + SH corrected

1/p profile

—_
[\
W
—_
[\
w

9301,ERA 1.5 21 30 11 1.5 22
9301,NCEP 1.8 24 30 18 24 3.2
9607,.ECMWF 15 21 30 08 12 1.9
9607, NCEP 24 32 41 23 31 41
970LECMWF 12 18 26 05 0.8 1.3
9701,NCEP 24 30 38 18 2.4 32

Table 2. Monthly mean values of NR*™ for 3 differ-
ent months, calculated from ECMWF data using
different corrections and 1/ profiles (see text);
values are in units Wjm>

Data source Q.aq corrected  LH + SH corrected

1/p profile 1 2 3 1 2 3

9301,ERA 02 04 06 02 0.3 0.4
9607.ECMWF 04 04 05 04 0.5 0.5
970L,LECMWF 02 02 02 02 0.2 0.2

literature, that the gridscale dissipation D& is
negligible. We maintain that the kinetic energy of
large-scale motions is first converted into smaller
scale eddies before it can be dissipated. Our results
suggest that the small-scale eddies are fed at about
equal amounts by shear production (which must
be equal to C&¢ if D#d js negligible) and by

9,60 . 308

buoyant production C®**. Our best estimate for
the dissipation rate D*“® which can be considered
as the total dissipation rate is 4.7 W/m?, about
twice as large as previous estimates.

5. Conclusions

The goal of this study has been to extend the
classical energy cycle of Lorenz (1955), Lorenz
(1967), towards including sub-gridscale processes.
Up to now the sub-gridscale fluxes could not
be evaluated mainly for practical reasons.
Consequently, the kinetic energy of, for example,
cumulus convection has been treated as internal
energy.

In Part I of this study we have tried to generalize
Lorenz’s theory to include also sub-gridscale
motions while retaining the form of the generation
rate G = {NQ}, of the conversion rate C = — {00}
and of the dissipation rate D. Taking into account
both components of G = G4 + G**® and of C =
C#d 4 C**® brings Lorenz’s concept to its full
potential.

In the present Part II we have tried to evaluate
gridscale and sub-gridscale contributions to G and
C from the reanalysed data sets of the ECMWF
(Gibson et al, 1996) and of NCEP/NCAR
(Kalnay et al., 1996). These are presently the best
data sources for evaluations of the global energy
cycle. Since the data are available on pressure
surfaces we have adopted the approximations:

NO~NO, N'Q'~NTOQ,

PN

—o W

(5.1)

—0wx —ow, ~ —od'w'.

The double bars and double primes refer to the
exact mass averaging operator discussed in Part I,

0 . N L 60 9
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Fig. 12. Zonal-vertical integrals of NR& (thick curve, mass average 2.6 W/m?) and NR®® (three curves, line style
corresponding to 1/ profiles as shown in Fig. 5b), time-averaged over January 1993. All curves calculated with
modified Q,,q4, from ERA data. Numbers denote global mass averages of NR*® profiles (W/m?).
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Fig. 13. Completed global energy cycle. A = available potential energy; K = kinetic energy. The conversion terms
Geid ceid perid comprise the traditional quanties. The quantites G**°, C**, D% are the new sub-gridscale conversion
fluxes, evaluated here for the first time. Numbers without brackets in units W/m? calculated from global atmospheric
data. Numbers with brackets indirectly estimated assuming that reservoirs A and K are stationary. Errors of numbers

shown are discussed in text.

the single bars and single primes to the approx-
imate averaging operator performed on the p-
surfaces. Thus our evaluations have yielded:

G~ (NO}, G~ (NQ',

C¥ilx {apt,  Cx —{do'}.

(5.2)

The braces denote the global averaging operator
performed on the gridscale.

Concerning C we have noted that the integrand
of C*** = — {o/w’} is identical to the familiar buoy-
ancy flux in the turbulence kinetic energy equation.
It can be expressed by the turbulent moisture and
heat fluxes in the atmosphere (Stull, 1988) which
are principally observable at a single location. The
problem has been to evaluate these fluxes on the
global scale. For this purpose we have employed
a thermodynamic diagnostic model (DIAMOD,
Hantel et al., 1993; Haimberger et al., 1995) which
yields estimates of the turbulent heat fluxes. The
gridscale analysed data from the reanalyses have
been the main data source. In addition the surface
flux fields LH, SH as well as the 3D radiative
heating field as forecast by the assimilating models
used for the reanalyses have been employed. These
modelled input data are not error-free. Further
errors in the analysed data sets and in the main
closure assumption used in DIAMOD introduce
additional uncertainty into CS°.

Despite these limitations the buoyancy flux has
been found to be positive in practically all latitudes
in all our sensitivity experiments. This suggests
that the results are systematic and not accidental.
Best estimate for C**® is 2.2 4+ 1.7 W/m?.

A basic problem, not solved in this study, is

that we do not know to what extent our results
are influenced by the sub-gridscale parameteriza-
tions of the assimilating models. This problem is
typical for all conclusions to be drawn from
evaluations that make use of modern reanalysis
data sets. It might seem interesting in this context
to evaluate —o'w’ from sub-gridscale fluxes as
parameterized in GCMs. We do not consider this
too useful, however, since these fluxes are typically
calculated with the equation for moist static energy
(Tiedtke, 1989) in which —o’w’ is neglected (Yanai
and Johnson, 1993). Alternatively —o'w’ could be
calculated with cloud resolving models (CRMs)
which model the buoyancy flux explicitly, and to
compare the corresponding CRM conversion
terms with our diagnostic estimates (although such
a comparison would presently be restricted to
selected regions). We have postponed such experi-
ments to future studies. In the present study we
have focussed exclusively to the diagnostic aspect.

The gridscale component C&d = — {3®} can be
calculated directly from the gridscale analysed
data. The best estimate for three months evaluated
is 2.5 + 0.4 W/m?2. It follows that the complete C =
Cerid 1 CsU® amounts to 4.7 + 2.0 W/m? more than
twice the value of classical estimates (Peix6to and
Oort, 1992). This figure represents our main result.
It resolves also the three decades old discrepancy
between Lorenz’s dissipation estimate (about
2.0 W/m?) and independent estimates reported by
Newell et al. (1970), as discussed above in Part I
(about 6.0 W/m?).

Concerning G we have argued that previous
estimates of G&#9={NQ} have suffered from
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neglecting the sub-gridscale energy flux diver-
gences when indirect estimates of Q are employed.
The indirect technique calculates the atmospheric
response R that balances Q defined in (2.15).
However, R is implicitly partitioned into R®"¢ and
R In the traditional evaluations, G#¢ has been
assumed to be the global mass average of NR&,
In our study, we have tried to evaluate also R*"%
this has been principally possible since R**® can
be related to the sub-gridscale sensible heat flux
diagnosed by DIAMOD. Correlating R&" 4 Rsu®
with N should give an improved estimate of G&9,

When trying to implement this program, major
difficulties (that Lorenz has predicted in 1955)
have been encountered since in the surface skin
layer R®“® reaches extreme values. We had to
assume a constant N in order to evaluate the
contribution to G# from the skin layer. This is
a rather crude assumption. Our estimates yield
G#id =31+ 0.5 W/m? where 2.6 + 0.4 W/m? stem
from {NR®} and 0.4 + 0.2 W/m? from {NR*"}.

We consider the central outcome of this study,
namely, that the complete conversion rate C into
kinetic energy is about 4.7 W/m?, as a novel result.
It implies that Lorenz’s classical estimate of C
lacks the contribution of the sub-gridscale. Our
results suggest that the intensity of the complete
global energy cycle as measured by C is about
twice as high as the present textbook figure.

At the end of this exercise one might argue that
most of the kinetic energy generated at the sub-
gridscale is also dissipated at the sub-gridscale
before interaction with larger scales takes place
and that our estimate of C**°, although new, does
not change our view of the global energy cycle in
a deeper sense.

Our data do not quite support this criticism.

From Fig. 13 we see that G**® is smaller than C**®
(if allowance is made for the high error level).
This requires that there is an additional flux of
potential energy from the gridscale into the sub-
gridscale, in accord with theories of deep con-
vection (Emanuel, 1994) which identify large
scale ascent as a source for convective available
potential energy.

This interpretation suggests that the separability
of gridscale kinetic energy (“synoptic dynamics”)
and sub-gridscale kinetic energy (“convective
dynamics”) may be less ideal than implied by the
traditional expositions of the global energy cycle.
The dynamics of thunderstorms cannot be
adequately described with the notion of molecular
friction. Rather, the gridscale and sub-gridscale
branches are intimately coupled. We have tried
here, in a first step and with limited and noisy
data, to point towards a quantitative appraisal of
this global coupling.
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