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Summary: A raview of recent diagnostic estimates wof the
diabatic heating and related guantities is prasanted, and ths

uncertainties involved discussed. Some new results ars prasen-

ted based primarily on the ECMWF reanalyses of the FGGE data.

1. INTRODUCTION

Differential heating of the air between different lati-
tudes is known to be the "prime mover” of the general circula-
tion of the atmosphers. On the average, the forcing associated
with this heating has to be balanced by damping caused by
Friction and diabatic processes that operate mainly on spatial
scales much smaller than those at which the farcing occurs.

Our knowledge of the forcing and damping processas in  the
atmosphere is unsatisfactory. For example, an unsolved problem
in the area of atmospheric energetics is the role of the
different components of diabatic heating (radiation, release
of latent heat, turbulent heat fFlux divergence) in the budget
of available potential energy of - the large-scals eddies.
Another Fundamental problem concerns the dissipation of kine-
tic energy in the free atmosphere: comparabls estimates of the
globally—averaged dissipation rate in the uppsr troposphere by
Kung and Tanaka (1983) differ by a factor of Five!

The generation of the available patential emergy by the
net diabatic heating as well as the dissipation of kinetic
energy are, in studises of atmospheric energetics, normally
evaluated as residuals. The results are sensitive to errars
in the estimates of vertical velocity, which has besen notori-
nusly difficult to estimate from observations. New data and,
in particulaf, developments in data assimilation methods
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during the last two decades have changed the situation consi-
derably.

Diabatic Fforcing is in this report wunderstood as compri-
sing all nonadiabatic processas. In this broad sanse forcing
includes not only those processes that maintain circulation
but also those that damp it (i.e. exert negative Forcing).

Section 2 contains a few notes on the methodology of

estimating the global distribution of diabatic heating Ffrom

circulation data, and revisws some recent estimates obtained
as the residual in the thermodynamic ensrgy equation after
using circulation data to evaluate all the other terms. Ssc-

tion 3 discusses the usefulness of momentum residuals cobtained
in an analogous way. Soms recent estimates of the generation
of available potential energy and dissipation of the _kinetic
energy in the atmosphere are reviswed in Sectimnb&. Section 5§
discusses residual estimatses of the damping of potential en-
strophy in the large-scale transient eddies in the atmosphere.

Most of the figures presented in this report show results
from work carried out at the Department of Metsorology,
University of Helsinki using global data for February 1873,
the main full month of the Special Observing Period I of the
Global Weather Experiment ar FGGE. The data used consist of
the Ffirst (referred to in the following as ”"MAIN”) level IIlb
analyses prepared by the ECMWF (Europesan Centra Ffor Medium
Range Weather Forecasts), GLA (Goddard Laboratory for Atmo-
sphares) and GFDL (Geophysical Fluid Dynamics Laboratory’, and
of the initialized reanalyses (referred to as "FINAL”J by the
ECMWF (Uppala, 1986). Emphasis in the paper is on the results
derived from the ECMWF data.

2. ESTIMATING THE ATMOSPHERIC HEAT SOURCES AND 2 SINKS FROM
CIRCULATION DATA

2.1l Method

The discussion in this subsection is based on Holopainen
and Fortelius (1386).
The diabatic heating per unit mass, @, can be written

Formally as

@ = GR+ mC+ mT+ mdiss £12
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where Uy is the net radiational heating, Op heating dus to

condensation processes, U; heating dus to subgrid scals
turbulent Ffluxes, and 0, ,__ heating due to dissipation of
kinetic ensrgy. Because 0, . __ is much smaller than the other

heating terms, one can writs
0= g+ Up+ Hp . (2

A direct way aof estimating 0 is to estimate the terms QR’
Dc and DT From suitable observations. IfF the heating aof the
whole mass of an air column is considered, DR is given by the .
difference of the net radiation between the top and bottom of
the atmosphere, QC is proportiomal to the intensity of preci-
pitation measured at the surface and QT is pgiven by thae
turbulent heat Flux at the surface. Global distributian aof
these terms for long-term mean conditions was pressnted by
Budyko (13633, whose ”heat atlas” has been the basic referance
in physical climatology for a gquarter of a century. However,
on a daily or sven monthly basis the diabatic heating cannot
yet be estimated with sufficient accuracy in this mag'in the
glohal domain. This will becoms more Feasible when space-—-based
radars eventually make it possible to monitor the glaobal
distribution of precipitation and, hence, of QE' which is the
most variable term in (23.

An indirect method of determining G is provided by the
tharmodynamic energy equatian which, in the pressure coordi-

nate system, can be written as

‘ a4 A a6
Q= Cp(p/pO)‘(E; +V.Vo+ w5;>- €3

Here, as usual, & is potential temperature, & horizontal
valocity, w = dp/dt, Cp iz the specific heat of air at
constant pressure, o= R/cp (R is the gas constant?,
P,=1000 hPa.

If series of daily three-dimgnsional Fislds of T,V and w

and

are availilable, all terms on the rhs of (3) can ba estimated
and thus an indirect ”residual” sstimate For the net diabatic
heating obtainmed. The estimation of the diahbatic heating fram
(33 is, in principle, straightforward. Imn practice, however,

getting meaﬁingful astimates is not so easy because of the
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large sensitivity of the residual term to srrors in the circ-
culation data. The largest sensitivity is to errors in the
divergent wind and the associated vertical velocity or, statsed
otherwise, to the degree with which the horizontal wind and
vertical wvelocity estimates in the data set used depict the
true mass balance in the atmosphers.

Even if great care is taken to reduce errors of wvarious

kinds, the ~instantansous grid-point values of the estimatad

diabatic heating contain much noise. Filtering or averaging
results with respect to time (and spacel must be resorted
to. It is then meaningful to cast (3) into such a form that

circulation statistics can be used directly. If a tims-mean is

taken of (3) such that the local rate of change of tempsrature

becomes small, and the resulting sgquation is integrated over
the whols mass of an air column, the following equation is
obtained:

) o 98
{Q}=cp{V-vr}+cp{<p/po>'w5;}
— 0 — : '
+e{V-TV}+ cp[(p/po)‘gl;(e’w')}. C4)

As usual, a3 bhar denotes the time average and a prime deviation

from the time-averags. Symbol { } denotes a vertical integral.

Equations similar to (4) can ba also writtan for the water
vapaur . In these egquations one can, if one so wishas, use thae
Flux divergence form instead of ths advective form not anly

For the eddy terms but also Ffor the mean-flow terms,

2.2 A review of recent estimates of diabatic heating

Examples of atmospheric heating studies based un>the use
of circulation data are given in Table 1. There are basically
two approaches. 0Ons may sither use the basic observations at
the rawinsonde stations (approach A ar large-scale daily
analyses of the circulation variahles (approach BJ.

The most recent study using approach A is by Savijarvi
(1988J), who reports on an attempt to extend the calculations

by Carissimo Bt al. (1385) (dealing with the zonally-—-averaged
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Tahle 1 Examples of studies of diabatic heating based

on the use of circulation data

A

Use of statistics
based on radiosonde
station data :

B

Use of statistics based on

daily analyses

One set aof Intsrcaom-
analyses parisaons
Newell et al.(1974) Lau (18739) Bretharton
et al. (139822
Oort & Johnson Lorenc & Swin-

Vonder Haar (13876)

Carissimo gt al.(1985)

Savijdarvi (1388)

gt al.(1885)

Hoskins (19853

Kasahara &
Mizzi (18B5)

Chan &
Baksr(13986)

hank (1398437,

Boer (19B8B)

Holopainen &
Fortelius(13988)

Masuda (1988B)
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conditions) to a full geographical domain. A recent applica-
tion of approach B is by Masuda (1988B), who calculates the
zonally averaged energy fluxes and the associated heating Ffor
the Full FGGBE year from the "MAIN” analysses by ECMWF and
GFOL.

The error bars in the heating estimates pose an important
and difficult problem. Some feeling Ffor the uncertainties
involved may be obtained by comparing estimates from several
sets of analyses which all refer to the same period. Differ-
ences in the heating estimates arise in this case dus to the
different wusags of the baéic ochservations and differsnces in
the data assimilation methaods.

In this area, the First intercuhparison of heating esti-
mates was made by Lorenc and Swinbank (1884), who compared the
atmospheric energy flux divergence estimated from operational
ECMWF and UK Meteorological Office analyses for July 1979.
They gave a rather optimistic viesw of the accuracies invalved.
A more pessimistic result was obtained by Boer (189B%), who
compared energy fluxes and the associated heating obtained
For July 1973 from FGGE level IIIb "MAIN” analyses by ECMWF
and GFOL. The results by Holopainen and Fortelius (18863, whao
compared the heating estimates obtained from the ECMWF and GLA
"MAIN” analyses for February 13973, represent an intermediate
view.

Fig. la shows the glaobal distrihution of the vertically
integrated diabatic heating in February 1373, as obtained from
the "MAIN” analyses by ECHMWF ., Uninitialized wind analyses were
used to ecalculate w by using the continuity equation and
imposing the mass balance requirement (for detzils see Holo-
painen and Fortelius, 13863J. Fig. 1b shows the same pattern
chtained from "FINAL” analyses by directly applying the ini-
tialized Fields of U, T and w in (4J. |

Figures la and lb look rather similar. Features comman to
both panels are, for sxample, large positive values over the
Bgquatorial western Pacific, Brazil and and the “storm track”
regions off the eastern coasts of North America and Eurasia.

Fig. lc shows the difference ("FINAL”-"MAIN”) in the hea-
ting. Ideally, this difference should be zero averywhers.

Relatively large values are seen in Fig. lc, houever. Thesse
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(a) The vertically integrated net diabatic heating as
determined From the ECMWF level IIIb "MAIN” circulation
data by using expression (4). Units: 100 W m~%. Caontour
interval is 100 W m-?, but For the sake of clarity, the
zero line 1is not shown. Areas with heating larger
than 100 W m~? are shaded. (Fram Holopainen and Forte-
lius, 13B85J.

(h) As in (a) but From the ECHMWF level fIIb'"FINﬁL" data.
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Fig. 1lc , .
Diffarence ("FINAL”-"MAIN") bhetween the heating distri-
butions seen in Figs. 1b and la. Contour interval is SO
Wom-=2,
area due to differsnces in the basic (lavel IIh) data, in the

data assimilation system used to generate the two ssts of
analyses, and in the initialization. C(In the "MAIN” sst fram
ECMWF, the horizontal wind and geopotential fields are unini-
tialized.)

One can argue that many of thé Features seen in Fig. lc
are probably mainly due to errors in the values ssen in Fig.
la. As an example one can take the large heating valuss in
Fig. la 1in eastern Siberia between S5° and 509N around longi-
tude 120°9 E. The only way large positive values of @ could
arise in this region in February, whers QR is likely to havae a
large negative and QT a small negative valus, is to have (sas
(23] large relesase of latent heat CDC})O]. Howsver, ths ohsar-
ved monthly precipitation totals (FBU, 18373} in this region
For February 1973 were of the order of 10 mm, which corre-
2

spaonds to DC = 10 W m Thus, the total heating @ in this

region should. be negative as in Fig.lb.
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When averages are taken over the "Cage” areas (Bretherton
et al, 18B2), thae ("FINAL”-"MAIN"]) heating differences from
Fig. 1le are -27, +10, 0 and -20 W m™® For ”North Atlantic”,

"North Pacific”, "North America” and "Eurasia” , respective-
ly. The mean absclute valus of these differences is thus 14 W
m—a. This is of the same magnitude as ths valus (9 W m‘E)

reported by Holopainen and Fortelius (19B86) for the absolute
mean difference between the heating estimates derived from the
ECMWF and GLA "MAIN” analyses.

2.3 VUertical distribution of heating

Fig. 2 shous, For the 700 hPa and 300 hPa levels, the
heating pattern obtained From ”"FINAL” analyses. At the 700 hPa
lavel (Fig. 2b) the "starm tracks” in the northern extra-
tropics are clearly visible as local maxima of 0. Thessa maxima
are likely to result from large releases of latent heat and
Fluxes of sansihle heat from the ocean surfacs.

The heating over the "storm tracks” is largely confined to
the lower and middle troposphere: there ars no indications of
them at 300 hPa (Fig. Za)l. In the tropics, howasver, the heat-
ing over the main convection arsas appears to be much strong-
er at 300 hPa than at 700 hPa., This difference in the verti-
cal distribution of heating between the tropics and the extra-
tropics is clearly seen in Fig. 3, which shows the meridional
cross section of the heating in February 1378. Qualitatively,
the pattern appears realistic and agrees with that presented
by Newsll st al. (1372/18742.

Fig. 4% shows the vertical distribution of the the globally
avaraged diabatic heating. Positive valuses are seen in the
lower troposphere and negative valuss in the upper - tropo-
sphere. As discussed by Holopainen (1968B) and Holopainen and
Fortelius (139861, there is a natural global constraint that
produces this kind of heating distribution. It can be Formal-
ly derived by writing (3J in the flux divergencs form and
taking a time mean and a global average over an isoharic

surface. One obtains
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The mean diabatic heating Q@ (in K/d) at (aJ 300 hPa and
(b) 700 hPa in Fehruary 1873, as evaluated from the ECMWF

level IIIb "FINAL” data. Areas with heating larger than 2
K/d are shaded. '
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As in Fig. 3 but averaged isobarically over the whole
globe. Continuous (dashed) line shows valuss aobtained
"FINAL” ("MAIN”) data set of the ECMWE.
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A ~ .
4/3pCBn) = El—: cg") Q . (42

(In (47, (3 denotes an area average on an isobaric surface.)
The circulation must transport heat towards lower pressure
-For kinetic energy to bhe generated Cgf < 0J, Furtharmaors, gi.-
0 at the top and at the bottom of the atmosphare. Thaereforse,
the l.h.s. of (4) and, accordingly, @ also has to be positive
in the lower troposphers and negative in the upper traopo-
sphers.

As Fig. 4% shows, both "MAIN” and "FINAL” analyses by
ECMWF give roughly the same vertical heating distribution. A
major difference betwesn the two data sets occurs at 700 hPa,
where the FINAL analyses give cooling while ”MAIN” analysas
indicate warming; the opposite is true at S00 hPa. A claser
analysis of the heating fislds reveals that these differencas
in Fig. 4 arise mainly from the contribution of southern hesmi-
sphera. The cooling maximum in Fig. 3 in the 700-B50 hPa lagér
at about 30YS ocours at much higher levels in the pattern
daerived from "MAIN” énalgsas (not shownl), whereas the heating
at around 500 hPa at 50 S in Fig. 3 is absent in the Figurs
derived from the "MAIN” analuyses.

The heating differences betwesn the "MAIN” ANO "FINAL” are
most likely connected with the differences in the wvertical

modes of the divergence in the two data sets.

2.4 "Residual” hgating versus parameterized heating

In the Forecast maodsls which pravide the First-guess fField
for the analyses of circulation variables, the heating compo-
nents O, @ and O; are parametsrized in soms  way. ‘Ideally,
the paramsterized total heating should be equal to the resi-
dual estimate one obtains from the circulation data by using
(33.

Figs. 5a and 5b show the vertically-integrated residual
heating and the parameterized model heating, respectively, as
determined from the GLA data set. (The parameterized heating

From the ECMWF assimilation model was not available by the
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(a) As Fig. la but from the GLA level IIIh circulatian
data for February 18979. (Holopainen and Fortelius,
1388).

(b) The vertically—-integrated diahatic heating in Februa-—
ry 1878 as parametrized in the GLA Faorecast model, which
produced the Ffirst-guess Ffield to the GLA level II1Ih
circulation data.
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time of writing this reportl. In the tropics there appears to
be a gamd similarity betuwesen tﬁe two Fields in Fig. 5. This
similarity should not be interpreted as indicating that wuwe
know Cand aven that we can wall paramestrizel the heating 1in
the tropics. Probably a more realistic interpretation is that
in the tropics, where tha diabatic heating and vertical velo-
city are intimately coupled, the patterns of divergent
wind/vertical wvelocity/hsating in the GLQ analyses are detér—
mined mainly by the way in which the heating is parameterized
in the Forecast model. The same is probably true in other data
assimilation systems as well. Clearly, estimates of the diaba-
tic . heating in the tropics by the residual technigue are at

present less reliable than those in ths gxtratropics.

3. MOMENTUM RESIDUALS

Section @2 showed that, Ffor the time being, the distri-
bution of the net diabatic heating can, at least in the extra-
tropics, be best estimated as a residual term fram tﬁe ther-
modynamic energy egquation. One can then legitimately ask
whether the corresponding residual term in the sguations of
motion ("friction”) gives information about the effect of
subgrid-scale processes on the resolved large—-scale Flow. Can
one, fFor example, sxtract from the large-scala momentum budget
any evidence for the effect of the gravity wave drag, so much
discussed (e.g. Palmer st al. (18861 in recent y=ars? Sa
Far,the main observational sevidence for the sxistsnce of such
a drag comes from the residual term in the longitudinally
averaged budget of zonal momentum (Swinbank, 1885). Studies of
the local momentum budget (e.g. Holopainen st al., 19802 have
yielded in this respect inconclusive rasults, partly because
of the lack of data on vertical velocity. Are local values of
the momentum residuals From the FGGE analyses more useful in
this respect?

The time-mean budget of zonal mmmentum at an arbitrary

point can be written as
o=nu+fva+gu _ (S
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where AY is the sum of the thres-dimensional momentum Flux

convergence and the metric term, £ is the Coriolis parameter,

and v_ the ageostrophic meridional wind component . rRY is the

zonal companent of the residual force, which represants the

effects of subgrid-scale motions.

Fig. B shows the zonally-averaged zonal residual force RrY
phtained Ffrom the ECMWF *FINAL” analyses. The lower tropo-

sphers Features are gqualitatively what one might expect: posi-

tive values in the region of easterliaes, negative values in
the region of uwesterlies. (Due to interpolations across
mnuntains,' the low troposphere values in Fig. 6 should not be

considered guantitativelyl.

In the frees atmosphare the dnlg conspicuous feature in
Fig. B are ths negative values of RY (up to -4 m s l/d3  in
the region of the subtropical jet stream around 305N, The

geographical distribution of RY (not shown) raveals that this
feature arises not so much from the mountainous regions as
From the region of the Pacific Ocean. Although there are a lot

of single lavel data for this oceanic region during FGGE
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Zonally—averaged mean residual zonal force (in 1072
m s-2) in February 13979, obtained Ffrom the ECMWF lavel
IIIb "FINAL” data set. '
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(Hollingsworth et al., 1986), it is still likely that the
analysis of the ageostrophic meridional velocity, which is an
important ingredient in the zonal momsntum budget, is in this
region dictated primarily by the model’s First-guess Field. IF
this is true the large negative values of RY in Fig. ‘E may be
Just a reflection of the large parameterized Friction in the
model, and does not necessarily depict what happens in real
nature. (The initializatinn may also influence the vertical

distribution of v_ and rY>.

Fig. 7 shows the budget of zonal momentum in the Frea
atmosphere over the North American continent, which is covered
with a homogenscus network of radiosonde stations. It is sesn
that. AY (g@ssantially the harizontal convergence of zonal mo-

mentum) is practically the same from *MAIN” and ”"FINAL” data.

0.
vl
p

3 Ru

-1 0 1 -1 0 1
Fig. 7
Budget of zonal mamentum Cin 10”1 p 725 gvar Narth
Amarica in February 19739. The valuses obtairned From the

ECMWF initialized "FINAL” data are shown by a solid lina,
those from the ECMWF uninitialized ”"MAIN” data by a
dashed 1lina.
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The term EGa’ howsver, is very different depending on the data
set used, as conseguantly is RY also. The residual term cal-
culated Ffrom the initialized ”FINAL” analyses has a smaller
magnitude than that obtained from the "MAIN” analyses.

It can be argued that only the rotational part of the
residual force is worth considering. The global field of the
residual Fforce vector (RY3+RY §3 From the "FINAL” data set was
partitionad into divergent and rotational caomponents. - The
zonal component of the nondivergent residual Fforce vector,
averaged over North America, turned out to be practically
equal to the "FINAL?” rH vaiues sgaen in Fig. 7.

The momentum residual RY aobtained For North America Ffrom
the GLA data set for February 19739 (not shownl turned out to
have a larger magnitude than in the case of either of the tuo
ECMWF data sets. RY From the GFOL data was positive at all
levels and had the largest magnitude.

It would appear that an interpretation in physical terms
of the momentum residuals obtained by using the fields pro-
duced by present-day data assimilation systems is - hardly

Justified.

4. SOME _ASPECTIS OF THE ENERGETICS OF THE GENERAL CIRCULATION

The maost comprehensive recent study of the atmaospheric
energetics is that by Arpe st al. (1886). They calculated all
the energy conversion terms from the ECMWF initialized ana-
lyses and l2-hour forecasts. The dissipation of kinetic energy
and the generation of the available potential energy were than
pbtained as residuals.

Fig. B shows the vertical profile of the residual estimate
of the globally-averaged dissipation of eddy kinetic enérgg by
Arpe et al.(19863, bhased on the 12-hour forecasts. Besides a
maximum in the boundary layer it shows a second maximum in tha
upper troposphere, in gualitative agreement with the fFindings

of Kung and his collaborators (e.g. Kung and Baker, 1837521.
Arpe et al. warn against taking their dissipatiaon esti-
mates too literally: »Ja do naot know how Far these calcula-

tions are influenced by the analysis—-forecast system or by

chservations...”. In fFact the dissipation gvaluated from the
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Fie- 5ertical profile of the globally averaged rate of  dissi-

pation of eddy kinetic energy. Unit: W m~%*/bar.
(From Arpe et al., 198B6)

Forgcast fields by the method of Arpe st al. should, if prap-
erly evaluated, be egqual to the dissipation o©one obtains
from the parameterization Formulas used for the Ffrictional
processes in the model. The present parameterizations may ,
howaver, not be realistic and, accordingly, the dissipatian
values seen in Fig. B may not be good estimates of the real
dissipation.

The dissipation estimates by Kung et al. For North America
may not be representative of hemispheric or global conditions
(see e.g. Holopainen and Eerola, 1979J), and the real (”ohser-
ved”) dissipation values comparahbhle to thase in 'Fig; = | are
not known. This is true not only for the free atmosphere,
where the largest uncertainty at present probahly lies, but to
a smaller extent also for the planstary boundary layer. Our
ignorance concerning the frictional processes and the concomi-
tant deficiencies in their parametrization is possiblg one of
the reasons for the systematic errors in the large-scals
models today. '

46



Fig. 3 shows the mean annual course of the gensration of
eddy available potential energy, gstimated by ﬁrﬁe st al. as a
residual term in the budget of eddy available potential ener-
gy . The annual course of this term (larger values in summer
than in winter) appears gualitatively realistic and agrees
with that presented by Oort and Peixoto (1983). Ruantitative-
ly, however, large uncertainties remain. For example, tha
annual mean value For the whole globe is -0.01 W m S From the
initialized analyses and +0.38 U m 2 From the 12 hour Forecast
Fields.

2.0 1 I T T T I. T | T T
(Wn¥) | GE

—— NH

Fig. 9 :
Annual cycle of the generation of the eddy available
potential energy (GEJ for the narthern {solid linel and
southern (dashed line) hemisphere. Unit: W m~2. (Fram
Arpe et al., 13B86G7.
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5. SOME _ASPECTS . OF THE POTENTIAL ENSTROPHY BUDGET OF THE
GENERAL CIRCULATION

The conservation law for potential wvorticity is the
backbona of dynamic meteorology. Documentation of atmospharic
large-scale behaviour in terms of potential enstrophy should,

accordingly, be at least as important as in terms of anergy.

Some work haéed on a quasi-geostrophic Eraméwurk was recantly
raported. by Holopainen and Fortelius (18871).

A description of the atmgspheric gemneral circulation in
terms of potential enstrophy (Fig.l0a) is gqualitatively the
same as in terms of snergy (Fig.l0b) : the time-mean Flow that
is generated by latitudinal diffesrences in diabatic heating
breaks down into transient eddiss, which in turn ars damped

by diabatic and frictional processes.

GEMERATION
GENERATION (6y * Dy)
POTENTIAL ENSTROPHY . TfSER:; OF :HE | B asés)
OF THE TIME-MEAN FLOW AN FLOW 3P
CONVERSION V CONVERSION
POTENTIAL ENSTROPHY ENERGY OF THE 32-(?f?25‘
OF THE TRANSIENT EDDIES TRANSIENT EDDIES 3p
DAMPING DAMP ING
(6g *+ Dpg)

a b

Fig. 10
Schematic diagram for the general circulation of the

atmosphere in terms of

(a) potential enstrophy.

(b) energetics (G, denotes the generation of the availa-.
ble potential esnergy and O, the dissipation of kinastic
gnergy of the time-mean Flow; GTE and Org are the corres-
ponding quantities fFor the transient eddies. As usual, @

denctes'geuputential.
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Potential enstrophy considerations have at least two Formal
advantages over thosse of energsetics. First, estimates of
terms in the potential snstrophy budgst involve only the
relatively accurately-known fields of temperature and horizon-
tal wind, whereas energetics depend also aon the poorly-known
Fields of vertical velocity (and horizontal wind divergenceld.
Secondly, potential enstrophy calculations provide informatiaon
fFor individual pressﬁre levals, whereas estimates of the cor--
responding energetic processes can probahly be workaed out with
comparable accuracy only for the vertically-integrated casa.
Thirdly, the potential enstrophy budget does not directly
depénd on  the presence of mountains and the Ekman layer.
Mountains have, however, a direct effect on the energy conver-—
sion from the mean Flow to eddies, and this effect is dif-
Ficult to estimate accurately.

In the steady state, the budget eguation for the isobar-
ically averaged budget of the guasi-geaostrophic potential
gnstrophy of the transient eddies (TE) is (for details sse

Holoppainen and Fortelius, 13872

oo st o g S ol
4/3tC ¥g’?) = 0 = - ¥'g’-vq + O'g’ (6]
In (B, g is the (guasi-geostrophic) potential vorticity and

D the source of g due to diabatic and frictional processes:

(e_3"tcp_ypykan
0D =-F 3/ap(—E o’ P
S

- g a#/apck.curier + keourl Fy (73

In (73 5§ = —BS/Bp, T is the turbulent stress dues to vertical
subgrid-scale momentum fluxes and FH +he horizontal Force dus
to the Eorrespunding horizontal fluxas. As usual, k is the
unit vector in the vertical.

According to (7), the source/sink term D is due to

stahilization of the air due to differential haéting in the
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vertical, and due to horizontal and vertical diffusiaon aof
vorticitg by subgrid-scale processes.

In (6) O0'q’ represants the effect of diabatic and Ffric-
tional processes on the TE potential gnstrophy. According to
(B) and Fig. 10a this effect has, on the averagse, to be bhalan-

ced by the conversion of potential enstrophy from the tima-.

mean flow to the TE’'s. This conversion is repressnted bg the
term -V'g’-vg, © which can ba evaluated (and, hence, a

residual aestimats of D’g’ be obtained) having infarmation an

the fFields of temperatures and horizontal wind only.

Fig. 11 shows for February 13979 the northern hemisphere

f et

avefagas of 0'g’, %573 and the "damping coefficient”

li

f e

w(p) = - O'q'/(%g'2y.

w{(p) can be considered as a gross measure of the rate of
damping of TE potential enstrophy; 1/v is the corresponding
time scals.

0°g’ is seen to he negativa at naarlg all levels indica-
ting damping of the TE potential enstrophy; the time scale of
this damping is about 10 days. As discussed by Holaopainen and
Fortelius (1887), both Frictional and diabatic processes are

likely to be important in this damping.

The degree of sensitivity of the D’g’ estimates to

differences in the data sets is revealed by Fig. 12a, uwhich
AP png

shows [’g’ as calculated fFrom Four FGGE level I111b data sats

for February 1373. Although all curves indicate damping
e

(0°'g’<03, a large scatter is noticable. This scatter appears
to a large extent to be dus to differences between the

globally-averaged static stability in the three data sets. In -

the quasi-geostrophic framework, the average static stability
is considered to be an “external” parameter, a function of
pressure anly. It is therefore meaningful to compars the

PNy
estimates of [D’g’ obtained when the samse refergncs -static

stability is wsed in all data sets. Such a comparison is
provided by Fig. 1l2b. It is seen that the scatter is conside-
rably reduced compared to that in Fig. 12a. It is Furthar seen

that the ECMWF "MAIN”, ECMWF "FINAL” and GLA data sets give
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Northern hemisphere averages for February 18783 of

(al

Chi

(c)

A Ay

D'qg’, the effect of diabatic and frictional

processes an the transient eddy potential enstrophy
¢in 10715 g~3,

%q°%, the TE potential enstrophy (in 10710 g2,

et RS

the "damping coefficient” w(pi=-O'qg’'/(%q %)
(in 107Bg71y,

The estimates have been ohtained by using the level IIlh

"MAIN” analyses hy the ECMWF. (Fram Holopainen and Forte-
lius, 13987)J.
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; ecMwF ("MAIN")
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............. GFDL
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Residual estimate of DO’g’ (in 10715 &3y guer the

northern hemisphers in February 19738, estimated from
various circulation data

(a) results obhbtained when the globhal-mean static stabili-
ty is calculated for each data set ssparatsly

(b) results ohtained by using the same value (obtained
From the ECMWF "MAIN” data set) for the global-mean
static stability in all data sets.

damping preofiles which are rather similar to each other. In
the upper troposphere, where the damping appsars to be lar-

gest, the GFOL data give much smaller values than the othaer
data sets.

PAPwngnd

The profile of D'g’ is a fundamental characteristic of the
general circulation. It could turn out to be a usseful guantity
in the wvalidation and intercomparisan of the atmospheric
GCM’s.

Instead of the guasi-geostrophic vorticity and pressurs
coordinates ona should in possible later studies perhaps use
"Ertel’s potantial vorticity” and the isentropic framswork
(e.g. Townsend and Johnson, 1985; Hoskins et al., 1885). The
basic features of 5?3% will, howsver, hardly he different

From thaose discussed above.
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6. CONCLUSIONS AND REMARKS

Uncertainties in the continental scale averages of the
vertically-integrated maonthly-mean diabatic heating are at
least of the order of 10 W m S in the northern axtrétrcpics
and larger than this in the tropics and in the southern hemi-
sphera.

Oespite these large uncartaintieé in the heating estimates
the situation is encouraging. Compared with the situation,
say, ten years ago, meteorologists now appear to he able to
describe the planetarg—scalé driving faorce of the general cir-
culation much maore accurately, at least on time scales of one
.munth or longer. It remains to be seen whether useful asti-
mates can be derived for shorter time scales.

What is clearly nesded is independent data, against which
the residual heating sstimates derived from circulation data
can be compared. An example of such independant data is the
satellite opbservations of the net radiation at the top of the
atmosphera. In principlé these can be wused in the validation
of the heating estimates if the latent hsat‘is included in the
type of calculations reported here fDDrt and Uonder Haar,
197B). UnfFortunately, satellite radiation data have large
uncertainties of their own (e.g. Jakobowitz and Tighs, 1384,
Hartmann et al., 19883, and there is no certainty yst that
they will he useful in this validation. In the nesar future,
the greatest progress in our ability to describe the diabatic
heating in the atmosphere will prohably come, not from entire-
ly new data, but rathar From improvements in the data assimi-
lation methods. 0On the other hand, any paossible new source of
data (as, Ffor esxample, global prscipifation measurements by
satellite-borne radars) can asventually be included in the data
assimilation system.

It would appear that the local residual terms in  the
budget of momentum and kinetic energy, obtained from largs-
scale analyses, are so much affected by the data assimilation
system (Forecast model, initialization stc.) that their inter-
pretation in physical terms as "observed friction” or “obser-

vaed dissipation” is at present prohably not justifisd.
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The "observed” dissipation of kinetic energy of the large-—
scale Flow in the Fres atmosphere is still highly wuncertain.
In the globally-averaged case there must be some loss ‘cf
kinetic energy in the upper troposphere from the large-scale
flow to smaller scales (otherwise how could we have e.g. clear
air turbulence?). But whether this average upper level dissi-
pation is of the same order of magnitude or an order of magni—
tude smallef than the dissipation in the boundary lager,:'at
present we simply do not know.

In contrast to the case of energetics, which are heavily
dependent an the poorly-known divergent wind, the major fea-
tures of the potential enstrophy budget are (at least in the
extratropics) determinaed by the more accurately-known Ffields
of temperature and rotational wind. Accordingly, potential
enstraophy might turn out to be a8 useful tool in diagnosing
the net effect of diabatic and frictional processes in  the
atmosphere, and in the verification and intercomparison of

large—-scale modals.
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