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ABSTRACT

We examine diagnostically the structure and spectral energetics of an amplified persistent blocking ridge
and trough pattern that occurred in one of the GLAS climate simulations. This particular model simulation
was performed by Shukla and Bangaru (1979) to study the sensitivity of the quasi-stationary waves to the
North Pacific sea surface temperature anomalies. The spectrally filtered Hovmoller diagram shows that
wavenumbers 2 and 3 in the anomaly run become stationary near their climatological locations. The con-
structive interference of wavenumbers 2 and 3 forms two persistent blocking ridges: one in the west coast
of North America and the other in western Europe.

Spectral energetics analysis of this blocking case shows that 4, and A5, the available potential energy of
wavenumbers 2 and 3, are supplied by the conversion from zonal available potential energy. K, and K3, the
kinetic energy of these two waves, are maintained by different processes: K, is maintained by conversion
from A, to K, a baroclinic process, while Kj; is mainly maintained by conversion from K, the zonal kinetic
energy, to Kj, a barotropic process.

The model-simulated blocking episode is similar to the atmospheric circulation conditions in January
1963 and the 1976-77 winter. The spectral energetics for these two periods are compared with those of the
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model simulation, and in most instances, are found to be quite similar.
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1. Introduction

Although the short-range day-to-day weather fluc-
tuations in mid-latitudes are generally dominated by
traveling disturbances, the occurrence of persistent
anomalies associated with the phenomena of blocking
are of great importance for medium- and long-range
forecasting. Though global general circulation models
have shown considerable success in simulating the
mean climate and its variability, and fair success at
short ranges, we do not know much about the ability
of the climate models to simulate the geographical
locations, intensity and frequency of blocking events
or persistent anomalies. A preliminary examination
of several simulations by the GLAS climate model
has revealed that the model-generated blocking events
do not persist as long or occur as frequently as ac-
tually observed. Since this model has a coarse reso-
lution (4° latitude X 5° longitude), it cannot resolve
small-scale waves. If the interactions between the
blocking pattern and these waves are important for
maintenance of the block, it is likely that models with
more accurate treatment of these interactions (viz.
high-resolution models) will simulate the blocking
phenomena more realistically. This notion is sup-
ported in a case study by Bengtsson (1981). However,
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under certain conditions, the GLAS climate model
atmosphere is observed to develop blocks. It is then
of interest to examine the energetics of these specific
episodes in the hope we can further understand those
processes which establish and maintain persistent
anomalies.

Shukla and Bangaru (1979) carried out a numerical
experiment to study the sensitivity of the GLAS
model to SST anomalies in the North Pacific. They
integrated the model with SST anomalies which had
a spatial structure similar to the one observed in Jan-
uary 1977. It was one of a few cases which showed
a realistic simulation of a persistent blocking ridge.
Therefore, it suggests the possible role of diabatic heat
sources associated with the large-scale SST anomalies
in the generation of blocking events.

In this paper we discuss the synoptic and spectral
analysis of this blocking event. We examine the time
evolution, maintenance and decay of the block by
studying the energetics and energy conversion pro-
cesses, and compare them to similar analyses of at-
mospheric blocking episodes. In addition, we also
make limited use of a control run in which the GLAS
climate model was integrated with no SST anomaly
and exhibited no large-amplitude block.

Our study proceeds as follows: A brief description
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FIG. 1. The sea surface temperature (SST) anomaly (°C) used
in the anomaly run. The structure of this SST anomaly is the same
as that observed by Namias (1978) but of greater amplitude by a
factor of 9/5.

of the GLAS model and the numerical experiments
as carried out by Shukla and Bangaru is provided in
Section 2. Section 3 discusses the synoptic and spec-
tral analyses of the experiments and the formation
of the persistent blocking ridges. Section 4 presents
the spectral energetics of the planetary waves which
appear to maintain the blocking ridge. In Section 5,
we compare the spectral energetics of the model sim-
ulations with actual observations. A summary is pre-
sented in Section 6. ‘

2. Description of the GLAS generall circulation model
and experimental design

a. Model

The general circulation model used in this study
is the second-order version of the Goddard Labora-
tory for Atmospheric Sciences (GLAS) climate model
described by Halem et al. (1979). The model is a
global primitive-equation model which is developed
in the sigma vertical coordinate system with nine lev-
els between the surface and the top at 10 mb. The
horizontal grid spacing is 4° latitude and 5° longi-
tude. A variable horizontal grid with coarser spacing
near the pole is introduced.

The model also includes a detailed parameteriza-
tion of sub-grid-scale processes. Two different mech-
anisms, large-scale supersaturation and parameter-
ized moist convection, are used to generate conden-
sation and cloud. Longwave and shortwave radiative
heating are calculated at 5 h intervals. The ground
temperature is calculated from the net heating and
cooling at the surface by radiation, sensible heat and
latent heat fluxes. The geographical distribution of
albedo, ice and snow cover are specified. The soil
moisture is a predicted variable. Sea surface temper-
atures are updated daily from the observed climato-
logical values by a linear interpolation between the
midpoints of two consecutive months.
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b. Numerical experiments

In the winter of 1976-77, severe weather occurred
over North America. Extreme cold dominated the
eastern part of the United States and record drought
affected the far west. In addition, abnormal warmth
occurred over Alaska and much of the Canadian
Arctic. Namias (1978) examined the possible causes
of this severe winter weather and found that the North
Pacific sea surface temperatures were abnormally
cold in the northern and western sections, and ab-
normally warm off the west coast of the United States
(Fig. 1). Namias suggested that these SST anomalies
might have been one of the multiple causes of the
abnormally cold temperatures in eastern North
America during the winter of 1976-77.

Shukla and Bangaru (1979) carried out a numerical
experiment with the GLAS climate model to test
Namias’ hypothesis. The experiments were per-
formed by first integrating the GLAS model for 60
days with the climatological mean SST and the ob-
served initial conditions for 1 January 1975. This in-
tegration is referred to as the control run. The slowly
varying climatological SST field was then changed by
superposing a time-invariant SST anomaly field upon
this climatological field. The distribution of the im-
posed SST anomaly is shown in Fig. 1. The spatial
structure of the SST anomaly is the same as that ob-
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FIG. 2. Two-week (1-14 February) mean height fields (m): (a)
500 mb anomaly run, (b) 500 mb control run, (c) 850 mb anomaly

run, and (d) 850 mb comrol run.

’



JANUARY 1983

TSING-CHANG CHEN AND J. SHUKLA

-

[N

-
[N TSN

.II.IIIIIIII|IIII

UV 1
60° 120° 180° -

(a) €.i.=90m

60° 120° 180°
€.i.=60m

o
(c)

80° -180° -120° -60°

Wave 515

T

T s T 11
180° -180° -120° -60°
Wave 1-4

T 1 Sy
60° 120°
¢.i=90m

Yt
60°  0°
(d)

T T
-180° -120°
Wave 115

(e)

-120° -60°
Wave 5-15

o
)

60° 120°
€.i.=60m

¢.i.=60m
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numbers 1-15 of control run, (e) wavenumbers 1-4 of control run,

Dotted contours are negative values.

served by Namias (1978) but of greater amplitude by
a factor of 9/5. The model was then integrated again
with the same initial conditions as the control run
but with the anomalous values of the SST for 60 days
and will be referred to as the anomaly run. Since this
is not a coupled ocean—atmosphere model, SST
anomalies are assumed to persist for the whole period
of integration. This assumption is justified by the fact
that SST anomalies are observed to persist for a pe-
riod of several months (Namias, 1970) which is con-
siderably longer than the integration period. The
purpose of Shukla and Bangaru’s numerical experi-
ment was not to simulate the actual events of the
197677 winter but to examine the effects of similar
SST anomalies on the model atmosphere. Although
the primary objective of this study is to diagnose the
resulting model-simulated blocking, we have also pre-
sented some results of the control run for comparison.

3. Synoptic and spectral analysis
a. Synoptics

The examination of model daily charts (not shown)
for the first two weeks of February of both runs reveals

and (f) wavenumbers 5-15 of control run.

that a two ridge-trough system over western North
America and western Europe always exists, but the
features in the anomaly run were consistently of
higher amplitude and more persistent. In order to
have an overview of the synoptic difference between
these two runs, the mean height fields for these two
weeks at 500 and 850 mb are shown in Fig. 2.

The two-week mean height fields of both anomaly
and control runs at 500 mb are characterized by two
ridge-trough systems. In fact, this feature of the cir-
culation pattern is also perserved in both runs at 850
mb. Two ridges exist over the west coast of North
America and western Europe. It is of interest to note
that the trough and ridge lines tilt from southeast to
northwest. This type of synoptic structure implies the
southward eddy transport of momentum (Starr,
1948). The difference between the anomaly and con-
trol runs is that the troughs and ridges are amplified
significantly in the former run. In addition, the ridge
of the anomaly run over western Europe is shifted
westward at 500 mb and eastward at 850 mb with
respect to that of the control run. This contrast
between both runs is especially pronounced north
of 60°N.
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FIG. 4. Spectrally filtered Hovméller diagrams (m) at 500 mb and 50°N for the first four wavenumbers and combination
of wavenumbers 2 and 3. (a)-(e) are anomaly runs, while (f)-(j) are control runs.

The deepening of the low (or trough) over the Pa-
cific and the intensification of the ridge over the west
coast of North America are the most striking features
of the anomaly run.

b. Spectral analysis

The comparison of the time-mean height fields
between both runs clearly reveals that the most dis-
tinguishable difference is in the large-scale features.
In other words, the major response in the time mean
of the GLAS model atmosphere to the SST anomalies
over the North Pacific appears to be in the long waves.
To better display the time-dependent behavior of the
model response, we examine the Hovmaoller’s (1949)
diagrams for the spectrally filtered (SF) height fields

at 500 mb at 50°N. Fig. 3 shows these diagrams for .

three different wave groups: wavenumbers 1-15,
wavenumbers 1-4 and wavenumber 5-15. The first
wave group is regarded as the total wave disturbance,
the second wave group as the long waves, and the
third wave group as the short waves.

The SF Hovmoller diagrams of wavenumbers 1~
15 for both the anomaly and control runs (Figs. 3a
and 3d) show that two ridge-trough systems exist over

most of the simulation period. The trough-ridge sys-
tem in the anomaly run is much more persistent,
while it has a tendency to propagate eastward in the
control run. Closer examination of Figs. 3a and 3d
reveals that the trough-ridge systems of both runs
during the third week of January (just prior to the
establishment of the blocking episode in the anomaly
run) are still quite similar. This may indicate that the
model retains some memory of the initial height field
or, perhaps, that the response to the SST is quite slow.

In order to examine the role played by the long-
and short-wave components, the SF Hovmaller dia-
grams of wavenumbers 1-4 and 5-15 are also dis-
played in Figs. 3b, 3c, 3e, and 3f, respectively. The
comparison between the long-wave SF Hovmoller
diagrams and the total wave SF Hovmodller diagrams
shows very clearly that the large-scale pattern of the
ridge-trough system in both runs is explained pri-
marily by the long-wave components. Consequently,
the persistent blocking ridges in the model anomaly
run appear to be a resuit of the long waves becoming
stationary and amplifying.

The short-wave SF Hovmoller diagrams charac-
terize the eastward propagation of the short waves
over most of the longitudes and time. However, the
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short waves of both the control and anomaly runs
have stationary ridges located at 30°E in the first two
weeks of February. In addition, the troughs and ridges
of the short-wave components in the anomaly run
between 60°E and 120°W are also quasi-stationary.
The quasi-stationarity in the short waves of the anom-
aly run seems to be associated with the blocking ep-
isode.

To further analyze the large-scale structure of the
model runs, the SF Hovmoller diagrams for each in-
dividual long wave from wavenumber 1 to 4 are de-
picted in Fig. 4. The most pronounced difference be-
tween the two runs are wavenumbers 2 and 3. These
two waves “lock in” the anomaly run. It is also in-
teresting to note that the superposition of wavenum-
bers 2 and 3 (Fig. 4e) provides a reasonable kinematic
explananon for the two persistent blocking ndges
shown in Figs. 2a or 2b.

The synoptic structure of wavenumbers 2, 3, and
combinations of them at 1200 GMT 4 February is
illustrated in Fig. 5. Shown are 500 mb height and
temperature. The highs of wavenumber 2 are located
at Alaska Bay and north central Europe, while those
of wavenumber 3 are anchored at the west coast of
Canada, the North Sea and Siberia. The combination
of these two waves forms two highs at the west coast
of Canada and the North Sea with a deep low located

at Labrador and another broad low extending from
north Africa to the northwestern Pacific. The pattern
formed by the combination of temperature waves 2
and 3 is very similar to the pattern formed by height
waves 2 and 3, except the warmest temperature cen-
tered at Alaska Bay is shifted westward with respect
to the high of the height field. The comparison of
individual waves of height and temperature shows
that wavenumber 2 has a significant phase lag be-
tween height and temperature and wavenumber 3
does not. In fact, the observations of daily spectral
analyses reveal that the wavenumber 2 height field
leads the wavenumber 2 temperature from 10 to 30°
longitude. On the contrary, the height and temper-
ature field of wavenumber 3 do not show any signif-
icant phase lag. This observation indicates that wave-
number 2 is baroclinic and wavenumber 3 is essen-
tially barotropic. The remarkable structural differences
between these two waves must be related to the dif-
ferences between the physical processes which de-
velop and maintain them.

4. Energetics
a. Energetics scheme

The development and maintenance of the blocking
ridges will be illustrated in terms of Saltzman’s (1957)
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FIG. 5. Spectrally filtered synoptic charts of height (m) and temperature (°C) of anomaly run for wavenumber 2, 3
and combinations of them at 500 mb on February 4.

spectral energetics scheme employed over latitude
zone 26-86°N. This spectral energetics scheme is also
used in our recent studies (Chen, 1982; Hansen and
Chen, 1982). Following Saltzman’s formulation and
Steinberg et al.’s (1971) expression, the spectral en-
ergy equations in symbolic form can be written as

Kz _ 5

d = 2 QK. Kz) + C(Az, K2)
t n=1
+ F(Kz) — D(Kz), (1)
dk, .
a7 ~C(K,, K2) + CK(nlm, 1)

+ Cdn, Ky) + FK) — DK, ()

ddz _ <
E— = — 2 C(Az, An) - C(AZ’ KZ)
n=1

+ Fdz) + G(4z), (3)

dA,
dt

= C(Az, 4,) — C4,, K;) + CA(nlm, ])

+ Fd,) + G(4,), (4)

where K and 4 represent kinetic and available po-
tential energy. The subscripts Z and » denote zonal
and wave components. The rate of change of various
energy components on the left-hand side is deter-
mined by the various energetic processes on the right-
hand side. C(P, Q) represents the energy conversion
from P to Q. Note that
N
C(Ky, K2) = Kz, K2)
n=1 .

and

N
2 C(Az, A,) = C(Az, Ap).

n=1

CX(n|m, ) is the gain rate to wavenumber 7 of quan-
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tity x due to triplet interactions between all possible
combinations of m and / with n. F(x) gives the con-
tribution due to the flux across the lateral boundary
of the open region. G(4) and D(K) are generation of
available potential energy and dissipation of kinetic
energy, respectively.

Equations for eddy energies

N N
Ke=2 K, and Ag= 2 A,

n=1 n=1

can be obtained by summing (2) and (4) from n
=1to N, 1e.,

d—g'% = ~C(Kz, K2) + CAz, Ks)
+ F(Kg) — D(Kg), (5)
d-;;tE = C(Az, Ap) — C(4g, Kg) + F(4g) + G(4g). (6)

The traditional Lorenz energy cycle consists of Eqgs.

(1), (3), (5) and (6).

b. Overview of model energetics during blocking
events :

Time variations of various energies [4z, Ag, Kz
and K] and various energy conversions [C(Az, Ag),
C(Ag, Kg) and C(Kg, K7)] from 16 January to 14
February in the anomaly run are depicted in Figs.
6a-6¢. The amplification of blocking ridges located
on the west coast of North America and western Eu-
rope in the anomaly run occurs during the first two
weeks of February. Figs. 6a and 6b show that Az and
K start to decline on 30 January , while A¢ and K
increase. Then, Az and K, especially the latter, de-
crease around 7 February, and both increase again
about 10 February. Notice that both 4z and K in-
crease, in general, when A and K decrease, or vice
versa.

The energy conversions C(4,, Ag) and C(4Ag, Kg)
are always positive. In addition, their time variations
are consistent with the time variations of Az and K.
It should be noted that C(Kg, K2) is negative over
most of the time period in the anomaly run. This
indicates that both barotropic and baroclinic pro-
cesses are important for the maintenance of the eddy
disturbances.

Winston and Krueger (1961) and Miyakoda (1963)
examined the time variations of Az, Ag, K, and Kz
and Paulin (1970) calculated the time variations of
various energy conversions during the blocking events.
Based upon the results of these studies, Lejenas (1977)
produced a schematic picture (Fig. 7) of the energy
changes and energy conversions during a blocking
episode. The arrows indicate the directions of various
energy conversions and at which time they reach their
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maxima. The energetics during the development of
the model blocking depicted in Figs. 6a and 6b show
a very striking similarity to Lejenas’ schematic pic-
ture.



10 MONTHLY WEATHER REVIEW

F1G. 7. Schematic picture of the energy changes and energy con-
versions during a blocking situation. Day ¢ = {; is the onset of the
blocking (after Lejends, 1977).

¢. Dynamical transports of wavenumbers 2 and 3
during blocking

It was noted in Section 3 that the life period of the
blocking ridges generated in the anomaly run was
about two weeks. The spectral analysis in Section 3
showed that the formation of the blocking ridges was
essentially due to the constructive interference of
wavenumbers 2 and 3. We have examined the spec-
tral energetics and dynamical transports of these two
waves to understand the maintenance of blocking
ridges.

Fig. 8 depicts the time variation of the zonal flow
and temperature at 500 mb for the anomaly run. The
zonal flow between 26 and 82°N starts to decrease
when the blocking ridges develop at the end of Jan-
uary. The zonal flow increases again after about 4
days. An interesting feature about the zonal flow is
the weakening of westerlies in high latitudes (60-
70°N) from 3-9 February. This is perhaps due to the
warming at high latitudes shown in Fig. 8b. There-
fore, the north-south temperature gradient is reduced
and, in turn, the zonal wind is decreased according

to the thermal wind relationship. This warming may

be caused by the northward transports of sensible heat
by waves 2 and 3 which are amplified very signifi-
cantly during the formation of the blocking ridges.
The time variations ‘of momentum and sensible
heat transports' by wavenumbers 2 and 3, u'v'(2),
v'T'(2), w'T'(2), u'v'(3), v'T'(3) and 'T", are displayed
in Fig. 9. It can be seen that momentum and sensible
heat transports by wavenumbers 2 and 3 occur

Y 0'T'(n), «'T'(n) and u'v'(n) will be used hereafter to denote,
respectively, the horizontal and vertical sensible heat, and mo-
mentum transport by wavenumber n. Likewise, the contribution
from two waves, ¢.g., 2 and 3, wxll be denoted by vT'Q2 + 3),
wT’(Z + 3) and u'v'(2 + 3). (7) = zonal average and ( Y
=()-(C)
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mainly in high latitudes. This is consistent with the
observational spectral analysis of these two transports
by Wiin-Nielsen et al. (1964). Note that 1'v'(2) and
u'v'(3) are, in general, southward in high latitudes
while v'7T'(2) and v'T'(3) are northward. There are,
however, some noteworthy exceptions. For example,
u'v'(3) becomes significantly northward from mid-lat-
itudes to high latitudes during the mature stage of the
block, and v'T"(3) reverses sign and becomes signif-
icantly southward for a brief period during the de-
veloping stage of the block. This indicates that v'T’
(2) alone is principally responsible for the warming
in high latitudes shown in Fig. 8, which is consistent
with our observation that wavenumber 2 is highly
baroclinic in nature. Furthermore, the vertical heat
transports w'7” which are proportional to the baro-
clinic energy conversions between Az and K, possess
substantial amplitudes only in the «'7"(2) compo-
nents. These behaviors strongly support our notion
that wavenumber 2 is significantly more baroclinic
than wavenumber 3.

The blocking ridges shown in Fig. 2 reach their
maximum mtensny on 4 February. The geographic
distributions of #'v’, v'T" and w'T’ of wavenumbers
2 and 3, and sum of these two waves at.500 mb on
4 February are also shown in Fig. 10. Inspection of
these figures reveals that the momentum transport of
wavenumber 3 dominates that of wavenumber 2,
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FIG. 8. Time variation of (a) zonal flow (m s™') and (b) zonal
temperature (°C) at 500 mb for the anomaly run.
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contours are negative values.

while the reverse is true for the sensible heat trans-
ports. This contrast of transport properties between
wavenumbers 2 and 3 is also consistent with the syn-
optic analysis that wavenumber 2 is baroclinic and
wavenumber 3 is relatively barotropic. The individual
sums of the transports by the two waves are a max-
imum in the western hemisphere. It is interesting to
note that v'T"(2 + 3) and «'T’(2 + 3) show three areas
of large value: eastern Pacific, North America and
eastern Atlantic. The distribution of v'7T"(2 + 3) can
be explained by superposing the height and temper-
ature geographic distributions of the combination of
wavenumbers 2 and 3, shown in Fig. 5. Positive

’T’(2 + 3) over the eastern Pacific and eastern At-
lantic is due to the northward advection of warm air,
while positive v'T"(2 + 3) over North America is a
result of the southward advection of cold air. —'T"
represents the vertical transport of sensible heat which
usually is in phase with v'T".

d. Spectral energetics of wavenumbers 2 and 3

A, and K, of the various long waves in the anomaly
run (as a function of time) are shown in Fig. 11. The
inclusion of wavenumbers 1 and 4 is to provide a
comparison of the energy contents in the different
long waves. Although A, is dominant over most of
February, the SF Hovméller diagrams show that the
spatial structure of the persistent blocking ridges is-
due mainly to the constructive interference of wave-
numbers 2 and 3. Note that both 4,, and K, for wave-
numbers 2 and 3 increase from the end of January
when the persistent blocking ridges, shown in Fig. 2,
start to develop. Further evidence demonstrating the

importance of these two wavenumbers in the estab-
lishment of the block can be shown by computing
the magnitudes of the various conversion terms in
the Lorenz energy cycle.

We first examine the energetics of wavenumber 2
shown in Fig. 12a. A4, is maintained by C(A42, 4,),
C(A4,, K;) and CAQ2im, ). Both C(4z, A,) and C(4,,
K5) are positive over the time period of interest in
our analysis. In other words, the energy is always con-
verted from A to A, and then from 4, to K,. Fur-
thermore, the time variation of C(4,, 4,) and C(4,,
K)) are in concert with that of A,. This in-phase vari-
ation indicates that 4, is generated by C(A4,, 4,), but
is depleted by C(4,, K5). The nonlinear interaction
CA(2|m, 1) also extracts energy out of 4, over most
of the blocking period.

K, is maintained by C(4,, K;), ((K;, Kz) and
CK(2|m, ). C(4,, K5) is found to indicate that 4, is
always converted to K;. The sign of C(K;, K) shows
K, is principally converted to K except in the second
week of February. It is of interest to recall that C(Kp,
K3), shown in Fig. 6, has the opposite sense of C(K;,
K3), which displays that K¢ in the anomaly run is
usually maintained by conversion from K. CK(2|m,
/) is generally negative except when C(4,, K,) drops
significantly during 8-9 February. It is summarized
that Kj is supplied by the baroclinic energy conver-
sion C(4,, K3), and is depleted by the barotropic en-
ergy conversion ((K;, Kz) and nonlinear transfers
CKQ2|m, I).

C(Az, 4,) and C(A4,, K;) involve the baroclinic
processes of horizontal and vertical sensible heat
transport, respectively, while C(K,, K7) is due to the
barotropic process of momentum transport. The
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maintenance of A, and K is provided by C(42, 4;) behind wavenumber 2 height. These observations in-
and C(4,, K3), respectively. This is consistent with dicate that the development and maintenance of
the synoptic analysis in Section 3 which showed that wavenumber 2 is due to the baroclinic process.

wavenumber 2 temperature always has a phase lag The time variations of various energy conversions
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which maintain 43 and Kj; are depicted in Fig. 12b.
It was shown in Fig. 11b that 4; does not increase
compared with 4, and A4, during the development of
blocking ridges, but K3 increases to a certain extent.
C(Az, As) and CA(3|m, [) are major sources to sup-
port A;. However, Fig. 12b shows that the values of
these two energy conversions are not significant dur-
ing the development of the blocking ridges. Further-
more, the magnitude of C(A43, K3) is not large, either.
K; is essentially maintained by —C(Kj, K), the baro-
tropic conversion releasing the available zonal kinetic
energy. It is clear that the physical processes which
maintain the energetics of K; are different from those
of K,. As we discussed in Section 3, wavenumber 3
height and temperature do not show any significant
phase lag. In addition, the momentum transport of
wavenumber 3 becomes very significant during the
development of the blocking episode. In any event,

(b)

FiG. 11. Time variation of (a) available potential energy and
(b) kinetic energy for wavenumber 1, 2, 3 and 4 in the anomaly
run. :
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FIG. 12. Energy conversions of (a) wavenumber 2 and
(b) wavenumber 3 in the anomaly run.

the above description suggests that wavenumber 3 is
largely maintained barotropically during the existence
of blocking ridges in the anomaly run.

5. Comparison with observational studies

It was pointed out by Tung and Lindzen (1979)
that the United States experienced very similar ab-
normal circulation patterns and severe winter con-
ditions in January 1963 and January 1977; a persis-
tent and enormously amplified ridge existed in the
eastern Pacific. The spectral energetics of the anomaly
run during the existence of the persistent blocking
ridges is similar to that of January 1963 which was
analyzed to a great extent by Wiin-Nielsen et al.
(1964) and Murakami and Tomatsu (1965). The
comparison of the present analysis of the anomaly
run with these two winters may shed some light on
the physical mechanisms which cause and maintain
the persistent blocking ridges.
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FiG. 13. Average contours of 700 mb surface (tens of feet) for January 1963. Troughs are indicated
by solid lines (after O’Connor, 1963).

a. January 1963
1) SYNOPTICS

It was observed that during January 1963 a per-
sistent and amplified ridge existed in the eastern Pa-
cific (O’Connor, 1963). The average circulation at
700 mb is shown in Fig. 13. The pronounced features
of the atmospheric circulation in this month were an
enormously amplified ridge in the eastern Pacific, a
blocking high between Iceland and Britain, and an-
other strong ridge over central Asia. These three
ridges were accompanied by an abnormally amplified
eastern North American trough, a deep Azores low,
a European trough and a Pacific low extending from

the west Pacific to Hawaii. Cold Arctic air was
brought to northeast North America, Europe and the

" Far East, while anomalously warm temperatures were

experienced over Alaska and Greenland. In addition,
most of the trough and ridge lines tilted from south-
east to northwest similar to the circulation patterns
observed during the persistent blocking episode in the

‘anomaly run.

. 2) ENERGETICS

The energetics analysis of January 1963 discussed
below is based upon the studies of Wiin-Nielsen
(1964), Wiin-Nielsen et al. (1964) and Murakami and
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Tomatsu (1965). The Lorenz energy cycle for this
month is shown in Fig. 14¢. The directions of energy
conversions, C(Az, Ag) = 6.43 W m~2 and C(4g, Kg)
= 2.96 W m~2, are the same as conventional studies
(Lorenz, 1967). Surprisingly, C(Kg, Kz) for this
month has a large negative value of —1.29 W m™2
indicating that the zonal flow was barotropically un-
stable during this month. This situation is similar to
the model anomaly run. The time variations of var-
ious energy components in January 1963 are depicted
in Figs. 14a and 14b. Note that Az and K increase
(decrease) when 4 and K decrease (increase). The
overall picture of the time variation of January 1963
atmospheric energetics shown in Fig. 14 is similar to
Lejends’ during a blocking situation described in Fig.
7. Note that 4 started to decline and Az and K,
increased significantly from 10 January on. It is sug-
gested that the January block in 1963 started around
this day.

The spectral energetics of January 1963 are dis-
played in Fig. 15. The spectra of A4, (Fig. 15a), and
K, (Fig. 15b) show that wavenumbers 2 and 3 have
the largest values. This may indicate that the atmo-
spheric circulation of this month is mainly described
by wavenumbers 2 and 3. It also suggests that the
persistent blocking episodes during this particular
January were due to the constructive interference of
these waves, similar to our model results.

C(A,, K,) 1s extracted from the result of Murakami
and Tomatsu (1965). C(4z, A,) (Fig. 15¢) and C(4,,,
K,) (Fig. 15¢) for wavenumbers 2 and 3 are positive
and dominant, while C(Kj;, Kz), shown in Fig. 15d,
has a very large negative value of —1.14 W m~2. This
negative value of C(Kj, K7) indicates that K; is main-
tained by the energy converted from K. Comparing
Figs. 15d and 14c, we can see that the energy con-
verted from K to K; explains most of the total energy
conversion from Kz to Kg. This shows that wave-
number 3 is barotropically amplified. The discussions
above indicate that 4, and A; are maintained by
C(Az, Ay) and C(Az, A3), respectively. K, is main-
tained by C(4,, K3), baroclinic energy conversion,
while K; is maintained by both C(4;, K3) and —C(K;,
K7). In other words, a significant component of K;
is maintained by a barotropic conversion mechanism.
The energetics of wavenumbers 2 and 3 in January
1963 are then similar to those in the anomaly run.

b. January~February 1977
1) SYNOPTICS AND SPECTRAL ANALYSIS

The main features of the atmospheric circulation
during the winter of 1976-77 were very persistent
through the whole season (Taubensee, 1977; Wagner,
1977; Dickson, 1977). The mean 700 mb circulation
for this winter is shown in Fig. 16 (Namias, 1978).
Deep troughs persisted over the central Pacific Ocean
and eastern North America while a strong persistent
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FIG. 14. Energetics for January 1963: (a) time variation of A,
and Ag, (b) time variation of Kz and K., and (c) Lorenz energy
cycle (after Wiin-Nielsen, 1964).

blocking ridge was located near the west coast of
North America. Warm air was then advected to
Alaska by the southerly winds to the west of the ridge,
while cold Arctic air, accompanied with heavy snows,
was brought to the northeastern sections of the
United States. This persistent blocking ridge also
caused droughts in the west of this country. The cir-
culation pattern of this winter was characterized by
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FIG. 16. Mean ?00 mb contours (tens of feet) for the winter of 1976-77
(December, January and February) (after Namias, 1978).

the single-block system described above and was dif-
ferent from that of either the anomaly run or January
1963 which had a double-block system.

The spectral analysis of the wave motions are il-
lustrated by the 500 mb SF Hovmoller diagrams at
50°N (Fig. 17a). The total-wave SF Hovmoller dia-
gram presents a very persistent and strong narrow
blocking ridge between 90 and 150°W and a broad
weak climatological ridge between 30°W and 90°E.
The strong narrow blocking ridge between 90 and
150°W existed since the first week of January 1977
and before, and decayed at the end of the third week
of February. Comparing Figs. 17a and 17b, we again
see that the long waves explain the major features of
the blocking ridges as in the anomaly run and the
January 1963 case. The short-wave SF Hovmoaller
diagram shows that the synoptic-scale waves generally
propagate steadily eastward, except between 120°W
and 120°E, i.e., over the Pacific, where the short-wave
ridges and troughs become quasi-stationary. Namias
(1978) claimed that the significant west—east Pacific

SST gradient enhanced the cyclogenesis and the up-
per-level southerlies which steered the storm north-
ward. The existence of quasi-stationary short-wave
ridges and troughs may indicate that the cyclogenesis
occurs in the same areas very often or that the storms
simply change direction here. This feature is also
found in the anomaly run.

The SF Hovmoller diagrams of individual waves
are also displayed in Figs. 17d-h. All the long waves
(n = 1-4), during January-February 1977 at 50°N,
were quasi-stationary. The locations of these long-
wave ridges are very close to those shown in Eliasen’s
(1958) study (also displayed in Fig. 1 of Austin, 1980)
for the climatology of these long waves. It is also of
interest to note that the strong narrow blocking ridge
between 90 and 150°W (Fig. 17a or 17b) decayed
when wavenumbers 3 and 4 weakened and became
eastward propagating in the last week of February.

We now compare the SF Hovmoller diagrams of
the individual long waves in the anomaly run (Fig.
3) with those during January-February 1977. The
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FIG. 17. Spectrally filtered Hovmaller diagrams of various waves at 500 mb and 50°N for January-February 1977.

ridge of model wavenumber 1 is located around atmospheric data. When wavenumbers 2 and 3 be-
60°W at the onset of the model block. This ridge come stationary in the anomaly run the ridge po-
location is west of the 0° longitude wavenumber 1 sitions of these two waves are very close to the ob-
ridge position as determined climatologically from servations. Wavenumber 4 is an essentially eastward
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moving wave in the anomaly run. These comparisons
show that the characteristics of wavenumbers 1 and
4 in the anomaly run are different from those in the
winter of 1976-77. Although the constructive inter-
ference of wavenumbers 2 and 3 in this winter can
form the blocking ridge over the west coast of North
America (Fig. 17h), as in the anomaly run, the quasi-
stationary nature of wavenumbers 1 and 4 in the
winter of 1976-77 makes their contribution to the
formation of the blocking ridge impossible to be
ruled out.

2) ENERGETICS

We have used observational data analyzed by the
National Meteorological Center (NMC) and archived
at the National Center for Atmospheric Research
(NCAR) to examine the spectral energetics of the
1976-77 winter. The region of integration covers 30—
80°N. The w fields, which were used to calculate
C(Ag, Kg), were evaluated by the scheme proposed
by Chen et al. (1981). The energetics computations
for January-February 1977 reveal that time varia-
tions of A and Ky were not very significant, and A4,
and K increased somewhat in February (not shown).
The slight enhancement of 4, and K is due to the
breakdown of the blocking ridge in later February
shown in Fig. 17a. This figure also shows that an
Atlantic block existed in the first 10 days of January.
Time variations of various energy terms during this
period are the same as Lejends’ schematic diagram.

The Lorenz energy cycle of these two months is
depicted in Fig. 18. The directions of various energy
conversions are the same as those seen in conven-
tional studies. However a remarkable difference be-
tween the energy cycle of January-February 1977 and
that of the anomaly run is that C(Kz, K7) is of op-
posite sign. In other words, the eddies during this
winter were barotropically stable. In addition, Rosen
and Salstein (1980) pointed out that the 1976-77
winter had strong C(Kz, Kz). Note that C(Kg, K7) is
evaluated with the covariance of eddy momentum
transport and north-south horizontal gradient of
zonal flow. These two variables are much larger dur-
ing this winter (as observed by Rosen and Salstein),
and, in turn, explain why C(Kg, K7) has a larger value
than a normal winter.

The spectral energetics of January-February 1977
are displayed in Fig. 19. 4, is somewhat smaller than
A, and A,, but Kj; is comparable to K. Let us recall
the SF Hovmoller diagrams discussed above indicate
that the formation of the blocking ridge in this winter
is different from the anomaly run. In order to com-
pare the spectral energetics of this winter with that
of the anomaly run, we shall focus on wavenumbers
2 and 3 whose constructive interference forms the
blocking ridges in the anomaly run. C(4z, 4;) and
C(Az, A3) dominate C(Az, Ar) and are the sources
which supply 4, and A3, respectively. K, and Kj; are
maintained by C(4,, K;) and C(43, K3), respectively,
and C(K>, K7) is quite small compared to C(4,, K3).
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FIG. 18. Energy cycle (W m™2) for January-February 1977.

However, the significant nonlinear interaction
CK(2|m, I), shown in Fig. 19g, seems to absorb the
supply to K, by C(4,, K;). On the other hand, Kj is
substantially depleted by C(K3, K7), which is even
more significant in view of the fact that C(K;, K7)
explains 45% of C(Kg, Kz).

The spectral energetics of the 1976-77 winter dis-
cussed so far shows clearly that wavenumbers 2 and
3 are maintained by the baroclinic process. The de-
pletion of K, is mainly due to nonlinear transfers,
while Kj; is due to the barotropic process, C(K3, Kz).
It is obvious that the energetics of these two waves
are different from the anomaly run in which wave-
number 2 is maintained by baroclinic conversion and
wavenumber 3 by barotropic conversion.

6. Summary .

A blocking event was generated in the GLAS cli-
mate model by imposing the sea surface temperature
(SST) anomalies which had the same spatial structure
as observed by Namias (1978) but of greater ampli-
tude by a factor of 9/5. The major effort of this study
is to examine the spectral characteristics and ener-
getics of this blocking event. It is found that wave-
numbers 2 and 3 became stationary around their cli-
matological locations. The constructive interference
of wavenumbers 2 and 3 forms two persistent block-
ing ridges: one over the west coast of North America
and the other over western Europe.

The total energy budget analysis shows that the
time variations of A, Az, Kz, Kz, and energy con-
versions during the model blocking episode are sim-
ilar to a typical blocking situation as defined and an-
alyzed by Lejends (1977). Spectral energetics of wave-
numbers 2 and 3 shows that 4, and 45 are maintained
by C(Az, A;) and C(Az, As), respectively. K is main-
tained by C(4,, K3), the baroclinic energy conversion
from A4, to K, C(Az, A,), while K; is maintained by
the barotropic energy conversion from K, to Kj,
—C(K3, K2). ~

The abnormal circulation patterns and severe
weather conditions in both January 1963 and the
1976-77 winter were similar to some extent, espe-
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cially in the sense that there was a persistent and
enormously amplified ridge over the west coast of
North America (as in the anomaly run). Note that
some synoptic difference exists between these two
winters: lack of a “double” block in the 1976-77
winter. However, effort was made in this study to
compare the spectral analyses and energetics between
these two winters and the anomaly run with the hope
that we may gain further understanding about the
physical mechanisms causing and maintaining the
persistent blocking ridges.

The spectrally filtered Hovmoller diagrams for the
1976-77 winter show that all the long waves (n = 1-
4) are stationary over most of this time period. The
blocking ridge located in the west coast of North
America in this winter was formed by the constructive
interference of these long waves, especially wavenum-
bers 2 and 3. The blocking ridge decayed when wave-
numbers 3 and 4 started to move eastward. Appar-
ently, the kinematic formation of the blocking ridge
in the 1976-1977 winter is different from the anom-
aly run. This difference would be due to the different
synoptic structure in this winter as described above.
The spectral energetics of January 1963 analyzed by
Wiin-Nielsen (1964), Wiin-Nielsen et al. (1964) and
Murakami and Tomatsu (1965) show that the ener-
getics of wavenumber 2 and 3 are similar to the anom-
aly run. In particular, wavenumber 3 was vitally
maintained by the barotropic energy conversion from
K, to K; while wavenumber 2 was maintained by
baroclinic processes. On the other hand, the devel-
opment and maintenance of wavenumbers 2 and 3
in the 1976-77 winter is different from either January
1963 or the anomaly run in the sense that Kj is de-
pleted significantly by the barotropic energy conver-
sion about Kj to K.

Egger (1978) and Kalnay-Rivas and Merkine (1981)
proposed that blocking can be caused by a barotropic
mechanism, while Schilling (1982) shows, on the
other hand, that the blocking can be induced by a
baroclinic mechanism. However, these studies only
use simple models to test their proposals. The present
study has shown that the double blocks which ap-
peared in the anomaly run and January 1963 were
essentially formed by the constructive interference of
wavenumbers 2 and 3. The maintenance of these two
waves appears to be scale-selective in the fact that
wavenumber 2 is maintained by baroclinic processes
and wavenumber 3 by barotropic processes. It indi-
cates that neither the baroclinic nor barotropic mech-
anism alone can be responsible for the formation and
maintenance of blockings in the atmosphere or so-
phisticated general circulation model.

Finally, an interesting question is raised as to why
the dynamical processes that maintain the blocking
ridge in January 1963 and the anomaly run is scale-
selective. The answer is beyond the scope of the pres-
ent study. Nevertheless, it would be of interest to
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make further examinations of other blocking cases
and perhaps ascertain whether the double blocking
situation (as present in our two cases) is consistently
maintained by a similar scale-selective dynamical
process.
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