






























































5.7 (cont.)

Fig.
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As in Fig. 5.1 for NSU low-pass anomaly differences.



5.8 (cont.)

Fig.



Investigators have suggested that blocking over the oceans is
often characterized by the amplification of cértain zonallwéyenumbers
of the 500 mb heights (Austin, 1980; Colucci, et al.,.1981). We have
examined this possibility for our cases by constructing composite
vector time series of zonal Fourier componenté. k=0-6 of the
anomalies at the corresponding "key" latitudes (Fig. 5.9). Consistent
with the time mean composites presented in the previous chapter, we
see that important contfibutions to the observed anomalies at the key
point are provided by a relatively broad band of components, primarily
wavenumbers k=0;4 - Thus, these analyses do nét suggest a étrong
dominance by a particular wavenumber in the development of the patterns.‘
Nor do they suggest a systematic precursor: érior to onset the
amplitudes are small, typically under 10m, and the vectors tend to
have a haphaza?d orientation with respect to the vertical axis,
indicating a lack of wave coherence locally. Before. the maj§r ampli-
fication most components show some rotation, indicating.propagation.
During the period of maximum amplification, however, little propaga£ion
is evident for wavenumbers k < 5 consistent with ag intérpretation
of the development in terms of stationary waves. Wavenumbers 6 and
greater continue to proéagate with little change through the event,
indicating that they afe not contributing significantly to the
representation* of the stationary pattern.

Simple models of Rossby wave propagation away from a localized
source (Hoskins ahd Karoly, 1981) suggest that,.if the source of the

forcing is in the tropics, shorter wavelengths (roughly, k > 4-5)

*This observation does not preclude the possibility that the propa-
gating short waves may still be important to the underlying dynamics,
as suggested by some recent theories (Green, 1977; RAustin, 1980;
Reinhold, 1981).
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Fig. 5.9. Composite vector time series of zonal Fourier components
k = 0 - 6 of the low-pass anomalies at the "key"latitude & .
The amplitude is proportional to the length of the vector. .The
phase is given by the angle mesasured in the clockwise direction
between the positive vertical axis through the origin of the
vector and the vector itself (positive angles eastward); thus
clockwise (counter-clockwise) rotation with increasing time
indicates eastward (westward) propagation. The vertical component
of a vector is proportional to the contribution Ey that
wavenumber to the observed anomaly at longitude ¥ (the reference
longitude) on that day. (a) PAC positive cases; (b)

PAC negative cases; {c) ATL positive cases; (d) ATL

negative cases; (e) NSU pecsitive cases; (f) NSU negative
cases.
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will be trapped equatorward of. the poleward side of the jet sb'that
only the very long wavelengths will appear with significant ampli-
tudes at high latitudes. The low wavenumber predominance of the
observed patterns is consistent with a tropical source, although
alternative mechanisms may also lead to this: result. The composite
development, however, is not consistent with certain ofher simple
models of wave amplification, e.g., free barotropic resonant triad
interactions, since all significant components appear to grow
simultaneously.**

A further indication of the character of the developments is
obtained by examining how the vertical structures evolve in time. For
this purpose, parallel development composites for. the 1000, 700, 500,
300 and 100 mb height anomalies were prepared from unfiltered data
following the precédures described previously. Data at these levels
were available for the 11 winters from 1965-1966 thiough 1975—1976, '
so that the composites were fﬁrmed from the previously listed cases
(Appendix 2). that fell within this period. For brevity, only the PAC
evolutions are discussed in detail.

Fig. 5.10 presents longitude-pressure cross sections at 45N and
20N of the unfiltered PAC positive composite anomalies at one;day
intervals from day -3 to day 0. We see that, consistent with the
previous 500 mb analyses, the rapid development of the main center
appears to be primarily associated with an amplifying, eastward
propagating mid-latitude disturbance. This feature has pronounced

westward tilts with height during this period, suggesting that a

**Resonant interactions may still be important in particular blocking
cases (Colucci, et al., 1981).
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Fig. 5.10. Composite longitude-pressure cross-sections of unfiltered
anomalies (units: m) for 15 PAC positive cases at 45 N on
(a) day -3; (b) day -2; (c) day -1; (d) day 0. Parallel
analyses at 20 ¥ are presented in (a') - (d').
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Fig. 5.11. As in Fig. 5.10 for 9 PAC negative cases.
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substantial barcclinic contribution is involved in its amplification.
There are two maxima in the vertical structure, with peaks at 1000 ﬁb
and near 300 mb. A similar structure is observed in numerical studies
of nonlinear effects on growing baroclinic waves of long synoptic
scales (Gall, 1976; Simmons and Hoskins, 1972). Such a structure,
however, may also be partly an artifact of data coverage since, over
this region, data are more plentiful at thess levéls. Nevertheless,
comparison of the relative positions of the centers at the data-rich
levels suggests that there are pronounced westward tilts with height
thrbughout the troposphere, and that, at an early‘stage in the develop-
ment, the maximum anomalies are realized in the upper troposphere.

The corresponding development at 2ON indicates that, in parallel
with its mid-latitude positive counterpart, the main negative center
progresses eastward across the Pacific through day 0. Subtropical
negative anomalies are initially confined primarily to the upper
troposphere. Following day 0O (not shown), however, 1000 mb heights
~continue to fall over the central Pacific, leading to the establish-
ment of a cold-core negative center with little or no evidence of
tilts throughout the troposphere.

Fig. 5.11 shows similar analyses for thz PAC negative cases. In
many respects, the vertical evolution parallals that of the positive
cases. The main center propagates eastward and intensifies thrdugh
the périod. The associated trough axis initially tilts strongly
westward with height, but becomes nearly vertical by day O. Doﬁble
maxima are also evident in the vertical structure early in the evolu-

tion, giving way to a single major center in the upper troposphere
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by .day 0. The subtropical patterns are initially rather ill-defined,
but a positive center is evident over the subtropical mid-Pacific from
day -2 onwards. By day O positive anomalies associated with this
featuré extend with little vertical tilt from the surface to above
1100 mb.

Similar analyses for the ATL and NSU regions (not shown) also
indicate that maximum amplitudes are reached in the upper troposphere
at an early stage in the development, and- suggest predominantly weak

westward vertical tilts in the anomaly axes duiing amplification.

D. ‘Breakdown

~ The previous>analyses suggest that persistent anomaly patterns
often develop fapidly, with corresponding positive and negative cases
displaying several parallel features. We now briefly examine the
subsequent breakdowns of the patterns for further'evidence of
systematic behaQiors. Composites for this section are constructed
relative to the time when the anomaly first falls below the threshold
value at the key point. The unfiltered analyses provided no obvious
indication that small-scale, mobile disturbances were systematically
involved in the breakdowns; for this reason, only low-pass composites
are presented.

Figs. 5.12 and 5.13 present, respectively, composite low-pass
analyses for the PAC positive cases and negative cases at two-day
intervals from 4 days prior to breakdown (day -4) to 6 days following
breakdown (day +6). We see that during breakdown the evolutions also
display a number of striking similarities. Up until day -2, the
patterns strongly resemble the PAC composite patterns described

previously. Breakdown then precedes rapidly. By day 0, the main



-154-

centers have moved'northwestward to the Bering Sea and have weakened
considerably. These features than remain nearly quasi—stationary
and continue to decay. Anomalies over the key region are not sig-
nificantly different from zero beyond day +2.

Differences between the composite maps immediately preceding
breakdown and the corresponding maps following development may suggest
clues to the cause of the bréakdown. Comparison of the maps 2 days
before breakdown with (for example) the maps 6 days after onset,
however, reveals few striking changes. For the positive cases,
the most noticeable difference is the intensification and displacement
of the downstream center to just west of the Washington coastline.

We suspect that this development, which is also reflectea in an asym-
metry between the positive and negative case mean composites discussed
in the previous chapter, 1s at least partly the result of orographic
effects: in particular, the anomalous northerly flow over the Alaska:
Range into the Gulf of Alaska in the positive cases is often followed
by inténse cyclogenasis off the northwest coast (see Winston, 1955).
The negative cases, in contrast, show little change in the location
or intensity of the downstream center.

Another difference evident in both the positive and negative
cases when comparing post-development with pre-breakdown maps is the
change in sign of the anomaly centers near Japan: whereas at and
following development anomalies in this region have the same sign as
in the key region, immediately preceding breakdown, anomalies in
this area and in the key region are of opposite sign. This change may

be related to variations in the zonal wind over the southwestern
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Fig. 5.12. Composites of the breakdown of the PAC positive cases,
low-pass filtered anomalies (units:m) at (a) day -4;
(b) day -2; (c) Qay 0; (d) day +2; (e) day +4; and (f) day +6.
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5.12 for PAC negative cases.

As in Fia.

5.13.

Fic.
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North Pacific; differences are so small, however, that we are
presently disinclined to attribute much significance to this result.

Similar composite maps for the ATL cases are displaYed'in
Figs. 5.14 and 5.15. Again, upvuntil 2 days before breakdowh the
primary features of the ATL pattern are evident. -The subsequent
evolntions of the main centers bear some resemblance to the behaviorx
seen for»the PAC cases. Between day 0 and day 2 these centers have
retrogressed and weakeﬁed. At day 4 these centers have érifted slightly
northwest with little change in intenéity. There is some indication
in these analyses that, initially,vthe main center decays and
retrogresses, and, subsequently, changes occur in the remainder of the
pattern. As for the PAC cases, however, slight differences between
correspénding post-development and pre-breakdown maps are evident, but
are of dubiqus significance.

Similar sequences for the NSU cases are shown in Fig. 5.16 and
5.17. Comparing these maps to the earlier development composites,
we see that the NSU patterns display somewhat greater differences
than found for either the PAC or ATL patterns. The most étriking
change from the earlier maps is the absence of major anomaly centers
upstream of the key regién immadiately prior to breakdown. The some-
what greater transience of the upstream and downstreah NSU anomaly
centers was reflected earlier in the case mean composites, where the
NSU patterns haﬁrrelatively weaker contemporaneous correlations and
appeared to have a more regional character than their PAC and ATL
counterparts. The subsequent downstream deepening (and also successive

downstream weakening) of the centers in the NSU pattern thus provides



Fig. 5.14. BAs in Fig. 5.12 for ATL positive cases.



' FPig. 5.15. BAs in Fig.‘ 5.12 for ATL n=gative cases.
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Fig. 5.16. B8s in Fig. 5.12 for NSU positive cases.



Fig. 5.17. As in Fig. 5.12 for NSU negative cases.
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a preliminary basis for predicting the onset and also the decay of
this pattern sevefal days in advance.

E. Discussion

The results of the previous analyses suggest a number of typi-
cal characteristics in the evolution of persistent anomaly patterns:

1) Development rates are often rapid (full establishment in
less than a week).

2) Over the key region, there is little evidence of an
atmospheric precursor until just prior to onset.

3) Following onset, anomaly centers develop and intensify
in sequence, forming a quasi-stationary wavetrain downstream from
the main center. Intensification occurs with little indication of
phase propagation. This leads to the establishmen£ of the persis-
tent anomaly pattern.

4) Breakdown rates are also often rapid. Until immediately
prior to breakdown,-the patterns closely resemble the corresponding
patterns obtained following development.

5) From development through decay, corresponding positive and
negative patterns display striking similérities in their evolutions.

The'development of the wavetrains downstream from‘the main cen-—.
ters qualitatively agrees with simple time-dependent models of
_enerqgy dispersion on a sphere away from a localized, transient source
of vorticity (Hoskins, gﬁ_gl., 1977; HHoskins, 1278). The NSU cases
are also typically preceded by a well-defined upstream wavetrain.
The seqﬁence of development for the PAC cases éuggests that the

initial rapid growth of the main center is primarily associated with
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a propagating, intgnsifying disturbance which originates in mid--
latitudes. The vertical structure of this disturbance somewhat
resembles that found in numerical studies of ﬁonlinear amplifying
baroclinic_waves of long synoptic scales (Gall, 1976;'Simmons and
Hoskins, 1978).

Horel and Wallace (léél) have recently presented convincing
observational evidence indicating some relatiopship between tropical
Pacific sea-surface temperature aﬁomalies and the sign of the North
Pacific anomaly pattern. Their work is supported by results obtained
from general circuléﬁidn studies on the atmosphere's response to changes
in external forcing (particularly to tropical sea-surface temperature
anomalies) (e.g., Rowntree, 1972, 1976; Opsteegh and Van Den Dool,
1980; Webster, 1981). The time scales for changes in such forcing,
however, is presumably much longer than the time scales that we
typically find for the developmentvand decay of persistent anomalies.
This suggests that these patterns often, and perhaps primarily, grow
and decay while the e#ternal forcing remains nearly fixed. Further
support for the view that the patterns evolve mainly by internal pro-
cesses comes from recent modelling studies by Lau (1981)‘and Blackmon
(personal communication),Awhich dermonstrate that anomalies in the exter-
nal forcing are not required to prcduce patterns similar to those
described here.

A possible interpretation for the correlation between tropical
Pacific sea-surface temperatures and the PAC pattern is provided by
Hoskins (1978). He suggests that enhanced convection may be expected

over an anomalously warm tropical ocean, leading to increased upper
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level divergence apd therefore to enhanced forcing of anticyclonic
vorticity. This may be expected to produce an anomalous wavetrain
extending into the extratropics downstream from the forcing region.

Our results, however, suggest that the causal link between
tropical sea-surface temperatures and the Pacific pattern may be
more subtle than indicated by this picture.  An iﬁtriguing clue is
provided by the significant pattern located upstream over Asia and the
extreme western Pacific preceding the development of the PAC cases.
This pattern somewhat resembles that of composite
pressure énomalies associated with the southern oscillation (see, e.qg.,
Troup, 1965), a phenomenon clearly linked to tropicﬁl Pacific sea-
surface temperatures (Horel and Wallace, 1981, and refs.). The
structure of this pattern suggests that the associated wind anomalies
are primarily in the zonal flow over both the Himalayas and the south-
western North Pacific. UWhether such anomalies will give rise to sig-
nificant anomalous wavetrains remains to be sesen; recent theoretical
work (Branstator, personal communication; Karoly, personal communica-
tion), tends to support the idea that relatively modest changes in the
mean flow may give risé to significant anomalous wavetrains, even for
fixed forcings. These mean flow changes may themselves reflect changes
in tropical forcing, or alternatively, may bias the character of the
disturbances forming in the major cyclogenetic region over eastern
Asia and the western North Pacific. The resolution of these issues
is beyond the scope of the present study.

The sequential character of the development of the anomaly

centers favors the view that local or guasi-local sources are asso-
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ciated with their origins. This does not, however, entirely rule out
the possibility of quasi-resonant behaviors. Although the structures
and evolutions of the patterns indicate that the waves are generally
significantly refracted or attenuated before travelling far zonally,
the PAC and ATL patterns, in particular, somewhat resemble ﬁtanding
meridional modes, suggesting that north-south reflections may-
occasionally be important in these regions.

Although our results suggest certain statistical
approaches towafd forecasting the evolution of the persistent patterns,
Qe have not attempted to do that hére; On thgvlongef term, a better
approach toward forecasting these features will likely come from a -
more thorough understanding of their sources and dynamics; in that

respect, then, our results provide some potentially fruitful direction.
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VI. INTERACTIONS WITH TRANSIENT EDDIES AND THE MAINTENANCE OF
PERSISTENT ANOMALIES

A. Introduction

The relationéhip between stationary waves and transient eddies is
of considerable theoretical as well as practical interest. Reinhold
(1981) demonstrates that recurrent, persistenﬁ flow patterns ih a low-
order, ;ime;dependent spectral model often bear little resemblance to
the equilibrium solutions obtained by neglecting transient eddies.
Recent simple theoreticél studies (Frederiksen, 1979; Niehaus, 1980)
suggest that the presence of a stationary wave can qrganize preferred
regions for cyclogenesis. In contrast, Green (1977)- and Austin (1980)
propose that persistent large-scale features such asvblocking can be

~dynamically maintained by forcings due to synoptic-scale eddies.

| The analyseskof Chapter 4 established that persisten£ height
anomalies are.associated with highly significant anomalies in the
fields of vorticity, temperature and potential vorticity. In this
chapter, we examine the contributions of transient eddies toward
héintaining local balances in these fields in order to address the
questioﬁ of how changes in the transient eddies are related to changes
in the mean flow. This question is intimately relaﬁed to the basic con-
cept of blocking; that is, that major deformations of the mean flow are
accompanied by significant changes in stormm activity.

Our approach is as follows: We first describe the pro-

cedure for analyzing the budgets. Following this, we review the
differences in the mean flows and storm paths for positive and negative

cases; We then compare contributions by selected terms to the local,
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time mean balances of heat, vorticity and potential vorticity.

The data base for this portion of the study consists of twice-
daily NMC final analyses of geopotential height and temperature at
8 levels (1000, 850, 700, 500, 300, 250, 200, 100 mb) for the
11 winter seasons 1965-66 te 1976-77. BAll calculations were performed
on a 5° by 5° latitude-longitude grid. Data wsre spatially interpolated
from the NMC grid to the latitude-longitude grid as described pre-
viously. Missing data were linearly interpolated in time. Winds are
calculated gedstrophically. Compositeé are constructed from the
same cases as in the vertical evolution analyses; case dates are
listed in Appendix 2.

B. Procedure

The procedure for comparing budget fields isAstraighﬁforward. In
brief: We first calculate the spatial distribution of any one of
the fields, say f; , for each of the j=l,2,...,M‘positive cases,
and similarly determine the corresponding distributions f; 'for the
kx=1,2,...,N negative cases. We then define ensemble averages of £

for the positive cases

4 M | + (“'
¢y = L Z woo b (6.1)
and for the negative cases
-y .
<679 = pa \’JK *—K . (6.2)
N k=1 '

where the weighting factors are proportional to the duration of the

particular case.
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Following this, we construct -the spatial distribution of the t-statistic
for the difference between means (null hypothesis of no difference
between means), identifying those regions where the differences exceed

certain significance levels. For the selected fields we present maps

of <f+> <fF->

. , the difference ( <f+> - <f-> ) and the results of the t-test.
We will sometimes present the linear spatial correlation coeffi-

cient between two fields. Since our primary interest is in comparing

~ eddy structures, the mean values of the fields at each latitude (the

zonal averages) are first removed before calculating correlations.

The area-normalized correlation of two fields and between latitudes

30 N and 80 N is then defined by

1<% ¥
Clogre (e T8
) -

T |  (6.3)

v

where the square brackets denote zonal averages, the asterisks depar-
" tures from zonal averages, and a(®) 1is the normalization factor at

latitude ©6 .

C. Differences in mean fliows and storm paths

The structural characteristics of persistent anomalies have
been analyzed in detail in Chapter 4; our objective here is to briefly
review those features particularly salient to the budget discussion.
We will subsequently focus mainly on the ATL cases. Our rationale is.

that:
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1) there is a better balance between ths numbers of positive
(12) and negative (12) cases, as well as a larger total numbef of cases
than for the other regions;

2) there are significant and well-defined differences in storm
tracks associated with the positive and negative cases; and

3) the data coverage over the North Atlantic is superior to that
over the North Pacific.
The latter issue is more crucial here than in our earlier calculations,
since we anticipate that the covariances (and their derivatives)
requiréd in the budget calculations will be more sensitive to data
deficiencies than the mean fields studied earlier.' We will, however,
also present summaries of results for the other two regions.

Analyses of the SOOImb heights for the ATL cases are presented
in Fig. 6.1. Figs. 6.1a and 6.1lb show composite 500 mb height anomaly
maps for the 12 positive and the 12 negative anomaly cases, respectively.
As we found earlier in a smaller set of ATL cases (cf. Fig. 4.2 ),
the corresponding positive and negative énomaly patterns are highly
similar, with a major center near the key point, anomalies of opposite‘
sign over the subtropics to the south of the center, and a train of
anomalies at mid- and high-latitudes extending mainly downstream from
the dominant center. The composite 500 mb heights for the positive
cases {(Fig. 6.1c) strongly resemble typical Atlantic blocking patterns;
in contrast, the 500 mb heights for the negative cases (Fig. 6.14d)
are characterized by a regiocnal high index fiow. Anomaly differences
(Fig. 6;le) between the positive and the negative céses are in excesé

of 400 m over the North Atlantic; elsewhere, peak anomaly differences
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are around 100 m. The t-test results (Fig. 6.1f) indicate tﬁat differ?
ences between means are highly‘significant over a vast portion of the
North Atlantic; a train of centers of high significance is also
located downstream from the key region. Additional centers exceeding
the 99% confidence level are located upstream over north-central
Canada and over a small region near the Red Sea.

Fig. 6.2a displays the root~mean—$quare {rms) 500 mb* geobotential
heights in the 2.5-6 day range** for the positive céses. We see that
a broad region of high variability extends northeastward from the
eastern United States to Scandanavia,vwith maxima over Nova Scotia
and to the southeast of Iceland. The negative cases (Fig. 6.2b), in
céntrast, display high variability in a zonallf—oriented-bénd extending
across the central North Atlantic, with a single, relativelyﬂintensé
maximum located to the east of Newfoundland. The differences between
means (Fig. 6.2c) and associated t-test results (Fig. 6.2d) suggest that the
-significant changes are primarily associated with the relatively more

northward displacerent of the storm paths in the positive cases.

*
Parallel distributions (not shown) calculated for levels near the

surface (1000 mb) and tropopause (300 mb) show gualitatively similar
characteristics.

vk ok .
The periods retained with the Blackmon band-pass filter.
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Fig. 6.1. (a) Composite 500 mb height anomalies for 12 ATL positive
~ cases (units:m); (b) as in (a) for 12 ATL negative cases; (c)
composite 500 mb heights for the positive cases (units:m);
(d) as' in (c) for the negative cases; (e) (positive—-negative)
500 mb height differences (units:m); and (f) confidence levels
for a two-sided t-test for the difference between means.
Negative values are dashed. '
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Fig. 6.2. (a) Composite band-pass 500 mb heights for the positive
cases (units:m); (b) as in {(a) for the negative cases; (c)
(positive-negative) differences xms heights (units:m); (4)
confidence levels for a two-sided t-test for the difference
between means. Negative values are dashed.
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D. Budgets

In the following discussions, we will first discuss the character
of the mean fields and then present selected terms from the ATL budget
calculations. At the end of each subsection, Qe present brief summaries
of the results for all three regions.

1. bHeat budgets

Fig. 6.3 displays composite analyses of time-mean temperature fields
at 700 mb, representative of temperature patterns throughout'most of
the troposphere (cf. Fig. 4.11). Comparing these analyses with the
‘corresponding 500 .mb height analyses described earlier, we see that
the positive héight anomalies are predominantly warm-core and tbe
negative anomalies cold-core, wiﬁh the ATL thermal anomaiy cenﬁers
displaced éliéhtly westward of the corresponding 500 mb height maxima.
The strongest temperature gradients associated with the positive cases
extend in a band from near Nova Scotia northeastward to Iceland. 1In
contrast, the strongest gradients in fhe negative cases occur from
eastern North America eastward acros§ the Atianticrnear 40 N. Mean
temperature differences between the positive aﬁd negativé'cases exceed
8°C over the northern North Atlantic and are abpve 5°C in several
"other regions. Mean'femperatures in the positive cases are greater
(less) than‘those in the negative casés over virtually the entire North
Atlantic north (south) of about 35 N. The t-test results strongly_
resemble those obtained earlier for the 500 mb height analyses, con-
sistent with the earlier observation that the tropospheric height and

temperature anomaly patterns are highly positively correlated.
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Fig. 6.3. As in Fig. 6.2 for 700 mb temperatures (units: °C).
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The time-average thermodynamic equation may ‘be written as

T L -G.eT - v U -G (¥ -l )
3t - > e
(hry (HADY (HRY C(HO
(2 ST -R W) v} (6.4)
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where the overbar represents a time-average over the duration of a
case and a prime indicates a deviation from that average. All other
symbols have their conventional meanings. Term HT is a heat storage*
term. Term HA represents the advection of time-mean temperature by the
horizontal component of the time-mean flow. = Term HB is the eddy heat
flux convergence. Term HC represents adiabatic temperature changeg
assoclated with time-mean vertical motions; ferm HD, the effects of the
vertical eddy trensports of heat; and term HE,-the timérmean diabatic
heating. In practice, HT; EA, HB, and HC are calculated from the data,
So that the residual, HD- + HE, represents a "virtual" time-mean heating.
Lau (1978) suggests that for climatological-mean data, the ratio HE/HD
is typically >2 over the storm track regions. For brevity we subsequently
refer to the residual as the mean diabatic heating.

The composite 700 mb distribution of term HA, the horizontal ad-
vection of time-mean temperature by the time-mean flow, is presented
in Fig. 6.4a for the positive cases and in Fig. 6.4b for the negative
cases. The positive cases are characterized by weak warm advection to

the west of the key region, with slight cold-advection to the east;

*For all of the budgets, the composite storage terms proviaé neglible
‘contributions - -and so will not be discussed.



-177-

the negative cases, in contrast, display strong cold advection to the
west of the key region, with largest values extending from eastern North
America to the central North Atlantic. Differences between means (Fié.
6.46) are strongest over the northwest North Atlantic, locally exceeding
over 5°C/day. The difference pattern rather closely resembles the
corresponding difference pattern for 700 mb temperatures described
previously (spatial correlation .67); the t-test analysis for term
HA (Fig. 6.4d) indicates that the major regions of significant diff-
erences are centered over the North Atlantic and western Europe.

Similar maps for term HB, the 700 mb eddy heat flux convergence,
are presented in Fig. 6.5. 1In contraét to the term HA, the eddy flux
convergence patterns are negatively correlated with the temperature
patterns (correlation between diffgrence fields = -.61); thus,. the
direct effect of this eddy term mainly weakens the nean temperature
anomalies by tfansporting heat down the local femperature éradient.
Hololpainen (1970) and Lau (1979) report a similar relationéhip for
transient eddies and climatological mean flows. The adiabatic Heating
and cooling associated with time-mean circulations inducedrby'the
transient disturbances may, however, partially‘éppése the direct effect
of the eddy heat fluxvcoﬁvergences. We discuss this issue and the
problem of interpreting these and subsequent relations in terms of
energetics in the following section.

Distributicons of the,timé—mean adiabatic term HC (not shown) have

patterns nearly identical to the corresponding mean vertical motion
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Fig. 6.4. BAs in Fig. 6.2 for 700 rb analysis of term HA, the
advection of time-mean temperature by the time-mean flow

(units: €c/day).
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patterns (@) at 500 mb (Fig. 6.6), which display significantly greater
ascent upstream and descent downstream in the positive cases.* 1In
brief, the correlation betwsen HC and T différence fields is slightly
negative (-.06), suggesting that the anomalous time mean vertical
nmotions have, if anything, a weak tendency to reduce the temperature
anomély locaily. Similar correlations between HC and T but calculated
instead for the positive cases fields together‘and for the negative
cases fields'togéther are, respectively, -.35 and -.37, suggesting
this effect acts more directly in the long-term mean fields than in the
anomaly fields.

Fig. 6.7 displays the distributions for the time mean diabatic
heating term.. The principal areas oI heatiné appear to be connected
with the oceanic storm paths. In the positive cases, weak cooling
occurs near and just to east of the key region, likely mainly due to
radiative cooling. ‘In contrast, in the negative cases relatively stronger
warming occurs over and to the South—west of the key region, apparently
associated with increased sensible heat transfers and with enhanced.
precipitation accompanying more vigorous storm activity in that area.
This suggests that some asymmetries between positive and negative cases
may be introduced by the dominance of different physical processes
in the two regimes. The correlation between différences in temperature
and differences in diabatic heating is —.23,>5uggesting that this

ternm also acts mainly to damp the mean temperature anomalies.

* . . 1 :
The vertical motions are obtained by a vorticity method as described
in Appendix 4. »
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Fig. 6.5. As in Fig. 6.2 for 700 mb analyses of term HB, the
horizontal eddy heat flux convergence (units: °cC/day).
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Fig. 6.6. As in Fig. 6.2 for 500 mb analyses of &3 (units: 1074 ™/ sec™ 1y,
The values have been multiplied by -1 so that positive values
" correspond with rising motion. :
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Fig. 6.7. As in Fig. 6.2 for term HE,
heating (units: ’C/day).

the time-mean diabatic
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Heat budget calculations for all three regions display quali-
tatively similar results: through the lower and mid-troposphere, dif-
ferences in temperatures between positive and negative cases are |
positively correlated with differences in the time mean advection
(typical correlations are 0.60 to 0.70) and are negatively correlated
with differences in the eddy heat flux convergence (typical values
of -.60 to -.70).. Differences in the adiabatic coolingvand heating
terms show no or only slightly negative correlations with the tempera-
ture differences (.00 to -.20). Differences in the diabatic heating
appear mainly related to changes in the storm paths. In the PAé
cases (not shown), this tendency appears to be enhancgd by orographic
effects in the Far West (positive cases have greater precipitation).
Corresponding differences for the eddy terms and the diabatic heating
terms have comparable magnitudes.

2. Vorticity Budgets

Fig. 6.8 displays analyses of the vorticity fields at‘300»mb,
‘near the level of maximum vorticity anomalies (cf.'Fig. 4.17); The
overall patterns closely resemble the structures seen in fhe height
fields. Peak magnitudes of the vorticity anomalies are about
3 -4 x lo_ssec—l. Vorticities associated with the positive center (Fig. 6.8a)
are characteristic of values at latitudes about 20°further south.

The vorticity pattern associated with the negative center (fig. 6.8b)-
indicates that a band of high vorticity extends eastward from a
region of typically high values over northeastern Canada across the
northern North Atlanﬁic to the key region. The major regions of

significant differences are associated with the vorticity pattern over
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the North Atlantic.

The time-mean vorticity equation can be written as

|
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E'represents the frictional force; all other symbols have their

conventional meanings. Terms VT, VA and VB have analogous interpretations

to the corresponding terms in the time;avefage thermodynamic equation.
Term VC represents the effect of time-mean divergence on altering the
time-mean vorticity. Term VD is the vertical advection of time-mean
voxticity by the time—mean vertical motion; VE is the vertical eddy
vorticity flux convergence; VF is the time-average frictional force; and
VG is the time-average twisting term. Terms VT, VA and VB can be
calculated directly from the data. Terms VT, VA, VB and VC contain
all the terms of the time-average quasi-geostrophic vorticity equation,
in addition to certain Sméller terms that are readily calculable from
the observations. Scale analysis and observational data suggest that,
at least in the free atmosphere at middle and high latitudes, the
terms in parentheses are relatively small. Thus, tq a first approxi-
mation, we may determine VC as a residual of the other three principal

terms.
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Distributions of term VA (not shown) strongly resembiebthe
patterns of term VD displayed later (correlations about -.90). 1In
brief, at 300 mb, the advection of relative vorticity (—v-V E)
~generally opposes and exceeds thé advection of planetary vorticity
( %%;0; Typically then, positive (negative) vorticity advection occurs
downstream from the major.troughs (ridges) at upper levels. This
balance is consistent with long wave rather than ﬁltra—long wave
scales ( Burger, 1558). At lower levels (below 500 mb) the advection of
planetary vorticity dominates. This structure appears consistent with
trapping of the waves near the tropopause, as discussed earlier.

Fig. 6.9 presents distributions of VB, the eddy vorticity flux
convergence. Although the patterns are noisy with much small-scale
variability evident, comparison of the corresponding maps in Figs.-é,g
and 6.2 suggests predominantly positive vorticity flux convergence to ~
the north of the storm paths with negative vorticity flux convergence
to the south. Tﬁis structure is consistent with a maximum of eddy
momeﬁtum flux convergence into storm paths, as obsérved invclimatologicél
studies (e.g., Blackmon, et al., 1977), numerical studies of barociinic
instability (Simmons and Hoskins,1976;1977; 1978) and as predicted by
recent theories (Held, l9f5). The difference map (Fig. 6.9¢c) and
associated t-test (Fig. 6.9d) indicate that only a small area upstream
of the key region has differences exceeding the 99% confidence leve.

Although we are presently disinclined to attach much significance
to this feature, this pattern is somewhat intermediate between
relatioﬁs suggested by Green (1977) and Austin (1980) in simple tﬁeories

of the forcing of mean flows by transient eddies. Austin suggests
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s lO"SSecﬁl).

Fig. 6.8. As in Fig. 6.1 for 300 mb vorticities (units
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that for long waves, a forcing of anticyclonic vorticity concentrated

at upper levels will tend to produce a warm-core anticyclone with a
maxima one quarter-wavelength downstream from the forcing maxima. The
location of the maximum anticyclonic forcing we observe, however, appears
more nearly in Phase with the maximum anticyclonic vorticity, consistent
" with the relationship suggested by Green (1977). Austin's theory
predicts the maxima in the vertical structure of the vorticity response
will occur near the level of largesﬁ forcing; above that level, the anti-
cyclone decays with height. We have noted before, however, that

other mechanisms may also produce a similar vertical structure. The
magnitudes of the eddy vorticity forcing we observe are roughly consis-
tent with the mégnitudes that Austin's model requires to produce

steady-state vorticity anomalies of the right magnitudes.

Fig. 6.10 presents distributions for the divergence forcing term
VC. We see that the VC and VB terms have magnitudes of similar order,
although VC is typically larger f£xms values about 50-90% higher). The
difference maps indicate that ét uppexr levels, the positive cases have
relatively greater upstream divergence and déwnstream convergence, con-
sistent with the greatex upstream ascent and downstream descent seen
in the vertical moﬁion patterns. Only very small éreas, primarily over
the eastern Atlantic, have differences exceeding the 95% confidence

level.
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Fig. 6.9. As in Fig. 6.2 for term VB, the horizontal eddy vorticity
flux convergence (units: 1071250074y .
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VC, the vorticity forcing by

As in Fig. 6.2 for term
time-mean divergence.

-10.

6

Fig.
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Figs. 6.lla, 6.11b, and 6.11lc display, respectively, for levels
from 1000 mb to 100:mb the correlations between vorticity difference
fields and corresponding differences in terms VA, VB, and VC. We' see
that correlations are weak for all terms at all levels. Correlations
for most terms reverse sign between the lower and upper troposphere,
with strongest correlations near the tropopause. At upper levels,
correlation are positive between vorticity and eddy differences and
negative between vprticity and convergence differences.

Values for the yms differences in terxrms VA, VB and VC are pre-
sented in Figs. 6.11d, 6.1le and 6.11f, respectively. All terms display
pronounced peaks near the tropopause. The 1000-100 mb vertical
averages (not shown) typically resemble the patterns at these levels.
The rms values for VA and VC differéncesvare comparable and generally
exceaed VB by about 50-200%. Near the surface, VC exceeds VA,
reflecting weak positive correlations between VA and VB} at upper
levels, VC'is usually slightly smaller than VA, reflecting weak
negative correlations between VA and VB (typically about -.3)}. These
relations appear qualitatively consistent with expectations from
quasi~geostropbic theory {e.g., Holton, 1972): that is, cyclogenesis
(as suggested by the eddy vorticity flux divergence) tends to occur
in regions of mean low-level convergence and upper—-level divergence
(upper-level positive vorticity advection) downstream from the major

long wave troughs.
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Fig. 6.11. Vertical distributions of the spatial correlations
between vorticity differences fields and differences in term.
(a) va; (b) vB; and (c) VC. Vertical distribution of the rms
values (units: 10~12g2¢2) of term (d) VA; (e) VB; and (f)
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We have additionally calculated 250 mb distributions of the’

eddy flux convergence for an approximate* form of the potential vor-

»

ticity

- _ -
P = (3+f) s
P
(6.6)
and for the quasi-geostrophic pseudo-potential vorticity (Charney,
1973)
%_—.‘jv“‘“% & L2 T
€ RS |
2P PCe (6.7)

The patterns (not shown) are highly similar to the patterns of the
eddy vorticity flux convergences, with maximum positive (negative)
potential vorticity flux convergences near and slightly upstream of

the pctential vorticity maxima (minima).

* . o~ . .' 3 N
Hartmann (1977) shows that evaluation of the relative vorticity on an
isobaric rather than an isentropic surface is a valid approximation for

largye-scale, highly stratified flows.
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E. Discussion
The main relations to emerge from the budget énalyses are,
For the heat budgets:

1) Through most of the troposphere, differences in temperature
between positive and negative cases are positively correlated with
differences in the time-mean advection, negatively correlated with
differences in the eddy heat flux cénvergencerand mean diabatic
heating and almost uncorrelated with the adiabatic warming accompany-
ing time-mean vertical motions.

2) Differences in the diabatic heating appear mainly related
to changes in the storm:paths. Ih the positive cases weak cooling
occurs near and just to the east of the key ragion, likely'mainly
due to radiative cooling. In the negative cases relatively étronger
warming occurs over and to the southwest of the key region, apparently
associated with enhanced sensible and latent heating.

3) Corresponding rms values for the differences in eddy terms
and diabatic heating terms have comparable magnitudeé.

'For the vorticity budgets:

1) Correlations between vorticity differences and corresponding
differences in budget terms are small for all terms at all levels.
Correlations for most terms reverse sign between the lower and upper
troposphere. At upper le&els, correlations are posifive between
vorticity and eddy term differences (the eddies tend to increase
the vorticity anomalies locally) and negative between vorticity and
mean convergence differences (the mean convergence tends to reduce the

vorticity anomalies locally).
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2) Values for the rxms differences in all terms display pro-
nounced peaks near the tropopause; vertical average patterns
typically resemble patterns at these levels. ‘The rms values for m;an
advection and mean convergence differences generally exceed eddy
differences by about 50 = 200%.

3) Patterns of eddy flux convergences of potential vorticity
and pseudo-potential vorticity at 250 mb are highly similar to the
patterns of the eddy vorticity fiux convergences, with maximum
_positive (negatiﬁe) potential vorticityvflux coﬁvergences near and
slightly upstream of the potential vorticity maxima (minima).

Our results are generally consistent with similar calculations
for climétological mean flows (Lau, 1979; Blackmen, EE.EL:; 1978;
Holopaineﬁ, 1978) and seasonal-mean flows (Edmon, 1980), suggesting
that the relations between mean flows and storm paths are also estab-
lished for persistent anomalous flows having durations that are short
compared with a season (on the order of a few weeks or less). We are
able to identify well-defined differences‘between positive and
negétive cases in most of the heat budget terms, but find few signif-
icant differences in thé vorticity budget ﬁerms. This is undoubtedly
partly due to the greater sensitivity of the vorticity calculations
to analysis errors, but may also reflect the less systematic character
of the momentum transports compared with the heat transports in
baroclinic waves as discussed, -for example, by Hoskins (1978). 1In
many respects, those systematic changes we have identified appear
qualitatively consistent with changeé expected for growing baroclinic

waves on a locally varying me2an flow.
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There are severe difficulties in determining the importance of .
the eddies in mainéaining persistent anomalies. The results clearly
point to ambiguities in distinguishing eddy from time-mean effécts;
we noted, for example, that differences in the time—mean diaﬁatic
heating appear closely related to differences in the storm paths,
primarily through changes in latent, but also through changes in
sensible, heating patterns. The relations between latent and sensible
heating patterns and storm paths are poorly undérstood, but are
certainly ar least partly geographically dependent.

Another ambiguity arises from the tendency for the eddies to
drive mean secondary circulations, so that, for example, the eddy
heat flux divergence may indirectly contribute significan;ly to the
vorticity balance through the time—mean divergehce term. Comparisons
of typical values suggest that the magnitudes(of these indirect eddy
~contributions are of the same order as, although genera}ly smaller -
than, the other terms.

We note, howéver, that even if the eddy te;ms were much
smaller than the mean terms, the importance of the eddies could not
be ruled out: conceivably, eddy-mean flow interactions might occur’
until the flow approaches a "quasi-equilibrium" where the iﬁteractions
appear small. The quasi-equilibria need bear no obvious relation to
‘equilibria calculated by neglecting transienf eddies. Reinhold (1981)
finds such a behavior in a low-order spactral model. Even the sign
of the eddy forcing may not indicate the role of the eddies: although
observational studies of the =zonal-average circulation (e.g., Starr,

et al., 1970) often suggest that eddies provide positive contributions
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toward maintaining_the jet stream, some theoretical studies of symmetric
circulations (Schnéidér, 1977; Schneider and Lindzen, 1977) obtain
stronger jets by neglecting eddies, suggesting the effect of the .
eddies may be inhibitive. Our diagﬁostic calculations are not intendea
to adaress these problems, nor questioné éf cause and effect.. Rather,
they attempt to ascertain what systematic eddy changes are observed
between widely varying mean states.

Our analyses suggest potential difficulties in attempting teo
determine the energetics of persistent anomalies by standard methods
{e.g., Holopainen, 1970). We noted, for exarple, that correlations
betweeg temperature and vertical motion anomalykfields appear to be
negligibly correlated, although correlations bstween temperature
fields and vertical motion fields during anomalous periods appear to
have modest correlations. The correlations, abparentlyAdué to the
long—tefm mean circulation, afe of fhe proper sign té suggest a con-
version from standing eddy available potential energy to standing
eddy kinetic enesrgy. Nevertheless, we cannot ﬁonclude that the
persistent anomalies are maintained by bafoclinic prbcesses; our
opinion is that there may be slight positive conversions, but that
once developed th2 persistent anomalies are likely to.be substantially
less bavroclinic than the long-term mean perturb.tioﬁs. Alternative
approaches, perhaps involving a different reference state, may be
reguired to adequately define the energetics of persistent anomalies.

F. Conclusions

Comparisons of local contributions by selected terms to the

time-mean balances of heat, vorticity and potential vorticity show
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well-defined differences between corresponding positive and negative
cases in most of the heat budget terms, but few statistically-
significant aifferences in most vorticity and potentialvvorticity ‘
térms. Many of the systematic differences in the eddy terms

appear qualitatiﬁely conéistent with changes expected fﬁr de§eloping
baroclinic wéves on a séatially varying mean flow. Differences in

the time-mean diabatic heating appear mainly related to changes in the

storm paths. The results are generally consistent with similar

calculations for climatological-mean flows. Thus, the relations
already established between long-—-term mean flows and storm paths also

appear in anomalous flows with durations of a few weeks.
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VII. CONCLUSION
We have studied the geographical, structural and temporal
characteristics of anomalies that have persisted beyond the periods‘
associated with synoptic-scale variability and have examined the
relationship of these persistent anomaiies to changes in

storm activity. Our analyses revealed a number of highly
systematic features.

The geographical distribution calculations indicate that there
are preferred regions for the occurrence of persistent anomalies,
with three favored regions for persistence: the north-central North
Pacific (PAC), the eastern North Atlantic (ATL) and the northern
Soviet Union (NSU). For each region, the maximum in the frequency
of occurrence of positive anomalies is approximately co-located with, and has
compafable values to, the corresponding maxima of negative anomalies. For
durations beyond about a week, there are sligh;ly more positive
than negative anomaly céses.

Our results do not sﬁggest a preferred duration for persistent
anomalies, nor indicate any strong psriodicities. Rather, for
sufficiently long durations , the number of eventé decays nearly
exponentially with increésing durations, resembling the distribdtions
obtéined from a first-order autoregressive process. Nevertheless,
the features iﬁ the PAC, ATL and NSU regions appear to decay
somewhat more slowly than in other regions. Our resuits suggest
that ih the three persistent anomaly regions anomalies persisting
beyond about 5 days are almost entirely associated with this slow

decay process.
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The results of the geographic éistribution calculations
focused our attention on three key regions. We then examined £he
structures of persistent anomalies occurring in these regions in
order to détermine whether persistent anomalies are associated with
recurrent flow patterns. Our results provide evidence for the
recurrence of certain preferred persistent anomaly patterns. To a
first approximation, the persistent positive and negative anomalyr
patterns in a region can be described as oppositenphaseé of the
same basic pattern. The positive phase of the pattern usually
resembles blocking; the negative phase can often be associated with
a regional "high-index" flow. Systematic changes in the storm paths
aécompany the mean flow changes.

The majority of the cases appear to be associatéd with unusually
strong ‘enhancements of the primary regional patterns of low-frequency
variability. Most of the variance in these patterns is contributed
by within—seaéon, rather than between-season (e.g., interannual),
variability. The persistent mid-tropospheric anomalies are accompanied
by pronouncea changes in the location and intensity of the major
surface centers of action (the Aleutian low in the PAC cases, the
Icelandic low in the ATL cases and the Siberian high in the NSU cases).
Concurrent with the height anomalies, there are large-scale
tropospheric temperature anomalies having patterns mainly in-phase
with the height anomalies.

Analyses of the wvertical structure also reveal a number of
highly typical characteristics. The anomalies display little vertical

tilts, with maximum height anomalies in the upper troposphere.
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Associated with these departures are pronounced anomalies in the
temperature, vorticity and potential vorticity fields.

Our next goal was to ascertain typical life cycles of persistént
anomalies. From growth to decay, the time evolutions of
corresponding positive and negatiVe cases display a number of striking.
similarities. Development rates are often rapid; there is little
'evidence of an atmospheric precursor until just prior to onset.
Following onset, anomaly .centers develop and intensify downstream from
the main center, leading to the establishment of the persistent
anomaly pattern. Inténsification occurs with little evidence of
phase propagation. There is some indication that the anomalies display
greater westward vertical tilts during than following development.
Breakdowns occur rapidly. Until immediately prior to breakdown, the
patterns closely resemble ‘the patterns following development.

" We then examined the contributions of transient eddies toward
maintaining local, time-mean balances of heat, vorticity and potential
vorticity in order to study how changes in storm activitysare related
to changes in the mean flow. Comparisons between positive and neagative
casesAshow well-defined differences in most of the heat budget
terms, but few statisticélly~significant differences in most vorticity
and potential vorticity terms. Many of the systematic differences
in the eddy terms appear qualitatively consisten£ with changes
eﬁpected for developing bharoclinic waves on a spatially varying mean
flow. Differences in the time-mean diabatic heating appear wainly

related to changes in the storm paths. The results are
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generally consistent with similar calculations for climatological-
mean flows; thus, fhe relations already established betwéen iong—term
mean flows and storm paths also appear in anomalous flows having g
durations of a few weeks.

Our analyses provide a basis for addressing the theoretical
issues raised in the review (chapter II). The observations that
’ persistent anomalies occur mainly in specific geOgraphié regions,
that the spatial scales aré large and that much of the dévelopment
takes place while the patterns aie nearly stationary all favor the
importance of geographically-fixed forcings; Nevertheless, in the
PAC evolutions the rapid development of the main center appears to be
associated with an eastward proéagating, mid—latitﬁde disturbance.

In some respects, then, the relative roles of free and forced motions
cannot be considered as éompletely resolved.

The time scales for changes in external forcing are presumably
much longer than the time scales ﬁhat we typicaily find for the growth
and decay of persistent anomalies. This suggests that these patterns
often, and perhaps primarily, grow and decay while the external
forcing remains nearly fixed. Further support for the view that the
patterns evolve mainly b& internal processes comes from recént
modelling studies by Lau (1981) and Blackmon (personal communiqatibn),

which demonstrate that anomalies in the external forcing are not

required to produce patterns similar to those described here. Nevertheless,
there 1s convincing observational évidence (Horel and Wallace, 1981)
indicating some relationship between tropical Pacific sea surface tempera-
ture anowmalies and the sign of the North Pacific anomaly pattern; The

explanation for this relationship
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remains an important unsolved problem.

The sequentiél character of the development of the anomaly
centers favors the view that local or quasi-local sources are associ-
ated with their origins. This does not, however, entirely rule out
the possibility of quasi-resonant behaviors. . Although the structures
.and evolutions of the patterns indicate that the waves are generélly
significantly'refracted or attenuated before travelling far ZOnally,
‘the PAC and. ATL patterns, in particular, somewhat resemble standing
meridional modes, suggesting that north-south reflections may
occasionally be important in these regions.

ux observations provide a bésis for more detailed comparisons
with theoretical and numerical modelling results, although we will
not attempt to do that here. Among the fundamental results we
consider as. currently unexpiainéd, however, are the geographic distrib-
utions and the nearly constant decay rates for the numbers of persis-
tent events. Comparison of the values for the decay rates with time
scales for other atmospﬁeric processes suggests possible clues: the
values appear comparable with estimates of time scales (Stefanick, 1981)
for fluctuations in the tropical atrosphere, and also for variations
in the zonal flow. |

The development of wavetrains downstream from the main centers
following onset qualitatively agrees with simple time-dependent
models of energy dispersion on a sphere away from a localized,
tranzient source of vorticity (Hoskins, et al., 1977; Hoskins, 1978).
The gross horizontal and verticael structures of the patterns resemble

external Rossby wavetrains (Held, 1281), although we have not attempted



a detailgd comparison with theory. The evolution analyses suggest,
however, that the explanation for the initial_developﬁents may be
rather subtle. In the PAC cases, an intriguing clue is provided
by the significant pattern located upstream over Asia and the extreme
western Pacific preceding the development. The structure of this
pattern suggests that the associated wind anomalies are primarily in
the zonal flow over both the Himalayas and the»southwestern North
Pacific. Whether such‘anomalies will give rise to significant wavetrains
remains to be seen.

Our results provide no convincing evidence for the occurrence
of multiple‘quasi—equilibria; neither do they rule out the possibility.
Distributions of several atmospheric pa;ameters hint at, but do not
clearly show, multi-modality. The internal mechanisms for variability
suggested by multiple equilibria theory- appear broadly consonant with
observations, as do the nearly syﬁmetric pairs of patterns uéually‘
predicted, although the latter may be generated for spuridus reasons
(e.g., resonances in the model that may not have counterparts in the
atmosphere). It is probably fair to say that such models are presently
too crude to provide detailed explanations of atmospheric behavior,
but sexrve valuable heuristic purposes.

Throughout.this thesis we have emphasized symmetries between
positive and negative patterns. This is partly related to what we
regard as a striking result: that bv éompositing cases with respect

to the sign of the anomaly at a single point, and then comparing

the result to a similar composite for anocmalies of opposite sign, we

are able to recover similar significant patterns over a large portion
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of the hemisphere. Nevertheless, asymmetries between patterns are

evident in all the analyses and also.require explanation. We have
suggested that some asymmetries may be related to orographic
influences and others to the dominance of different physical
processes in the corresponding positive and negative cases.
Perhaps slight differences in the mean flow structure also
substantially. affect the character 6f the pattérns. Both obser-
vational and theoretical approaches may prove useful in ascertain-
ing fhe céuses of significant asymmetries.

Finally, we note that the relatively small shift in
time scales between persistent and non—persistentranomalies
appears somewhat discoﬁraging from the point of view of
long range forecasting. Nevertheless, we find some encouragement
in the ability of recent theoretical models to éualitatively
replicate important aspects of structure and development. We
are also heartened that the observed features of persistent anomalies
are often rather simple; indeed, in may respects far simplef

than we might have originally anticipated.
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Appendix 1. NMC data set.

The data base for the present study consists of .twice-
daily National Meteorological Center (NMC) analyses of geopo-
tential height, temperature and wind fields for the Northern
Hemisphere at 10 pressure levels (1000, 850, 700, 500, 400,

300, 250, 200, 150 and 100 mb). The analysés are éroducts Qf

the forecast-analysis cycle at NMC. The "fifst guess"” for-

the analyses is the previous (12 hour) model forecast. This
first guess is then updated by observations obtained from the
surface and radiosonde observational networks, aircraft reports,
winds inferred from satellite imagery, etc. The transient défa
sources often compose a significant fraction of the total number
of reports: Jenne (1975) presents.a typical time in July 1968

in which 48% of the upper-air reports were from conventional
sources (RAOB and RAWIN reports) and 52% were from other sources
(primarily aircraft winds and winds inferred from satellite data).
The latter sources are probably most valuable in filling gaps
over otherwise data-sparse regions such as the North Atlantic
and North Pacific oceans. Over these rggions, the NMC analyses
should have an advantage over other analysis schemes that incorpor-
ate only fixed base data.

Up through 1965, the first guesses for both the 0000Z

and 1200Z analyses were based on a 3-level baroclinic model.
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From 1966 through 1972, this moéel was usually operational at
1200Z; a 6-layer pfimitive equation model (Shuman and Hovermale,
1968) was operational at 0000Z. Between 1972 and September
1974 the 6~layer model was used for both aﬁalyses. Through the
period, numerous lesser changes in models and procedures also
occurred, some of the most important of which are discussed by
McDonell (1974). Although these changes'undoﬁbtedly introduée
changes in the first-quess fields and hence in the analyéis fields
over dété sparse regions, results obtainéd by Lau (l97é)
and ourselves suggest that systematic changes during this tihe
are generally smail. Throughout this period, the observed
data were incorporated into the analysis . through aksuccessive
correction scheme similar to that described by Cressman (1959).'
In September 1974, NMC introduced a global spectral forecast
model together with a Hough function analysis scheme.(?latﬁery,
1971). As noted by Rosen and Salstein (1980}, -the Hough scheme
places a strong constraint on the analyzed winds such that they
are essentially non-divergent. This eliminates features such
as the mean meridional cells. Rosen and Salstein iﬂdicate, however,
that for analyses of'miaalatitude waves and transports the, Hough
analyses appear quite acceptable.
Comparison of the NMC schemes with schemzs using only
fixed station data (Lau and Qort, 1981) suggests that over

data-rich regions thce analyses are highly similar, whereas in
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data-sparse regiong the NMC analyses show a moré detailed structure.
For our purposes, the incorporation of the additional'daté’sources.
in the NMC analyses offsets the possible disadvantages of the

loss of "observational purity" resulting from the éombining

of model forecast and observational data.
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Appendix 2. Case dates.

Selection crlferia were (100m, 10 days) and (-100m, 10 days)
for all positive cases and ﬁegative cases, respectively.

The following cases were ﬁsed in the horizontal structure
and case EOF analyses. Cases were selected from unfiltered data

for the 14 winter seasons from 1963--64 to 1976-77. The winter was

defined as the 90-day period from 1 December through 28 February.:

No. Reg. Loc. Type Yr. Mo. Day Hr. Dur.
1 PAC 50N 165W  POS 64 12 16 00 23.0
2 65 - 12 23 00 11.0
3 68 1 3 00 15.0
4 69 1 5 00 10.5
5 69 1 21 00 12.0
6 72 2 17 12 11.5
7 75 1 25 00 19.5
1 NEG 63 12 18 00 16.0
2 70 12 12 00 11.0
3 72 12 16 00 10.5
4 73 12 15 12 14.0
5 75 12 15 12 13.0
6 77 1 9 12 13.0
7 77 .2 7 12 15.0
1 ATL 50N 20W  POS 64 1 20 12 22.0
2 65 2 1 12 19.5
3 67 1 5 00 10.5
4 67 1 31 00 10.5
5 68 1 17 12 13.5
6 69 2 2 12 10.5
7 73 2 17 12 11.5
8 74 12 29 12 10.5
9 76 1 9 12 17.5
1 NEG 66 2 7 12 20.5
2 68 12 12 12 10.5
3 69 1 6. 12 13.0
4 71 1 16 00 11.5
5 72 i 7 12 10.0
6 74 1 2 00 12.0°
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No. Reg.  Loc. Type Yr. Mo. Day Hr. Dur.
1l NSU 60N 60E POS 66 12 17 00 21.0
2 60N 50E 68 12 22 12 17.0
3 65N 55E 69 2 8 12 15.0
4 65N 40E 72 1 14 (6]¢] 20.5
1 60N 65E NEG - 71 12 - 26 00  15.5
2 60N 45E 75 2 7 00 13.5
3 60N 45E 75 12 31 12 19.5

The following cases were used in the 1000 mb height and lOOO-
300 mb layer mean temperature, time evolution gnd budget analyses. For
the 500 mb time evolutions, cases were selected from 1ow—paés filtered
data for the 14 winter seasoﬁs from 1963-64 through 1976-77. For all
other analyses, cases were obtained from the 11 winters 1965-66
through 1975-76. In these analyses, the winter season is defined

as the 120-day period beginning 15 November.

No. Reg. Loc. Type Yr. - Mo. Day Hr. Dur.
1 PAC 45N 170W  POS 64 12 10 00 10.0
2 64 12 23 12 14.0
3 65 12 21 00 13.0
4 65 2 10 00 25.0
5 67 . 12 29 12 20.5

6 68 12 9 12 11.5
7 63 12 31 00. 15.0
8 69 1 23 00 16.5
9 70 12 16 00 13.5
10 71 1 17 12 10.0
11 71 2 24 1 10.5
12 71 12 g8 - 12 17.0
13 72 2 16 12 11.5
14 ’ 74 2 22 12 12.5
15 75 1 25 00 20.0
1 ' NEG 63 12 16 00 17.0
2 64 1 24 00 12.5
3 65 1 9 00 12.0
a 67 1 30 00 12.0
5 68 2. 5 00 30.0
6 69 12 16 12 17.5
7 70 1 28 12 25.5
8 71 2 4 12 15.5
9 73 12 17 00  11.0
10 75 12 16 12 12.0
11 76 1 24 00 = 10.5
12 76 12 10 00 15.0
13 77 1

1 00 52.5



-210-

No. Regq. Loc. Type Yr. Mo, Day Hr. Dur.
1 ATI, 50N 25W POS 64 1 21 12 20.0
2 ' 64 12 17 00 10.0
3 65 2 1 00 21.0
4 67 1 2 12 12.5
5 67 . 12 24 12 - 11.5
6 68 1 20 00 15.5
7 68 12 25 00 10.5
8 69 1 30 12 16.5
9 70 2 24 12 10.5
10 73 1 23 12 36.0
11 74 12 29 12 10.0
12 , 75 12 3 00 26.5
13 } 76 1 8 00 18.5
1 NEG 63 - 12 9 12 12.0

64 2 13 12 17.5
3 65 12 31 12 11.5
4 66 1 17 00 42.5
5 67 1 18 00 11.5
6 67 2 12 12 13.5
7 ' 69 1 8 00 18.5
8 70 1 8 00 20.5
9 71 1 4 00 23.5
10 72 1 5 12 12.0
11 ' 72 1 30 12 - 13.0
12 , 74 1 1 00 14.0
13 74 1 24 00 10.0
1 NSU 60N 60E POS " 64 2 3 12 17.0
2 : 64 12 4 00 12.0
3 65 12 13 12 10.5

4 66 12 17 00 20.0
5 68 12 22 00 16.0
6 69 2 11 12 11.5
7 70 2 17 12 17.5
8 71 1 23 00 13.0
9 74 2 20 12 14.5
10 _ 76 12 3 12 12.0
1 NEG 63 12 6 12 14.0
2 64 1 4 12 21.5
3 65 1 29 00 15.5
4 70 1 24 12 10.0
5 71 1 5 12 13.0
6 71 12 21 00 23.5
7 75 1 3 12 10.0
8 75 2 6 00 10.0
9 75 12 16 12 19.5
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No. Reg. Loc. Type Yr. Mo. Day Hr. Dur.
1 NSU 60N 50CE POS 64 12 5 12 10.0
2 66 12 24 00 13.0
3 68 12 22 12 17.0
4 69 2 9 12 15.0
5 70 2 18 12 12.5
6 71 1 23 12 -12.5
7 74 1 9 00 10.0
8 76 12 12 00 10.0
1 NEG 63 12 8 00 12.5
2 66 1 29 12 14.0
3 68 12 1 00 13.5
4 73 12 1 0Q 10.5
5 75 2 5 00 11.0
6 76 1 1 00 12.0
The following cases were used in the vertical structure

analyses. Cases were selected from unfiltered data for the 11 winter

seasons 1966-67 through 1976-77.

No. Reqg. Loc. Type Yr. Mo. Day - Hr. Dur.
1 PAC 50N 150w POS 67 12 24 12 17.0
2 50N 160w 69 1 6 00 - 27.0
3 50N 160W 72 11 30 00 15.0
4 55N 165W 73 12 30 12 16.5
5 50N 160W 75 1 25 00 - 19.5
1 50N 165W NEG 73 12 15 12 14.0
2 45N 160W 77 1 4 00 - 22.0
3 50N 165w 77 2 .7 12 15.0
1 ATL 45N 25W POS 67 12 24 - 12 19.0
2 55N 30w 68 12 24 12 14.0
3 50N 30w 69 1 28 00 20.5
4 50N 5W 71 12 4 00 14.0
5 . 45N 30W 73 2 9 00 18.5
6 45N 15W 76 1 1 00 24.0
1 50N 20w NEG 69 1 6 00 13.0
2 50N 10w 69 2 12 12 13.0
3 55N 40W 74 1 3 0]0] 17.5



Appendix 3 . Emoirical Orthogonal Function Analysis

-

The theories and methods of empirical orthogonal function (EOF)
analysis are discussed in detail elsewhere (Lorenz, 1956; Davis,
1976) and so will only briefly be outlined here. The general
problem is to approximate a function of space ana time h(x,y,t)
for which data values at M spatial grid points are knownrover N

~
. . . 1
consecutive observations by the series n :
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empirical orthogonal functions yields the smallest sample mean

square erxor
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vhich can be obtained from any choice of m functions (Lorenz, 1956).

Additional properties are that the functions are orthonormal

™ :
z le-' g .= SVS r.s= 1.2 o.M (a.3)
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while the time coefficients are uncorrelated at zero lag:

ji | g . (A.4)
G . _ .
6&&: C{)«L = S, be g

L=
The empirical orthogonal functions are obtained as eigenvectors of
the matrix
N 1
‘ .
fﬂ\ = i Nay ~aa, 3 d,' =!‘)l‘> "A}M (A.5)
~ " .
~ AT

-1 . .
When the elements hij are anomaly values, N A 1is a covariance
matrix; if the hij are further normalized by their standard
. Co=1 0, . . R : .
deviations, then N "A 1is a correlation matrix. The time coeffi-

cients , which play a role analogous to the coefficients of

95k
the sine and cosine functions in the Fourier harmonic analysis

previously discussed, are obtained by solving

D) —_— _ A.6)
%UL - Z haf T
: A=t
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A basic hypothesis of this analysis is that the appropriate
error measure is the sum of squares over all grid points, from which
the criterion (eq. A.2)‘follows. The choice of equal weighting of
the square error from each grid point can be replaced 5y other
weightings, such as a Weighting.proportional to‘the 5° by 5°
tesserra corresponding to the grid point. Calculations have also
been performed using this weighting, witﬁ only minor differences
in the results.

' EOF('S were determined for each region over M grid points
and N cases: for ATL, N = 15, for PAC, N = 14 and fbr NSU, N = 14.
The number of grid points, M , is limited by practical considerationé;
hencé, the analyses were performed over limited regions (50° lati-
tude by 160° longitude, M = 363) for which the previoqs Analyses
provided the strongest indication of pattexn recurrences. The
spatial structure of the first EOF was found to bes insensitive to

changes in the location of the boundaries.
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Appendix 4. Vertical motion calculations.

The time-mean motions & are obtained by integrating the time-

mean divergence with respect to pressure

—— \ - — . ’? i~ ‘ 7
S opN = S e+ g 5 dp (2.1)
. P '>?

where @W(p) denotes the time-average vertical velocity at pressure
level p and E(po) represents the corresponding quantity (assuﬁed
known) at level p . The mean divergences are determined as residuals
from the vortiéity balance (eqg. 6.5). Following O'Biien;(l970),

the divergence in (A.1l) is adjusted so that boundary conditions’

at lower and upper levels are simultaneously satisfied. The
divergence adjustmen£ is independent of pressure (e.g., the systematic
part of the divergence error is éssumed to ba unifbrmly distributedb

throughout the column). The adjusted vertical motions are given by

W lpy T QRN = (o= (Blpr) ~) @
‘ | (P~ P |
where 5“(p) is the adjusted vertical motion at level p, w(p) the
usual estimate obtained from eq. A.l, pp and pp the pressures at
lower and upper boundaries, respectively, and QT the independently
calculated value of QT at level pg.
The vertical motion at the lower boundary (850 mb) is

assumed to be composed of three terms:

W(850) = wy + Wp + Qp ~ (a.3)
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where the first term on the right hand side of (A.3) is due to
the topography, the second due to friction and the third to quasi-
vgeostrophic divergence in the surface to 850 mb layer. The

topographic vertical motion is approximated by

o = - ‘ii Y - T a (.4)
S v
where h is the height of the‘local terrain oktained from NCAR
(Jenne, personal communication) on a 2.5 grid. All other symbols
have their conventional meanings.
The frictional term is obtained as

—
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The drag coefficient Cbis assumed to bs a linear function

of the terrain height

| -3 CEN
o \ + .0 r\o” A
C'D = -0l ] : (n.6)
N WAL X,

where hmax is the maximum terrain height. The values for the
drag coefficient correspond approximately with the values in

Cressman (1960).

The quasi-geostrophic divergence term is determined by’

\3 AP (a.7)

J

s,
W, = Sg .

LLun

14
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where the divergence is obtained as a residual from the vorticity
balance as described earlier. The weight factor & depends

on the fraction of the layer above the surface

% = [ (,LQUO - ’PS?Z\ . '\.t)al.l'v-«'o:’_ PS&SS'SU"“\L‘» (A.8)
Closo —g5e)
U P 2 \weo v b

The upper boundary condition is determined by assuming that

the virtual heating vanishes at 200 mb

. - =, - _
5o = - 0 - (W eTeevTy
200 ‘}’? JP("P ' -

This term is generally small except in the descentito the region
east of the Himalayas where itsAneglect would imply unreasonably
strong 200 mb heating rates.

Recent calculations by White (1981) indicate that large-scalé
. climatological-mean vertical motions obtained by the vorticity balance
rmethod and by the qua§i~geostr§phic omega equation (Holton, 1972) are
very similar. The patterns obtained by these methods largely agree
with the vertical_veiocity patterns implied by cloudiness and
precipitation.

The mean vertical motions obtained above have also been
used to perform an a posteriori check on the adequacy of neglecting
terms involving the time-mean vertical motions. The

neglected terms appear at least an order of magnitude smaller than

the retained terms, suggesting the consistency of our approximations.
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