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ABSTRACT

Using twice daily synoptic charts, objectively analyzed at the National Meteorological Centre, horizontal
eddy fluxes of temperature and quasi-geostrophic potential vorticity are computed for the month of July 1976,
when a blocking anticyclone was centered over western Europe. The local time-averaged eddy variance equations
are used to provide a dynamical basis for interpreting the spatial pattern of eddy fluxes, and their relation to
mean gradients, It is shown that a rotational non-divergent flux can be identified, the cross-gradient component
of which balances the mean flow advection of eddy variance. The remaining flux is the dynamically significant
one which helps maintain the block and can be understood in terms of a response to sources and sinks of

eddy variance.

1. Introduction

The availability of routinely produced global anal-
yses has made it possible for meteorologists to com-
pute, for the first time, local dynamical balances at
high resolution over the globe and document the spa-
tial distribution of fluxes by transient eddies. Of par-
ticular interest has been the importance of transfer
by synoptic scale systems in the mean vorticity and
thermodynamic budgets. For example, Holopainen
and Oort (1981) conclude that eddy transfer by syn-
optic scale systems tends to maintain long wave fea-
tures such as the Siberian anticyclone, the North Pa-
cific and North Atlantic lows. There is growing evi-
dence that eddy transfer is important in the dynamics
of blocking. This idea, first suggested by Green (1977),
has been supported in diagnostic study by Illari
(1983), Hoskins et al. (1983) and numerical simu-
lation by Shutts (1983a).

There is also an interest in the eddy flux of quan-
tities by weather systems because eddy fluxes are the
subject of parameterization schemes. It is far from

~ certain that a parameterization appropriate to the
zonal average eddy heat and potential vorticity flux,
such as Green (1970), will be applicable to the local,
time-averaged flux as assumed in White and Green
(1982) or Shutts (1983b), for example. This is because
the hypothesis of down-gradient transfer of heat and
potential vorticity is based on integral considerations
which cannot make statements about the local eddy
mean flow interaction. In the baroclinically unstable
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westerlies, average eddy heat fluxes must have a com-
ponent down the mean temperature gradient in order
to release potential energy. But although a baroclinic
eddy must transfer heat down-gradient to grow, the
transfer in its mature and decaying phase is less cer-
tain but equally important. Maps of eddy fluxes show
that at the end of the storm tracks the sense of the
eddy heat flux may not be constrained by the ener-
getics.

Relations between the eddy flux of heat and the
local temperature gradient have been sought in ob-
servational studies by Clapp (1970), Tucker (1977),
Lau (1978) and Lau and Wallace (1979). Lau and
Wallace (1979), for example, show that at the end of
the storm tracks eddy heat fluxes can be directed along
or (particularly at upper levels) even up the local tem-
perature gradient, suggesting that the transfer properties
of mature and decaying systems are different from the
transfer properties of their growing phase. Evidence
from eddy-resolving ocean circulation models (Holland
and Rhines 1980) also indicate that decaying eddies
may transfer conserved properties up-gradient. The
interpretation of the dynamical significance of these
up-gradient fluxes, though, is not straightforward be-
cause the eddy fluxes can have large rotational non-
divergent parts which mask the dynamically important
divergent fluxes.

It would be of considerable help in the understanding
of the transfer properties of synoptic scale systems, and
hence to the parameterization of those transfers in low
resolution climate models, if it were possible to inter-
pret the sense of the local eddy flux, or a part of it, in
terms of local enstrophy conversion. Marshall and
Shutts (1981, hereafter MS) have suggested such a way
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of rationalizing eddy fluxes with reference to the eddy
variance equations. They identify a purely rotational
flux, the cross-gradient component of which balances
the mean flow advection of eddy variance, and hence
can be associated with the spatial growth and decay
of eddies. The sense of the remaining flux is determined
by the distribution of sources and sinks of eddy vari-
ance.

Here, National Meteorological Centre (NMC)
analyses are used to compute eddy fluxes at the end
of the Atlantic storm track during the European
drought of 1976. The separation of the fluxes into
parts which balance terms in the eddy variance equa-
tions, as suggested by MS, is found to provide a help-
ful dynamical basis from which to view the pattern
of eddy fluxes.

2. Data

The horizontal distribution of the eddy variances,
eddy fluxes and mean quantities during the July 1976
European drought are examined using the twice daily
NMC analyses of geopotential height, wind, temper-
ature and humidity, on a 2.5° horizontal grid at 12
levels in the vertical. The statistics are evaluated on a
20 X 20 grid extending from 22.5°N to 70°N and
from 22.5°W to 25°E covering western, northern and
central Europe, centered on a blocking anticyclone. A
blocking configuration is chosen since it provides an
interesting context in which to study eddy fluxes, and
also in the hope that the fluxes themselves may give
insights into the blocking mechanism. For a detailed
synoptic description and a discussion of the mainte-
nance of the monthly-mean blocked flow, see Illari
(1983).

The horizontal eddy flux of a quantity S is cal-
culated using -

T V'S'=VS-VS

and the eddy variance
F-F-g

where the overbar represents a monthly average and
a prime the deviation from the average. A monthly
average was chosen to be long enough to include sev-
eral transient systems, yet short enough so as not to
smooth out the anomalous circulation pattern.

3. Rotational eddy fluxes and the storm tracks

Due to zonal asymmetries in baroclinicity induced
by orographic and diabatic forcing, the growth and
decay of eddies becomes organized so that eddies
grow preferentially over the west coast of the oceans
and move downstream to decay over the east coast,
producing the observed storm tracks over the oceans.

Major cyclonic activity is associated with pro-
nounced height variability. Therefore the variance of
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geopotential height 4~ gives an indication of the path
followed by the storms. The distribution of 4" at 400
mb over Europe is shown in Fig. 1a and the mean
height of the 400 mb surface in Fig. 1b. There is a
maximum of 4” in the northwest, in the region of
decaying eddies at the end of the Atlantic storm track.
The spatial distribution is consistent with synoptic
observations that the passage of depressions was in-
terrupted by a blocking ridge centered over the British
Isles: depressions were concentrated to the west of the
block with a few being steered around, mainly in the
northern branch of the split jet. ~

The eddy heat flux at 400 mb is plotted against T
in Fig. lc. The sense of the flux is not obviously re-
lated to the mean temperature contours (upstream
of the temperature ridge there are up-gradient fluxes
and downstream, down-gradient fluxes) but a prom-
inent component swirling around the storm tracks is
evident. Lau (1978) first recognized that eddy fluxes
often rotate around the storm tracks and Lau and
Wallace (1979) attributed this to the geostrophic na-
ture of the weather systems as follows.

If the eddy motion is geostrophic and equivalent
barotropic then, in pressure coordinates

/ —_— r
T oc e oc h',
where the constant of proportionality between the eddy
temperature 7" and the departure in the height 4’ of
the pressure surface from its mean position, depends
on the vertical structure of the eddy: it is positive if it
is assumed that (appropriate to a warm high or cold
low modification of the mean flow) A’ increases with
height. Because V' oc k X V,A' then

V'T « k X V,h*,

where k is a unit vector pointing vertically upwards.
Hence a contribution of the eddy heat flux is expected
to.rotate anticyclonically around the storm tracks.
Similarly, Lau and_Wallace argued that the eddy
relative vorticity flux V’{* would-have a component

V' o —k X V"

rotating cyclonically because of the proportionality be-
tween —¢{’, the eddy relative vorticity, and A'.

It seems, then, that because synoptic systems are
geostrophic, their eddy fluxes will have a rotational
contribution that may obscure the dynamically im-
portant divergent fluxes. It is necessary to be aware of
this when interpreting maps of eddy fluxes.

Lau and Wallace (1979) isolated the dynamically
important divergent flux by mathematically splitting
the vector field of eddy fluxes into rotational and ir-
rotational parts by solving Poisson equations for the
flux streamfunction ¥, and the flux potential x, with
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FIG. 1. (a) Temporal variance of the 400 mb geopotential height
for July 1976 (C.I. = 5 X 10* m?). (b) The deviation in the height
of the monthly mean 400 mb surface from the hemispherically
averaged monthly mean height (C.I. = 6 dam). The major land
masses ar¢ outlined by the thin black line. (c) Eddy heat flux
V'T’ (m s™! K) at 400 mb, plotted against 67 (C.I. = 2 K) the
monthly mean temperature departure from the hemispherically
averaged mean temperature. The dotted line is the zero contour.
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boundary conditions ¥ = 0 and x = 0 applied to
20°N, where eddy activity is small. Instead MS use
the eddy variance equations to identify a rotational
flux that balances the mean flow advection of eddy
variance. This approach goes beyond a purely math-
ematical device; rather it associates contributions of
the flux with terms in the eddy variance equations,
and hence a separation is made on dynamical grounds.

4. The eddy potential energy equaiion

It is the eddy potential energy equation which re-
lates the eddy flux of heat across the horizontal tem-
perature gradient to the advection and conversion of
eddy potential energy. It may be instructively derived
as follows.

The thermodynamic equation in pressure co-or-
dinates is:

T
E+V-V,,T'—Spw=H, (la)
where
RT 9T T a6
S,=— ==
pC, dp 0 op

is the static stability and

T temperature

6  potential temperature

V  horizontal wind

R gas constant

C, “specific heat at constant pressure.

In Eq. (1a) the rhs term,

-4
H=2,

is the diabatic heating with 4 the rate of heating per
unit mass due to radiation and latent heat release.

Dp
w=—-—
Dt

is the vertical velocity in pressure coordinates.

Introducing eddy transfer by splitting the variables
into time-mean and eddy components, and then time
averaging, the thermodynamic equation (1a) takes the
form:

% +V VT +V,-(VT) - S,6=A. (1b)

~ Multiplying Eq. (1a) by T and Eq. (1b) by T gives
equations for the time rate of change of 272 and V2T
respectively. On subtraction we arrive at an ¢quation -
for the eddy temperature variance 1/1?7, proportional
to the eddy potential energy:
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57~ TV (VT + Ve \V -+ VTT

conversion of

mean flow advection of potential energy
potential energy
’ 4 — ! "’
- @TS, = HT. (2
conversion to diabatic
eddy kinetic sources and
energy sinks

Equation (2) is more usually written in the form

0T ( T")
a2 TV

+vV717-V,T - 'TS,=HT, (3)

where an advection and a conversion term have been
combined into a heat flux across the gradient using
the relation:

vT-V,T =V, (VTT)-TV,-(V'T).

This derivation of the eddy potential energy equation
empbhasizes that the eddy flux across the gradient rep-
resents both conversion and advection of potential
energy. As pointed out in Holland and Rhines (1980),
Eq. (3) provide useful relationships which as we show
in the next section help interpret the sense of eddy
fluxes.

5. A non-divergent heat flux associated with mean flow
advection of eddy potential energy

Marshall and Shutts have used Eq. (3) as a basis
from which to separate out dynamically distinct con-
tributions of the flux. The separation is based on the
realization that if the time-mean flow is highly balanced
in the sense that diabatic heating and eddy forcing
cause only small departures from mean flow ¢ along
mean temperature contours 7, so ¥ = (T, then it
follows that:

=
v.v, TT + (VT VT = 0, @)

where

EJ:,T

can be called an advection flux since its cross-gradient

component balances mean-flow advection of T”. The
subscript R is to emphasize that the flux is rotational.
In the original derivation of (4), MS overlooked that
it has wider validity if the dy/dT multiplier is taken
inside the horizontal gradient operator (D. Andrews,
personal communication, 1982). Then (V'T")g is non-
divergent even if the Y(7') relation is nonlinear.

VT)r = % Kk X v,,(d‘l' —’)
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FIG. 2. (a) Scatter diagram of 67 (K) and é4 (in dam) at 400 mb,
showing their functional relationship. (b) advection eddy heat flux
(V'T)r (ms™' K), Eq. (4), plotted against T? (C.1. = 3 K?. The
constant of proportionality @¢/dT is calculated from the gradient of
the straight line drawn through the points of Fig. (2a). This flux is
non-divergent. .

It should be emphasized that the remaining eddy
flux is not irrotational; our procedure is not the usual
separation into rotational, non-divergent and irrota-
tional, divergent parts. Eq. (4) only identifies a rota-
tional non-divergent flux associated with the advection
of 2T . It is not the same as the rotational flux defined
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in Lau and Wallace (1979). From Eq. (4) the
(V'T") flux vector-rotates in the sense to balance flow
advection, whereas the sense of rotation of the Lau-
Wallace flux depends on the vertical structure of the
eddies. Further, the _r_c_ference contours for the ﬂu_x
defined here ari;he T__contours rather than the h”.
In general the 7" and A" contours will not coincide.

Figure 1c shows large southwards heat fluxes at the
end of the Atlantic storm track. Equation (4) suggests
that this up-gradient flux could be largely rotational
in response to flow advection of 7" into the region.
To investigate this hypothesis an attempt is made to
compute the rotational flux, Eq. (4), from our data.

The extent to which the separation is successful
depends only on the closeness of the functional re-

lationship between ¢ and 7. If § is plotted against T,
it is the degree to which the cluster of points collapse
onto a line which is the measure of this functional
relationship. The mean height of the 400 mb surface
is plotted against the mean temperature at grid-points
over our region in Fig. 2a. Because there is a close
functional relationship, the mean flow advection of
T” can be closely. balanced by a rotational, non-di-
vergent flux. Figure 2b shows (V'T")z (with the con-
stant calculated from the slope of Fig. 2a) plotted

"against the 7" contours. Companson with the total
flux, Fig. 1c, show that major features are due to the

_ rotational flux. It is clear that, at this level, the eddy

heat flux is dominated by a component following th the
T” contours (rather than the storm tracks 4”7,
Fig. 1a).

As an illustration of the success of the separation,
the terms in Eq. (4) and their sum are plotted in Fig.
3. The sum Z7in Fig. 3¢ is much smaller than either
of the two terms, showing that we have succeeded in
isolating a rotational component which closely balances
the mean flow advection. A comparison of Fig. 3a with
Fig. 3b shows that the large southwards heat flux at
the end of the Atlantic storm track is predominantly
rotauonal and points up-gradient to balance advection
of T” by the mean flow to the end of the storm track:

T _
v-v,,(—g—) + (VT VT ~ 0.

) (+)

Similarly to the northeast of our region large rota-
tional fluxes are dlrected down-gradlent to balance
the advection of T” out of the reglon by the mean
flow.

(T — L
V. V;,(—z") + (VT)r-V,T ~ 0.
) )

The remaining flux VT’ — (V'T")g, the conversion
flux, is shown in Fig. 4a. It contains all of the dynam-
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FiG. 3. The spatial distribution of the terms in Eq. (4) showing
that mean flow advection of eddy potential energy is closely balanced
by rotational fluxes across the gradient (C.I. = 2 X 107° K? s™"): (a)
V-V,T7%/2) (b) (V Tr* V,,T and (c) their sum Zr. Shacled regions
are negative, unshaded regions positive.
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FIG. 4. (a) The “conversion” flux V'T" — (V'T") (m 5! K) plot-
ted against 87 (C.I. = 2 K day™') at 400 mb showing northward
heat fluxes over the temperature ridge. (b) Spatial distribution of
the conversion term (V'T" — (V'T")g): V,T (C.I. = 2 X 1075 °K?
s~') showing a sink of eddy potential energy over, and to the north
of the temperature ridge.

ically important divergent flux. It is directed more
down-gradient and is much less rotational than the
total flux Fig. 1c. This pattern of eddy fluxes is more
understandable in terms of a response to sources and
sinks of eddy potential energy. The conversion term
[V'T' = (V'T)z)- V,T, Fig. 4b, is significantly larger
than the sum 2 and so, in the absence of data in-
accuracies, must be balanced by sources and sinks of
eddy potential energy:

(VT — (VT)R]- VT ~ HT + o'T'S,.

A prominent feature of Fig. 4a is the down-gradient
flux centered on, and to the northeast of the tem-
perature ridge. The conversion term, Fig. 4b, is sig-
nificantly negative here implying that there is a sink
of eddy potential energy

AND JOHN C. MARSHALL
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HT + »'TS, <0.

Two possible sinks are conversion of eddy potential
energy to eddy kinetic energy in baroclinic instability
'T'S, < 0, and radiative damping of eddies to space
H'T' < 0. Supposing that the eddies are thermally
damped H' = —AT", our data shows that a A~! of ten
days if required to balance the conversion term over
the temperature ridge. A time constant of this mag-
nitude implies an easily attainable eddy cooling rate
of less than 1 degree per day, suggesting that radiative
cooling to space could be an important sink of eddy
potential energy. Conversion of eddy potential energy
to eddy kinetic energy, «'T"S, < 0, may also be im-
portant in the baroclinically active northern branch
of the split jet, particularly in the region of renewed
cyclonic activity downstream of the ridge.

So it is likely that the warm blocking high is a sink
of eddy potential energy and that this is offset through
conversion from the mean flow by divergent down-
gradient fluxes. This northwards heat flux can be in-
terpreted as the signature in the eddy flux statistics
which in Lagrangian terms is achieved through large
meridional displacement of warm air parcels, caught
up in synoptic systems and brought into the ridge
from the south. Intermittent southerly winds on the
western flanks of blocks, associated with the cold
fronts of depressions as they move up to the ridge
from the west, are a synoptic feature of blocking
which was noted as early as Berggren et al. (1949).
In the total eddy flux, Fig. 1c, this dynamically im-
portant flux is masked by the large southwards ro-
tational flux of Fig. 2b.

It is interesting to look at the maps of eddy heat
fluxes in relation to the eddy heat flux divergence

pattern. Although V'T" — (V'T")g still contains a ro-
tational component, the flux divergence pattern at
400 mb. Fig. 5, can be more readily associated with
this flux, rather than the total flux shown in Fig. lc.
Evidently the (V'T")z defined in Eq. (4) accounts for
a large part of the rotation.

Eddy heat fluxes calculated at other levels also con-
tain advective parts moving around the 7" contours,
particularly in the upper troposphere where advection
fluxes dominate in response to large mean flow ad-
vection of 7. In the lower troposphere the J(T°) re-
lationships are not so tight and identification of an
advection flux through Eq. (4) is less meaningful. At
these levels eddy heat fluxes are less rotational and
directed more down-gradient. Again this is consistent
with our association of rotational fluxes with flow ad-
vection. In the lower troposphere where mean flow is
weaker, the advection term in the eddy potential energy
equation is smaller, and the down-gradient conversion
fluxes are no longer overwhelmed by a rotational ad-

~ vective component.

Unauthenticated | Downloaded 04/01/23 02:02 PM UTC



2238

RSP )
w ) o 10 20 |

FIG. 5. The eddy heat flux divergence V,+(V'T") at 400 mb (C.1.
= 1 K day™') and the monthly mean temperature 67 (C.I. = 2 K).
There is convergence in shaded regnons and divergence in unsh: aded
regions.

6. A non-divergent potential vorticity flux associated
with mean flow advection of eddy enstrophy

In Illari (1983) the maintenance of the monthly
mean flow is studied in terms of potential vorticity,
as well as relative vorticity and temperature. For large
scale flow the full potential vorticity, as defined by
Ertel (1942) can be approximated by

(s“+f)—

since Ro < 1 and R1Ro 2 1 where Ro is the Rossby
number and Ri is the Richardson number. This ap-
proximation has been used in diagnostic study by Lau
and Wallace (1979) and Savijarvi (1978), but because
it is significantly advected by vertical motion, as well
as in the horizontal, interpretation of maps of P and
its eddy fluxes is difficult. Instead, Illari (1983) prefers
to replace P by the potential vorticity appropriate to
quasi-geostrophic motion g where

0= t+i oy (%)

and 67 is the deviation from the basic temperature
profile T(p), { is the relative vorticity and f is the
Coriolis parameter. The quantity ¢ is conserved in
_ horizontal adiabatic fn'ctionless motion:

D1, (q)
The connection between Ertel, P and g has been dis-
cussed in, e.g., Charney and Stern (1962), Green (1970),
and Kuo (1972). A diagnostic study in terms of ¢ rather
than P has recently ‘been carried out by .Holopainen
et al. (1982).

&)
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Precise detalls of the method of calculation of q
from data are given in Illari (1983). Here it is suffi-
cient to note that the major problem arises from the
computation of the static stability term which re-
quires the evaluation of vertical derivatives of 7 near
tropopause level. The calculation is based on vertical
profiles of monthly mean temperatures horizontally
averaged over the domain of interest. '

_ The eddy quam-geostrophnc potential vort1c1ty flux
V’q at 300 mb is plotted against § and ¢” in Fig. 6.
The eddy fluxes are of particular interest here, just
below the tropopause, because the flux divargence is
large and makes an important contribution_in the
maintenance of 4. A flux rotating around the g” con-
tours is evident, leading to regions of g-flux up and
down the mean potential vorticity gradient. Again it
is instructive to look at the appropriate eddy variance
equation—the eddy enstrophy equation. In the steady
state it can be written, neglecting the triple correlation
term:

FIG. 6. The eddy quasi-geostrophic potential vorticity flux V'g'
g& 300 mb plotted agamst @ g (CIL = 0.3 X 107 s7!) and (b)
(CL=02X10%s72,
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,2

V. V,, 2 +V'q'-V,g= SAa (6)
advection of eddy flux across source/sink of
enstrophy the gradient eddy enstrophy

where .S, is the source/sink term in the potential vor-
ticity equation (5).

If the mean streamfunction ¢ is a function of §
then, as before (see MS)

3
V'qr- Vg + V- Vh(q?) =0, N
where the advection ¢ flux is

(Vi =3k X v,,(d‘f 7).
d
Figure 6b shows the large rotatlonal component ro-
tating in the correct sense to balance the mean flow
advection of g”, as suggested by Eq. (7).

In Fig. 7a ¢ is plotted against §. The linear func-
tional relationship between ¥ and g is not as close as
it is between ¢ and 7. However a rotational flux, with
the multiplying constant calculated from the straight
line fitted to the points, is plotted in Fig. 7b. There
is a striking similarity between this plot and the plot
of the total flux V'¢’, Fig. 6b, showing that the ¢ flux
at 300 mb is almost all rotational flux.

The terms in Eq. (6) and their sum X, are plotted
in Fig. 8. The rotational flux balances the mean flow
advection in most of the region. In particular, the re-
gions of very large up- and down-gradient flux are a
response through non-divergent fluxes to flow advec-
tion ¢”. These fluxes do not result in any interaction
between the eddies and the mean flow. However, the
balance is not good in the region of minimum g, pre-
sumably because the § contours are closed, whereas
the mean ¥ contours are not, thus breaking the func-
tional relationship between ¢ and 4.

The remaining flux V'q’ — (V'q’)r, Fig. 9a, is much

smaller in magnitude than V'q’ and is directed both
up and down-gradient. Because the dynamically im-
portant (V'g’ — (V'q")r)+ Vg term, plotted in Fig. 9b,
is a rather small term in Eq. (6) and comparable with
the residual Z,, it is difficult to draw any firm con-
clusions about the importance of the enstrophy source/-
sink term in shaping the pattern of the flux. Neverthe-
less a notable feature of Fig. 9 is the large southward
down-gradient flux just upstream of the closed g-con-
~ tour. A numerical simulation of blocking by Shutts
(1983a) suggests that large southward vorticity fluxes
upstream of a block may be a dynamically important
signature in the eddy vorticity fluxes. In a barotropic
model, Shutts is able to generate a blocked flow as a
resonant response to eddy forcing (the eddies in the
model are generated by a wave maker). The mean flow

LODOVICA ILLARI AND JOHN C. MARSHALL

2239

2%

FIG. 7. (a) Scatter diagram of § in 107 s™') and 6% (in dam) at
300 mb showing their functional relationship. (b) the advection
eddy g flux, (V'g)x (107* m s2), Eq. (7), plotted against ¢” (C.L
= 0.2 X 107 s72) at 300 mb. The constant of proportionality
d}/dq is calculated from the gradient of the straight line drawn
through Fig. 7(a).

has a close ¥/(g) relationship, and so a meaningful sep-
aration of the eddy flux can be made. After subtracting
the rotational component, southward fluxes centered
on the split jet can be seen. In the model this is in-
terpreted as a down-gradient flux balancing enhanced
dissipation of enstrophy caused by the strong defor-
mation of the eddies as they propagate in the split jet.
It is very likely that our blocked flow is a region of
enhanced enstrophy cascade. Indeed the distortion and
change in scale of the synoptic systems as they move
in the split jet can be seen in the synoptic charts. How-
ever, because the flow advection in Eq. (6) is such a
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FiG. 8. The spatial dlstnb\mon of the terms in Eq. (6) at 300 mb
(CL=3X10"5s7).(a) V- Via"12), () (V'g)r+ V4 and (c) their
sum Z,. Shaded regions are negative, unshaded regions positive.
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large. term, and the functional relationship between
¥ and 4 not sufficiently close, such an association can
be only tentatively drawn. It is tempting t> associate
the southward fluxes just upstream of the § minimum
in Fig. 9a with a sink of eddy enstrophy. This flux is
achieved through the large meridional displacement
of air from the south in synoptic systems. Even in the
absence of eddies, parcels would undergo minimal dis-
placement about the point of the jet-stream split, but
the strong synoptic impression is that the blocking
anticyclone is supplied by warm air of low potential
vorticity, brought from the south by transient systems
on steep northward trajectories cutting across monthly
mean y contours. This contention seems even more
reasonable on consideration of the Austausch coeffi-
cient for the conversion flux of Fig. 9a, a measure of
the rate of dispersion of fluid parcels

b 5 - R = 2 e B

FIG. 9. (a) “conversion” flux Vg — (V'q)r (107* m £72) plotted
against 4 (C.I. = 0.3 X 107* s7') showing southward fluxes up-
stream of the ¢4 minimum. (b) Spatial distribution of (Vq

(Vq’)R) Vi (CL =3 X 10713 573),
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(Vg = (V'q)r) Vg
IV,

This is strongly positive up-stream of the g minimum
not only because the fluxes are large and southwards
here, but also because of the slack § gradient, sup-
porting the idea that parcels undergo large meridional
displacements on the western flank.

The eddy ¢ flux divergence is shown in Fig. 10 and,
as with the heat flux, can be more readily understood
in terms of Fig. 9a with the large non-divergent part
subtracted. The southwards flux centered on the split
Jet leads to an eddy potential vorticity flux divergence
to the north and a convergence to the south, which
as discussed in Illari (1983), tends to balance the mean
flow advection of . This down-gradient divergent flux
tends to destroy the gradients, making the block a
region of almost uniform §. The closed § contours of
the block are suggestive of a “homogenization” of the
g by eddies, Rhines and Young (1982); an expulsion
of the ¢ contours to the north and south leaving a
plateau in between. This indeed is a likely end-state
if the diabatic forcing in the potential vorticity equa-
tion, restoring the ¢ gradients, is sufficiently weak to
be overwhelmed by the systematic down-gradient
transfer of ¢q by eddies induced by an enhanced en-
strophy cascade in the split jet. A time sequence of
instantaneous ¢ maps would give valuable insight into
this process. :

7. Discussion

Simple representations of the zonal mean transfer
properties of synoptic scale systems presently used in
the climate models, such as Green (1970), may not
be adequate for the time-mean local flux. This is be-

cause the schemes are based largely on the intuition

v(¥g)

<0

p

w10 0 BT BE

FiG. 10. The eddy flux divergence V,-(V'g’) at 300 mb (C.I.
= 2 X 107'%s72) and the monthly mean §(C.I. = 0.3 X 107™*s™).
There is convergence in shaded regions and divergence in unshaded
regions. ’
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gained from instability analyses of zonal flows, which
give detailed information only ‘about the growing
phase, and may therefore be inadequate to describe
the transfer properties of a field of growing and de-
caying eddies. It must be said, however, that the in-
appropriateness of a local diffusive parameterization
for the potential vorticity and temperature has been
overstated because maps of eddy fluxes are often
misinterpreted. Instability analyses of longitudinally
varying flows such as Frederickson (1979) support the
idea of a local application of the zonal mean theory.
This view is reinforced by the present study, for it has
been shown that the extra advection term in the time-
mean eddy variance equation (which vanishes in the
zonal mean) is associated with a non-divergent flux.

Here, as suggested in MS, we have successfully iden-
tified in data a rotational eddy flux which, through
the eddy variance equation, can be associated with the
spatial growth and decay of eddies, but cannot drive
near flow. Such an approach separates the eddy flux -
on dynamical grounds rather than, e.g., by definition
into components parallel and perpendicular to the
mean gradient (as in Clapp, 1970; Tucker, 1977; Sav-
ijarvi, 1978) or mathematically into rotational and di-
vergent parts (as in Lau and Wallace, 1979).

This separation into ‘“advection” and “conver-
sion” fluxes depends only on the closeness of the
functional relationship between ¥ and g (or ¥ and T).
Any such relationship might be expected to be broken
in regions where the eddy flux divergence is large—

- precisely where there is most interest in the eddy

fluxes themselves. This could detract from the use-
fulness of the approach. In general, however, a rather
close functional relationship can be expected, espe-
cially between ¥ and g, because the §’s are the ref-
erence contours along which, but for diabatic effects
and eddies, the large-scale mean flow moves. Partic- -
ularly at upper levels, where mean flow is strong and
diabatic effects small, ¥ cannot deviate far from the
g contours. It is at these upper levels that large ro-
tational fluxes are observed obscuring the dynami-
cally important fluxes.

Our rationalization of the spatial distribution of eddy
fluxes in a blocking episode has, in accord with the
numerical experiments of Shutts (1983a), led us to
identify southward eddy potential vorticity fluxes and
northward eddy heat fluxes centered on the split jet
as dynamically important signatures in the eddy flux
statistics. The southward eddy potential vorticity fluxes,
which can be interpreted as a westward force in the
local, time-mean zonal momentum equation, de-
celerate the flow tending to split the jet.

A blocking configuration was chosen primarily be-
cause of an interest in the blocking mechanism, but
it is probably a rather complicated (though interest-
ing) flow configuration in which to study eddy fluxes,
because the split jet may cause the eddy transfer to
be anomalous. Furthermore, a blocked flow in which
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eddy forcing is abnormally large could put an extra
strain on the ¥(§) relationship. Some caution should
be exercised not to overly generalize our results before
other geographical regions have been studied. Nev-
ertheless our computations suggest the following
three general statements about the spatial distribution
and sense of eddy fluxes.

First, an advection flux defined in Eqgs. (4) and (7)
can be identified, which follows the eddy variance
contours and whose cross-gradient component bal-
ances the major part of the mean flow advection of
eddy variance. _

Second, the advection flux is non-divergent: eddies
respond to flow advection of eddy variance through
nondivergent fluxes. These fluxes are dynamically un-
important as far as the mean is concerned but, par-
ticularly at upper levels where flow advection is strong,
they swamp the irrotational fluxes which effect the
time-mean flow.

Third, the conversion flux contains all the dynam-
ically important flux, is more down-gradient and,
since it is less rotational, it bears a closer relationship
to the flux divergence pattern. It can be more readily
interpreted in terms of a response to sources and sinks
of eddy variance than the total flux.

An obvious extension of our study is a global in-
vestigation of the relative importance of the advection
and conversion terms in the eddy variance equations
in determining the pattern of eddy fluxes associated
with the storm tracks. Scatter diagrams of ¢ against
g would indicate the extent to which 4 is the reference
for the mean flow and hence the appropriateness of
the separation. Finally it would be of interest to study
how the relative contribution of advection and con-
version fluxes to the total flux, depends on the length
of the averaging period and the temporal frequency
of the eddy motion.
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