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ABSTRACT 
The time mean spectral energy and enstrophy budgets for blocking versus nonblocking periods 
from the winters of 1978-79 and 197677 arc calculated. The major differences in the 1978-79 
cases were in the nonlinear interaction terms. A pronounced upscale cascade of kinetic energy 
and enstrophy from intermediate to planetary-scale wavenumbers during blocking was found. 
During December 1976, the energy and enstrophy budgets of a case of Atlantic Mocking were 
very similar to the cases in 1978-79, but quite different from the persistent, greatly amplified 
planetary-wave pattern that fobwed in JMWY and February 1977 (as identhied by Chatney et 
al., 1981). Planetary-scrk barodhic processes were greatly increased during the 1977 event 
along with reduced intermediatescale baroclinic activity and the absence of the upscak 
enstrophy cascade noted in the other blocltmg cases. 

The predictability time (LiUy, 1970) based on the enstrophy flux function showed an increased 
predictability for the January-February 1977 event but no significant differences between the 
other Mocking cases compand to the nonblocking sample. However, the reversal of the low 
wavenumber enstrophy cascade during blocking does suggest that blocking may be more 
persistent (due to reduced dissipathl of the large-scale circulation) and therefore more 
predictabk. 

1. Introduction 

The term “blocking” has been used to describe a 
variety of circulation features with characteristic 
time scales larger than the synoptic time scale. The 
importance of blocking events in causing extremes 
in local surface weather and the expectation that 
the existence of these persistent features would 
allow greater forecasting skill in numerical weather 
prediction models has stimulated a great deal of 
interest in them in recent years. 

Diagnostic calculations have usually identified 
blocking with large-scale baroclinic processes (e.g., 
Paulin, 1970; Murakami and Tomatsu, 1965). 
Recently, Hansen and Chen (1982) were able to 
identify the initiation of two cases of blocking with 
enhanced baroclinic energy conversions. In one 

case, intense baroclinic cyclone waves forced the 
development of a blocking high through nonlinear 
interactions. In the other case, large-scale baro- 
clinic processes accompanied the block’s develop 
ment. 

In the present study, we will attempt to identify 
any systematic differences in the time mean 
spectral energy and enstrophy budgets of blocking 
events compared to nonblocking periods using data 
from two recent winters (1976-77 and 1978-79). 
Recently, Bengtsson (1981) has shown from 
numerical simulations that during a blocking event 
the atmosphere is in general more predictable than 
during nonblocking periods. 

We are interested to see whether any diagnostic 
evidence exists for the greater prediitability of 
blocking found by Bengtsson. Although our sampk 
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sizes are fairly small, several interesting features 
related to difTerences in the nonlinear interaction 
terms appear. 

2. Procedures 

2.1. Data 
The data used in the study are the output of the 

twice daily operational analysis of the National 
Meteorological Center (NMC) from the winters 
(DJF) of 197677 and 1978-79. Data for the 
horizontal wind (u, u), geopotential height (I) and 
temperature (T) on a 2.5O x 2 . 5 O  grid at the ten 
mandatory levels in the troposphere (1O00, 850, 
700, 500, 400, 300, 250, 200, 150 and 100 mb) 
were used. Vertical velocities calculated from the 
quasi-geostrophic w equation (assuming w = 0 at 
lo00 and 100 mb) were used in the energetics 
calculation (Chen et al., 1981). Fourier cdc ien t s  
of u, u, I, T and w were computed for every 2 . 5 O  

of latitude at the 10 levels with the wavenumber 
expansion of these variables truncated after zonal 
wavenumber 18. 

During 1976-77, NMC employed the analysis 
scheme of Flattery (1971) in which only the 
rotational component of the wind is retained in 
u and u. In 1978-79, a multivariate, optimum 
interpolation analysis scheme was employed (Berg- 
man, 1979). In this case a small divergent com- 
ponent of the horizontal wind is retained. How- 
ever, the kinetic energy content of this divergent 
wind is quite small (Chen and Tribbia, 1981) and 
we do not feel that it will adversely afTect the 
evaluation of the vorticity advection terms in the 
enstrophy budget calculation (see below). 

2.2 Analysis 
In the interest of brevity, the spectral energetics 

and spectral enstrophy equations will be presented 
in symbolic form only. The formulation of the 
spectral energetics equations can be found in 
Saltzman (1957, 1970) and the formulation of the 
spectral enstrophy equations can be found in 
Chen and Tribbia (1980). Note that derivation 
of the enstrophy equations requires that we assume 
the wind field to be nondivergent. The 1978-79 
NMC wind field is not nondivergent, as mentioned 
earlier, but we feel the advection of vorticity 
by the divergent component of the wind will be 
small compared to advection by the rotational 
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component and, therefore, the inclusion of a small 
divergent component in the horizontal wind will 
not aflect our calculation. 

The rates of change of wavenumber m kinetic 
energy (K,), available potential energy (A,) and 
enstrophy (Em) are given by: 

and 

Here, a z subscript denotes a zonal mean quantity 

1 
I ( ), = g ( ) d l  where A = longitudel, 

0 

and an m subscript denotes a departure from this 
mean for wavenumber m. The notation C(A,B) 
represents a conversion of energy (or enstrophy) 
from reservoir A to reservoir B. C, (mln, r )  denotes 
the rate of increase of the quantity X (where X = K, 
A or E) at wavenumber m due to nonlinear triad 
interactions with all possible combinations of wave- 
numbers n and 1. j?, represents the so-called 
p-efTect (-v. VD in the enstrophy budget. We 
were unable to calculate the generation terms 
(G(A,) and G(E,)) with available data. B ( X )  
denotes boundary flux terms due to fluxes of X 
across both vertical and horizontal boundaries. 

We integrated the budget equations over the 
region from 30° N to SOo N and from loo0 mb to 
100 mb. When not integrated over the entire maw 
of atmosphere, the budget equations include certain 
horizontal and vertical flux terms (Saltzman, 1970; 
Chen and Tribbia, 1980). With our data, we were 
unable to calculate the vertical flux terms, al- 
though the vertical fluxes could in principle, be 
competitive with the other terms. The horizontal 
flux terms are frequently small (except the flux of 
geopotential energy) and differences in them 
between blocking and nonblocking situations were 
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usually not signiticant. Therefore, we will not 
discuss them. 

2.3. Selection of blocking days 
Traditionally, blocking has been identified sub 

jectively according to certain kinematic properties 
of the flow as set down by Rex (1950). Recently, 
blocking events have been identified as persistent 
departures from the climatological mean height 
field @ole, 1978; Charney et al., 1981). Our 
primary goal is to study persistent, large-scale 
blocking events compared to predominantly zonal 
circulations and to eliminate short duration (syn- 
optic time scale), low amplitude, small-scale 
features from our sample of blocking observations. 
Therefore, we restrict ourselves to c~ses of station- 
ary or slowly propagating ridges where the d o  
parture of the 500 mb height from the zonal mean, 
averaged over every 2.5O of latitude from 5 5 O -  

80° N, exceeded 250 m for seven days or more. 
Blocking events so selected were compared with the 
twicedaily NMC 500 mb charts. The corre- 
spondence between the dates of blocking events 
identified subjectively from the charts and those 
determined from persistent height departures was 
quite good. Discrepancies of one or two ob 
setvations (12-24 hours) at most oocurred at the 
beginning and ending of the individual blocking 
events. Frequently, the two selections were identi- 
cal. Therdore the blocking days identified from the 
height departures were used to form the sample of 
blocking and nonblocking days. Any obsavation 
not falling in a blocking period was included in the 
nonblocking sample. We should note that chang- 

ing one or two observations at the beginning or 
ending of a given blocking event from the blocking 
sample to the nonblocking sample (or vice versa) 
did not signiticantly a e c t  the mean energy and 
enstrophy budgets. 

In addition, a case of very large negative height 
departures occurred during January and February 
1977. This particular event has been discussed in a 
number of contexts by numerous other authors. Its 
existence is correlated with a simultaneous, very 
cdd sea surface temperature anomaly in the North 
PaCitic Ocean (Miyakoda and Rosati, 3982). 
Charney et al. (1981) provide the dates of the two 
periods during January and February 1977 of the 
largest negative height departures from the climato- 
logical mean. We will use their dates for the 
persistent low height anomalies in our diagnostic 
calculation. In fact, these low anomalies persisted 
throughout most of January and February 1977 
(Chen and Shukla, 1983). Because of the existence 
of large amplitude features of one type or another 
throughout the 197677 winter, no nonblocking 
days from this winter were included in our 
nonblocking sample. A summary of the blocking 
and nonblocking days for the two winters is given 
in Table 1. 

Our selection procedure is admittedly arbitrary 
but it does identify periods of large persistent height 
departures. The comparison of these periods with 
synoptic charts indicates that these periods satisfy 
(for the most part) the conventional, subjective 
definition of blockmg. However, the inherent 
subjectivity in identifying what does or does not 
constitute blocking continues to be a problem in 
diagnostic studies of the phenomenon. 

Table 1. Tabulation of blocking and nonblocking days from the 1978-79 and 1976-77 winters determined 
from persistent height departures (see text). Dates for the negative height anomalies in JanuapFebruary 
1977 were determined by Charney et al. (1981) as extreme departures from the climatological mean 
height 

1978-79 
Blocking days (90 obsmations) 
1. oo00 GMT I Dec.-1200 GMT 7 Dec.: Atlantic 
2. oo00 GMT 20 Dec.-l200 GMT 27 Dec.: Atlantic 
3. 1200 GMT 29 Dec.4000 GMT 10 JM.: Pacific 
4. oo00 GMT 14 Jan.-1200 GMT 26 JM.: Atlantic 
5. oo00 GMT 16 Feb.4000 GMT 22 Feb.: Atlantic 

Stocking days (36 observations) 
1. 1200 GMT I I Dec.4000 GMT 29 Dec.: Atlantic 

1976-77 

Nonblocking days (85 observations) 
oo00 GMT 8 D~~.-1200 GMT 19 DCC. 
oo00 GMT 28 Dee.- 1200 GMT 28 DCC. 
l200GMT Ioh.-I200GMT 13 JM. 

1200 GMT 22 Feb.-1200 GMT 28 Feb. 
oo00 GMT 27 JM.- I200 GMT I5 Feb. 

Charney d al. (I98 1) negative anomalies (76 observations) 
1. 30 December- I7 hnuary 
2. 2 February-22 February 

Tellus 36A (1984). I 



A COMPARISON OF THE SPECTRAL ENERGY AND ENSTROPHY BUDGETS 55 

3. Results 

3.1. 1978-79 winfer 
From December 1978 through February 1979, 

we identified five major blocking events, four over 
the Atlantic-European region and one over the 
North Pacific (Table 1). In general, the mean 
energy and enstrophy budgets of the Atlantic cases 
were similar to the Pacific case even though the 
initiation of the Pacific case was different from the 
late December 1978 case (Hansen and Chen, 
1982), Whether or not the energetics of the PaciRc 
case are typicd of other Pacific blocking cases is 
unknown, although all the Atlantic events showed 
similar characteristics and were similar to the 
December 1976 case (see below). First, consider 
the average kinetic energy ( K ) ,  enstrophy ( E )  and 
available potential energy (A) spectra (Fig. 1) of all 
five cases compared to the nonblocbg days. In the 
mean, the kinetic energy in the longest waves 
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Fig. 1. Wavenumber spectra of (a) the kinetic energy, 
K,; (b) the enstrophy, Em; and (c) the available potentid 
energy, A,, for the 1978-79 winter. The sdid b e  
represents the mean spectra for d blocking days and the 
dashed line represents the nonbbcking days. 
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Fig. 2. 1978-79 energy budget terms: (a) C(A,. A,); (b) C(A,, Kmh (c) C(K,. Km); and (d) C,(rnln, I). As in Fig. I, 
the solid line signiRcs the spectra for 1 Mocking days and the dashed line denotes dl nonMocking days. The notation 
is explained in the text. 
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(wavenumbers 1-3) is greater during blocking 
compared to the nonblocking sample, while the K 
content of the intermediate-scale wavenumbers is 
slightly lower during blocking. The enstrophy 
specvum is qualitatively similar to the K spectrum 
at low wavenumbers but the total enstrophy in 
wavenumbers 5 through 10 is nearly the same for 
blocking and nonblocking. The A spectrum shows 
only an increase in available potential energy at 
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Fig. It. C,(mln, 9 for the four Atlantic cases from 
1978-79 (solid line) compared to all nonbbcking days 
(dashed line). 
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wavenumber 1 for blocking and no other sys- 
tematic differences. 

The energy conversions C(A,, A,) and 
C(A,, K,) (Fig. 2a, b) are quite similar for the 
blocking and nonblocking samples. C(A,, A,) 
shows slight increases at wavenumbers 1 and 3 
during blocking with largely offsetting differences 
in wavenumbers 4 through 7. The increased 
conversion at wavenumbers 1 and 3 is totally 
absent when the four Atlantic cases are considered 
alone (not shown). The C(A,,K,)  spectrum is 
remarkably similar in the blocking and nonblock- 
ing situations although there are slightly larger 
conversions in wavenumbers 7 through 10 during 
blocking. C(K,, K,) (Fig. 2c) indicates a large gain 
in wavenumber 3 kinetic energy due to mean flow 
interaction that is largely offset by reduced values 
at wavenumbers 1 and 2 when comparing blocking 
and nonblocking episodes. 

The largest systematic differences between 
blocking and nonblocking appears in the nonlinear 
interaction term, C,(mln, r )  (Fig. 2d). The transfer 
of kinetic energy from intermediate-scale wave- 
numbers to the largest-scale wavenumbers takes 

’78-’79 
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- 6 L  1 2 3 4 5 6 7 8  I0 15  i e  

w o v o n u m b o r  

Fig. 1. The 1978-79 enstrophy budget terms: (a) C,(mln. I ) ;  (b) C(E,, Emh and (c) /Im, the rate of change of Em due 
to the @ eff‘ec. As in Fig. I, the solid line represents all blocking days in the 1978-79 winter and the nonblocking 
results are represented by the dashed line. 
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place at a much greater rate during blocking 
periods compared to nonblocking, mostly into 
wavenumber 1. For the Atlantic cases alone (Fig. 
3). both wavenumbers I and 3 benefit from the 
much increased kinetic energy export from wave- 
numbers 6 through 9 during blocking. C,(mln,I) 
(not shown) is similar for the two samples and the 
most important boundary flux term was the 
horizontal flux of geopotential energy (not shown) 
which contributed more kinetic energy to wave- 
number I during blocking with an offsetting loss at 
wavenumber 3. 

The dominant term in the enstrophy budget (Fig. 
4) is the nonlinear exchange term, C,(mln,I). A 
very remarkable difference between blocking and 
nonblocking situations appears. Normally, ens- 
trophy is cascaded from the longest waves into the 
shortest wavelengths (Steinberg et al., 1971). This 
characteristic also appears in our nonblocking 
sample (Fig. 4a, dashed line). However, during 
blocking, the net enstrophy cascade out of the 
longest waves (wavenumbers 1-51 disappears and 
a net gain of enstrophy appears at wavenumber 2. 
Meanwhile, the intermediate wavelengths (wave- 
numbers 6-10) are exporting a significantly larger 
amount of enstrophy than during nonblocked 
periods. For the Atlantic cases alone (not shown) 
there is an increase in enstrophy due to nonlinear 
interactions at both wavenumbers 2 and 3 during 
blocking. Thus during blocking the enstrophy 
cascade at low wavenumbers is reversed. as 
enstrophy is injected into the largest-scale waves 
by transient cyclone-scak waves. The only other 
difference in the enstrophy budgets is a greater 

FE 
78- ' 79 
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loss of wavenumber 3 enstrophy due to the /3 effect 
during blocking. 

The differences in the nonlinear interaction terms 
are easily seen by comparing the kinetic energy and 
enstrophy flux functions for our two samples. 
Following Steinberg et al. (1971). these functions 
can be defined as 

and 

assuming FJO) = F,(O) = 0. Regions of the a g  
propriate flux function with negative slopes re- 
present wavenumber bands gaining K or E through 
nonlinear interactions. Regions with positive slopes 
are losing energy or enstrophy. The absence of an 
enstrophy flux out of the lowest wavenumbers 
during blocking and the change in the sign of the 
enstrophy flux function near wavenumber 2 is 
evident in Fig. 5a. The much larger flux of kinetic 
energy into the long waves during blocking CM 
clearly be seen in Fig. 5b. The flux functions for the 
Atlantic cases alone are essentially the same as 
those shown in Fig. 5. 

3.2. 1976-77 winter 
A comparison between the energy and ens- 

trophy budgets of the December 1976 case of 
Atlantic blocking and the persistent, large am- 
plitude low anomalies during January and Feb- 

Fk 
7e-' 79 

Cun 
E 
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b> 

Fig. 5. The nonlinear flux functions and (a) enstrophy. FEI and (b) kinetic energy, Fk, for blocking (solid line) and 
nonblocking (dashed line) for the 1978-79 winter. 
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ruary 1977 are given in Figs. 6-8. In general, the 
December 1976 event showed relatively weak 
large-scale (low wavenumber) baroclinic processes 
compared to January-February 1977 (Fig. 7% b) 
(or the 1978-79 nonblocking sample), but it does 
exhibit the same enhanced upscale kinetic energy 
flux as the 1978-79 blocking cases (Fig. 7d). and a 
very striking reversal of the low wavenumber 
enstrophy cascade (Fig. 8a) at wavenumber 2. The 
similarity in the behavior of Rex-type blocking in 
two different winters lends support to the sig- 
nificance of this result. 

However, comparing the December 1976 event 
to the January and February 1977 events indicates 
remarkabk changes in the circulation between 
December 1976 and the following two months. 
There was a remarkable increase in C(A,, A,,,) and 

C(A,,,,K,) at wavenumbers 2 and 3 during 
January-February 1977 (Fig. 7% b). This char- 
acteristic was also noted by Chen and ShuWa 
(1983) but is even more striking when compared to 
the December 1976 statistics. There is also a larga 
net gain at low wavenumbers in K, due to 
C(K,, K,,,) in January-February 1977 (Fig. 7c). 
The impression given by these results is that 
planetary-scale baroclinic and barotropic pro- 
cesses were of dominant importance in the 
January-February 1977 case as opposed to the 
case for Rex-type blocking. The nonlinear, wavc- 
wave interactions during January-February 1977 
were dominated by large energy gains for wave- 
numbers 1, 3 and 4 and a large loss from 
wavenumber 2. The kinetic energy transfer out of 
the intermediate-scale waves was relatively small. 
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Fig. 6. Wavenumkr spectra of (a) K,; (b) Em; and (c) A, for the 197677 winter. Here the solid line sigdllcs the 
December 1976 Atlantic blocking case and the dashed l i e  represents the periods of large negative height anomalies in 
January and February 1977. 
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This is consistent with the reduced intermedi- 
ate-scale baroclinic activity IC(A,, A,) and 
C(A,,K,) at wavenumbers 7-10 and 6-10, 
respectively (Fig. 7a, b)l during January-February 
1977. 

The nonlinear enstrophy exchange, C,(mln. I )  
(Fig. 8a), for the December 1976 case is similar to 
the 1978-79 cases as noted above (e.g., reversal of 
cascade at low wavenumbers and increased export 
of enstrophy from intermediate-scale wave- 
numbers), but the January-February 1977 ens- 
trophy exchange is more like the 1978-79 non- 
blocking sample. These qualitative features carry 
over to the enstrophy and energy flux functions 
(Fig. 9). Notice the very striking reversal in the 
enstrophy flux function at low wavenumbers for the 
December 1976 case (Fig. 9a). Also notice the 
much lower value of the enstrophy flux function for 

the January-February 1977 case in a nearly 
constant range from roughly wavenumbers 8 to IS. 
The enstrophy flux function in the same range for 
the December 1976 blocking case is virtually 
identical to the 1978-79 blocking and nonblocking 
samples. 

3.3. Predictabilify quesfion 
The rate of error growth in numerical weather 

prediction models due to small-scale inaccuracies in 
the initialization can be related to the rate of 
down-scale enstrophy cascade in a constant ens- 
trophy flux inertial subrange of a two-dimensional 
turbulent fluid ( k i t h  and Kraichman, 1972). The 
characteristic time of this process can be called the 
predictability time and is inversely proportional to 
the cube root of the constant rate of enstrophy 
transfer to higher wavenumbers in a constant 
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F&. 9. The nonlinear flux functions for (a) enstrophy and (b) kinetic energy for the December 1976 Mocking crse 
(solid line) and the January-February 1977 negative anomalies (dashed line). 

enstrophy flux inertial subrange (Lilly, 1970; k i t h  
and Kraichnan, 1972). Although efTorts to find 
observational evidence of a two-dimensional tur- 
buknt subrange in the atmosphere have been 
inconclusive (Chen and Wiin-Nielsm, 1978; Lam- 

bert, 1981). the fact that the atmosphere at  the 
larger scales behaves predominantly like a two- 
dimensional fluid in which the kinetic energy 
spectrum obeys a -3 power law (Chm and 
Tribbia, 1981; Julian et al., 1970; Wiin-Nielsen, 
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1967) suggests that a qualitative estimate of the 
predictability time for blocking compared to 
nonblocking situations based on the enstrophy flux 
function may be made. The estimate can only be 
done in a qualitative way because the numerical 
value of the enstrophy flux function, FE, in the 
constant range is dependent upon the truncation 
used (Steinberg et al., 1971). The reason for this 
sensitivity is readily apparent from inspection of the 
enstrophy spectra (Fig. lb or Fig. 6b). A finite 
amount of enstrophy is lost when the wavenumber 
expansion of the wind field is truncated at wave- 
number 18. This will cause aliasing problems in the 
nonlinear enstrophy interaction in our truncated 
data set that will cause changes in the shape of the 
enstrophy flux function at high wavenumbers. 
Unfortunately, the accuracy of our data at wave- 
numbers higher than 18 is poor so this problem 
cannot be alleviated. However, we will assume the 
values of the flux function that we have are 
qualitatively correct for comparison purposes. 
As noted earlier, the enstrophy flux function in 

the constant range is nearly identical in both 
blocking and nonblocking situations (Figs. 5a and 
9al suggesting no greater predictability for block- 
ing. However, the January-February 1977 event, 
which was characterized by enhanced large-scale 
baroclinic processes, exhibited a roughly 1/3 
smaller enstrophy flux rate (Fig. 9 4  dashed line). 
This result allows us to speculate that the 
persistent low anomalies in 1977 were inherently 
more predictable than either the nonblocking or 
Rex-blocking cases. 

An explanation of the greater predictability of 
the Rex-type blocking found by Bengtsson (1981) 
might be found in the reversal of low wavenumber 
enstrophy cascade (especially near wavenumber 2). 
and the absence of an enstrophy cascade out of the 
lowest 5 wavenumbers during blocking (Figs. 5a 
and 8a) as opposed to the normal case (Fig. 5a 
(dashed line) and Steinberg et al., 1971). This may 
indicate that the destruction of large-scale vorticity 
by down-scale cascade! and eventual dissipation 
is greatly reduced or eliminated during blocking 
events. As a result, blocking patterns may be more 
persistent and therefore more predictable. 

We should re-emphasize that the source of the 
enstrophy being cascaded into the low wave- 
numbers is the intermediate-scale wavenumbers. 
The fact that the predictability time for blocking is 
the same as for nonblocking may indicate that 

blocking is no more predictable in the traditional 
sense than the cyclones that successively re- 
generate it. 

4. Concluding remarks 

To summarize, the most noteworthy dflerences 
between the spectral energy and enstrophy budgets 
of blocking versus nonblocking periods are in the 
nonlinear interaction terms. Apparently, when the 
ultralong waves have a large amplitude, such as 
during Rex-type blocking, they are able to more 
efficiently gain kinetic energy from the cyclone 
scale waves through wave-wave interactions. In 
addition, through a reversal of the low wave- 
number enstrophy cascade, the ultralong waves are 
also able to gain enstrophy from the intermedi- 
ate-scale waves during blocking, whereas the 
ultralong waves lose enstrophy through wave-wave 
interactions in nonblocked circumstances. The 
absence of enhanced large-scale baroclinic pro- 
cesses during the 1978-79 and December 1976 
Rex-type blocking events does not augur well for 
the applicability to these cases of the various 
baroclinic blocking theories proposed recently. 

The fact that the energy and enstrophy budgets 
for Rex-type blocking were similar in the two 
winters studied suggests that our findings are 
typical. However, our results for changes in the 
nonlinear interaction terms should be tested with a 
larger data set. This calculation is currently in 
progress. 

The January-February 1977 negative height 
anomaly case presents a different class of pheno- 
menon in which low wavenumber baroclinic energy 
conversions maintain the large amplitude features 
of the circulation and in which a significantly lower 
enstrophy flux function suggests greater prediit- 
ability. This is in direct contrast to the Rex-type 
blocking cases which show no greater predict- 
abEty in the traditional sense compared to non- 
blocking. However, the reversal of the low wave- 
number enstrophy cascade does suggest a re- 
duction in the dissipation of the low wavenumber 
enstrophy (assuming the atmosphere behaves like a 
two-dimensional turbuknt fluid) and therefore 
greater persistence (and predictability) of the 
blocking pattern. In addition, the enstrophy cas- 
cade reversal may be an indication of intermittent 
behavior (Batchelor, 1960) in the large-scale flow 
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requiring no particular low wavenumber in- earlier result (Holopainen et al., 1982). The role of 
stability. (This aspect will be discussed further in a transient eddies in maintaining quasistationary 
forthcoming paper.) If so, a description of blocking features of the circulation deserves further study. 
in terms of vortex dynamics (Batchelor, 1960; Also, it would appear that theoretical models of 
Onsager, 1949) may be useful. This possibility is blocking should incorporate the effects of transient 
being studied further. eddies. 

From our results it appears that cyclone-scak 
waves play an important role in maintaining 
quasistationary blocking patterns by injecting 
enstrophy and kinetic energy into the large-scale 
flow. Bengtsson (1981) has also noted the ap- 
parent importance of transient smaller-scale waves 
in one case of blocking during January, 1979. 
Saltzman (1959) first suggested that nonlinear 
kinetic energy transfer from transient cyclone-scale 
eddies acts to maintain the quasistationary centers 
of action. Holopainen and Oort (1981) have 
suggested that in extratropical latitudes transient 
eddies act to maintain the enstrophy of the standing 
waves although more recent work disputes the 
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