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ABSTRACT

The vertical and temporal structure of the global scale flow in the Goddard Laboratory for Atmospheric
Sciences analyses of data from the First GARP Global Experiment are presented. The fields are represented
in terms of spherical harmonic expansions of the streamfunction, velocity potential and geopotential. The
global scale patterns are obtained from triangular truncations of such series, neglecting terms past the fourth
degree.

Some modes display prominent high frequency oscillations in the velocity potential and geopotential
height that may be related to diurnal cycles of cumulus convection. Such oscillations are not apparent in
the streamfunction. Low-order harmonics with nodes only along latitude circles are nearly equivalent baro-
tropic. However, those harmonics that have no nodes between the poles reverse phase with height.

The following conclusions are drawn regarding the global scale patterns: 1) Since the divergent component
of the meridional flow is not much smaller than the rotational part, the global scale pattern resembles forced
modes of linear tidal theory more closely than it resembles free modes. 2) Because the vertical structure
reverses, longitudinal heating gradients are probably important to the forcing. 3) The high frequency oscil-
lations of the velocity potential and height field imply high frequency components in the forcing due to

heating. 4) Monthly and weekly averages display suggestive teleconnection patterns.

1. Introduction

Among the many uses of the First GARP Global
Experiment (FGGE) data set, one of the foremost
applications is the unique description that is possible
for the global scale temperature and wind fields. This
application has particular utility to the short term
variations of the global structure. Currently, these are
neither well understood nor accurately predicted.

The global scale structure of atmospheric flows is
best documented on time scales of a season or longer.
Theoretical and observational studies of ultralong
waves have emphasized forcing due to global scale
variations of topography and surface heat flux, pos-
sibly interacting with baroclinically unstable or ver-
tically refracting basic flows (Charney and Eliassen,
1949; Smagorinsky, 1953; Bates, 1977; Holopainen,
1970; Grose and Hoskins, 1979; Tung and Lindzen,
1979; Kalnay-Rivas and Merkine, 1981; and many
others). Additionally, there have been studies of the
long-term effect of tropical heating gradients (Ra-
mage, 1968; Dickinson, 1971; Webster, 1972; Rown-
tree, 1976; Julian and Chervin, 1978; and others).

While these studies have produced a number of
mechanistic explanations for the generation of ultra-
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long waves, attempts at deterministic prediction of
these waves have been disappointing. Large errors
have been found in the prediction of ultralong waves
after only a few days (Baumhefner and Downey,
1978; Somerville, 1980; Baumhefner and Bettge,
1981; Bengtsson, 1981).

It now appears that the more skillful models benefit
from retention of global forecast domains (Somer-
ville, 1980). The importance of the tropics and South-
ern Hemisphere on the short term evolution of ul-
tralong waves in the midlatitudes of the Northern
Hemisphere implies that global scale modes cannot
be adequately initialized locally (Daley et al., 1981).
Alternatively, strong meridional energy propagations
may occur through the tropical and subtropical zones,
across more than 4000 km on a time scale of only
a few days. Questions about these processes have
motivated the present FGGE research.

Burger’s (1958) scale arguments suggest that the
planetary-scale waves may possess approximately
equal magnitudes of divergence and vorticity [see his
Egs. (18), (54)). Thus flow adjustment of ultralong
waves is affected as strongly by the divergent wind as
by the rotational wind. The rotational wind is affected
by the divergent flow because of the atmospheric ten-
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dency for angular momentum conservation. How-
ever, the divergent wind may adjust much more rap-
idly to a given forcing than the rotational wind (Pae-
gle, 1978). This possibility, and the evident role of
flow divergence in amplifying the ultra-long waves,
suggest that it is especially useful to study the time
changes of atmospheric ultralong waves in terms of
the changes of the divergent and rotational wind
fields.

Another theoretical study involving linear tidal the-
ory (Wiin-Nielsen, 1971) predicts that, with the ex-
ception of the largest horizontal mode, unforced low
frequency components of synoptic (or longer) time
scales possess much more vorticity than divergence.
Consequently, it is of interest to ascertain the actual
strength of the divergent and rotational flow contri-
butions to the global scale structure.

The primary goal of this investigation is to quantify
the global scale mass and wind fields during FGGE
SOP! 1. The description emphasizes the time varia-
tion and vertical structure of the ultralong waves as
analyzed at the Goddard Laboratory for Atmospheric
Sciences (GLAS). In Section 2, the global fields are
emphasized in terms of low-order spherical harmon-
ics. As described in Section 3, the tropical circulation
projects more amplitude on some of the low-order
components than does the midlatitude circulation.
The divergent fields possess high-amplitude oscilla-
tions at all resolvable time scales, from diurnal to
monthly.

On the other hand, the global scale rotational wind
changes significantly on scales approaching one week.
The cross-equatorial divergent and zonal] rotational
flow changes in the subtropics agree well with pre-
vious studies of teleconnections. These flow changes
are discussed in Sections 4 and 5, respectively.

In Section 5, we also discuss the weekly transition
of the global scale flow, as it relates to a blocking
pattern over the North Atlantic. Qur conclusions are
summarized in Section 6.

2. Approach
a. Analysis system

The GLAS analysis/forecast system (Halem et al.,
1982) consists of an objective analysis scheme, which
makes use of the continuity provided by a first guess,
which is a 6 h forecast from the previous analysis.
The first guess is then corrected by all the data col-
lected with a +3 h window, about each analysis time.
The analysis scheme (Baker et al., 1981) is a modified
successive correction method (Cressman, 1959) which
takes into account the density and the quality of the
observations. The model used in both the analysis
cycle and the forecast is the GLAS fourth-order global
atmospheric model described in Kalnay-Rivas ef al.
(1977) and Kalnay-Rivas and Hoitsma (1979). It is

! Special Observing Period.
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based on an energy conserving scheme with all hor-
izontal differences computed with fourth-order ac-
curacy. A 16th-order Shapiro filter is periodically ap-
plied to remove unresolved scales. The model in-
cludes long- and shortwave radiation with a diurnal
cycle, which allows convective cloud parameteriza-
tion, conditional instability, super-saturation clouds,
a bulk formula parameterization of surface fluxes and
a realistic orography. The resolution (4° latitude by
5° longitude) and nine vertical levels used in these
experiments is somewhat coarse, but this is partly
compensated by the high accuracy finite difference
scheme of the model.

This analysis system is particularly useful for pres-
ent applications because it does not impose dynamic
initialization constraints upon the analyzed fields.
High frequency oscillations are controlled by the use
of an Euler-backward difference scheme during the.
analysis cycle. Consequently, the mass and wind field
estimates are constrained only by the full primitive
equation dynamics (that retain both forced and free
motions). The analyses should be reasonable to the
extent that the model is accurate.

b. Spherical harmonic representation

From the GLAS level IIIb analysis, we have com-
puted vorticity () and divergence (8) from

{=K-V XV, )
a=V.V. (2)
Here V is the horizontal wind, V is the finite differ-
ence gradient operator, and K is the unit vertical vec-

tor. The vorticity and divergence can be rewritten in
terms of a stream function (¢) and velocity potential

(x): R
§=VY, 3)
o= Vx. 4)
These equations have been solved for ¥ and x em-
ploying a technique described by Paegle and Tom-
linson (1975). The algorithm gives the exact solution
of the algebraic system which arises from the finite
difference version of the Poisson equation.
Fields of ¢, x and the geopotential height () are
subsequently spectrally decomposed: -

) N
y=2 HZ VP (6, N), (5)
. n=0 |mi<n
N
‘x=§_:OHE xnPr (9, ), (6)
N
Z=2 2 Z7Py($,N. (7

n=0 |mi<n .

Here y7, x7, Z" are amplitudes of the spherical har-
monics P of degree n, order m, and ¢, A are latitude
and longitude.
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The amplitudes ¢, x7, Z7 are complex quanti-
ties, whose arguments represent phase in longitude,
referred to the dateline. The order m represents the
wavenumber in longitude (i.e., the number of sinu-
soidal waves around a latitude circle), and the quan-
tity n — |m| represents the number of nodal latitudes
in the latitudinal structure.

The phase « of the first maximum of Z’P" east
of the dateline is given by

o= % — tan”'(Im(Z ;)/Re(Z )}/ m.

As a basis for the spectral expansion, one could use
Hough functions, the eigenfunctions of the Laplace
tidal equations. Their advantage is that they consti-
tute a meteorologically relevant set of functions, and,
as such, have been used or suggested in many studies
(Kasahara, 1976; Baer, 1977; Daley and Puri, 1980;
and others). On the other hand, Hough functions
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FIG. 1. Amplitude of the 200 mb zonal harmonics of degree 3
plotted at 12 h intervals for six consecutive days during SOP 1.
Scale factor for ¥ and x is 10° m? s,
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F1G. 2. Complex amplitudes of the sectorial harmonics of degree
3 plotted at 1 h intervals for six consecutive days during SOP 1.
Point 1 refers to 0000 GMT 28 January, point 2 is 12 h later, etc.
Scale factor for y and x is 10° m? s~

need to be expressed as a linear combination of spher-
ical harmonics, which, in turn, are the eigenfunctions
of the absolute vorticity equation. We have chosen
in this study to use spherical harmonics as the basis
for the expansion because of their computational sim-
plicity and their straightforward horizontal scale in-
terpretation. From the Laplacian relationship

VZP? = —n(n + 1)P7,

one can define the horizontal length scale of
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FIG. 3. Pressure variation of the amplitude coefficient of the
height field zonal harmonics of degree 3 for the six-day average
beginning 0000 GMT 28 January.

each spherical harmonic P}’ as proportional to
[n(n + DIV2 ~ .

3. Time variation of individual modes
a. Selected examples

Low-order expansions of x and ¢ display meridi-
onal meanders, whose divergent and rotational com-
ponents are approximately of equal magnitude. Be-
cause the tropics project a significant contribution

upon the low-order divergence field, and since a large -

part of the FGGE observation system was specifically
designed for the tropics, the structure of low-order
components of x is of special concern. The “signal/
noise™ ratio is of particular interest, in view of the
well known difficulties associated with direct diver-
gence calculations in midlatitudes.

Fig. 1 displays a six-day evolution of ¥3, x3, Z$
200 mb. This harmonic is antisymmetric with respect
to the equator, it has three nodal latitudes, and be-
cause it has no phase variation in longitude, it is
purely real Fig. 2 displays the six-day evolution of
V3, X3, Z3 at 200 mb. This mode has three waves
around a latitude circle, no nodal latitudes between
the poles, and a maximum amplitude at the equator.
These harmonics are selected for display because they
illustrate the substantial variability in time and height
behavior in different low-order components.

It would be desirable to examine the relative con-
tributions of actual diurnal convective cycles and the
diurnal cycle in cloud-motion wind vector data to the
24-h oscillations in x3, x§ and Z 9. This is beyond the
scope of the present study, but it is quite clear that
for time scales of a week or longer, on which we will
subsequently concentrate, ume averages are well de-
termined.
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b. Height variation

" Fig. 3 presents Z$ as a function of pressure for the

six-day average of Figs. 1 and 2. The real part of
Z9 has the same sign at all levels within the tropo-
sphere. In order to appreciate the implications of this,
it is useful to note that, in general, within the tropical
troposphere, the low pressure belt at the surface re-
verses to a high pressure belt at high levels because
of the relative warmth of the tropics, while in the
midlatitudes, the zonally averaged pressure generally
deécreases poleward at all levels. The fact that Z9
maintains the same sign within the troposphere sug-
gests that the midlatitude structure projects more am-
plitude upon this zonal harmonic than does the ver-
tically reversing tropical structure.

A rather different conclusion holds for the Z3
mode (Fig. 4). This mode reverses almost completely
with height. This pattern is more symptomatic of
monsoonal variations than it is of typical midlati-
tude waves (which often display only mild vertical
phase tilts, or nearly equivalent barotropic structure,
e.g., (Blackmon et al., 1979; Paegle et al., 1979). Al-
though an individual spherical harmonic of the height
field has no direct physical relation to an individual
spherical harmonic of the divergence field, some of
the characteristics of Z3 are also evident in ¢3 and
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FIG. 4. Pressure variation of the amplitude coefficient of the
height field sectorial harmonic of degree 3 for the six-day average-
beginning 0000 GMT 28 January. Pressure level is indicated by
each point.
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GMT 28 January. Pressure level is indicated by each point. The scale factor is 10° m? s/,

x3 (Fig. 5). Each of these also changes phase by more
than 90° between the upper and lower troposphere.
Furthermore, both are strongest in the upper tropo-
sphere, where x3 is larger than y3. This means that
the divergence is larger than the vorticity for this
mode at this time,

¢. Low-order triangular truncation

The zonal harmonics (m = 0), of which ¢4 is an
example, have vertical structures that differ greatly
from the sectorial harmonics (n = |m]), such as y3
while other harmonics display intermediate charac-
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FiG. 6. Rotational wind field averaged from 5 to 31 January for a triangular truncation of the streamfunction expansion in spherical
harmonics, neglecting terms beyond the 4th degree. (a) 200 mb zonal component; (b) 850 mb zonal component; (c) 200 mb meridional
component; (d) 850 mb meridional component. The isoline interval is 2.5 m 5! for the zonal component and | m s™' for the meridional

components. Dashed curves indicate negative values.

teristics. To gain an impression of the net global scale
structure, it is useful to perform partial sums using
Egs. (5)-(7) truncated at small values of V.

For this purpose, we have selected triangular trun-
cation rather than the rthomboidal truncation that is
also frequently used. To the extent that n reflects the
horizontal scale (as previously indicated), the trian-
gular truncation is most natural.

In this study, we select a truncation at N = 4 to
represent global scales. The long wave predictability
studies referenced in the introduction include only
the first three longitudinal modes. A triangular trun-
cation at N = 3 would allow only P3 to contribute
to longitudinal wavenumber 3, while selection of
N = 4 also permits the addition of P3. Both modes
contribute significantly to the three-source outflow
pattern often found in the tropical upper troposphere
during the Northern Hemisphere winter. Since P3 is

anti-symmetric about the equator, retention of this
mode permits a displacement of this structure from
the equator into the Southern (summer) Hemisphere.

4. Monthly patterns

January 1979 (Dickson, 1979) was, in several ways,
similar to the very anomalous and frequently inves-
tigated month of January 1977 (Wagner, 1977). Both
months displayed strong negative anomalies of 700
mb height over the North Central Pacific Ocean and
anomalously strong ridges over western North Amer-
ica. While this pattern persisted most of the 1977
winter (Dickson, 1977), there was an abrupt reversal
in February 1979 (Wagner, 1979). This section pre-
sents the transitions in the global scale structure be-
tween two consecutive 27 day periods corresponding
to January and February 1979.
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FIG. 7. As in Fig. 6, except for the divergent wind component obtained from a truncated velocity potential field.
The analysis interval is | m ™' in both components.

a. Global scale truncation

Figs. 6 and 7 display the wind fields obtained from
the N = 4 triangular truncations of y and yx, averaged
during the January days of SOP-1 (5-31 January).
Peak zonal winds to this truncation are ~30 m s,
and almost entirely rotational. The strongest merid-
ional winds of ~7 m s™! occur in cross-polar rota-
tional flow at 200 mb. The meridional flow of the
subtropics is only on the order of 3-4 m s~! and the
divergent contribution is ~50% of the rotational
component. Thus, while the time averaged zonal flow
to this truncation is essentially rotational, the distri-
bution of the meridional flow is significantly affected
by the divergent wind field.

The vertical structures of both the rotational and
divergent wind fields contain pronounced reversals.
While this may not be surprising for the divergent
wind field, it is a striking feature of the rotational
wind. The 850 mb rotational flow maximum in

the Northern Hemisphere westerlies is located at
~120°W, while the 200 mb maximum is at ~130°E
(left part of Fig. 6). In the Southern Hemisphere, the
maximum 200 mb zonal rotational flow is directly
above the 850 mb minimum (at ~140°E). The me-
ridional flow exhibits a reversal between 200 and 850
mb (right half of Fig. 6). This structure is much more
symptomatic of monsoonal and tropical circulations
than it is of typical midlatitude features.

Since we are describing the fields in terms of a basis
of expansion possessing little physical content, we can
only speculate on the physical implication of the re-
sults. A natural speculation is that since the tropical
and monsoonal circulations project so much ampli-
tude on the global scales, they may influence the lon-
gitudinal distribution of troughs and ridges as well as
the jet stream and storm tracks of midlatitudes.

Similar hypotheses were also proposed in earlier
studies by Bjerknes (1966, 1969), Ramage (1968),
Webster (1972) and Paegle et al. (1979), who have
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FIG. 8. Time change of the truncated 200 mb wind component from the 27-day sequence shown at the top of Figs. 6 and 7, to the
subsequent 27-day average 1-27 February. (a) Rotational zonal component; (b) divergent zonal component; (c) rotational meridional
component; (d) divergent meridional component. The arrows in (b) and (d) indicate the sense of the time change between zero contours.

compared local Hadley cell enhancement with sub-
tropical jet streams on seasonal time scales. The sub-
ject is currently receiving much attention in studies
of seasonal anomalies. Much of this research indicates
- that enhanced outflow in the deep tropical central
Pacific Ocean during the Northern Hemisphere win-
ter, enhances the subtropical jet in similar longitudes.
This hypothesis is supported in the differences (Feb-
ruary — January) of the global scale rotational and
dlvergent wind between consecutive 27-day periods
in January and February (Fig. 8). The rotational zonal
flow (Fig. 8a) is larger in February than in January
only over that longitudinal segment, centered about
20°E longitude, where the cross-equatorial flow is
stronger in February (Fig. 8d).

b. Non-truncated fields

~ Fig. 9 displays the total (non-truncated) divergent
wind field for the January period of SOP-1. The larg-

est values are approximately twice as large as those
in the global scale truncation of Fig. 7. Similarly, the
rotational component (Fig. 10) generally contains lo-
cal maxima approximately twice as large as those
shown in Fig. 6. There are vertical reversals in the
total (non-truncated) divergent wind, but the total
rotational wind fields are more nearly in phase than
is the truncated field.

Fig. 11 depicts the change in the total wind field
from January to February. The zonal rotational wind
(Fig. 11a) at 30°N weakens by more than 15 m s
from January to February in the central Pacific
Ocean, but strengthens by more than 15 m s™! in the
central Atlantic Ocean. These are large changes for
the monthly averages of the subtropical jet. The me-
ridional divergent wind (Fig. 11a) shows a decrease
in the cross-equatorial divergent wind over most of
the Pacific sector from January to February and an
increase over the tropical Atlantic Ocean.
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FiG. 9. As in Fig. 7, except for the the non-truncated field.

It is interesting that the cross-equatorial divergent
wind and the subtropical jet in similar longitudes
display monthly transitions during FGGE that are
qualitatively similar to those given by other investi-
gators (e.g., Bjerknes, 1969).

5. Weekly transitions

Weekly transitions during SOP-1 are typically as
pronounced as are the monthly transitions. The par-
ticular two-week sequence chosen for display in the
present section is selected because the first week of
the sequence contains a pronounced Atlantic block,
which dissipates during the second week. Marked
phase shifts and amplitude changes of the low-order
spherical harmonics are also evident.

a. 200 mb field

Most of the subsequent discussion is directed to-
ward the evolution of the blocking pattern and the
accompanying geopotential, streamfunction and ve-

locity potential at various spatial resolutions. Fig. 12
presents the complete 200 mb height field, as well as
a version truncated at longitudinal wavenumber 4
(with full latitudinal resolution). Fig. 13 displays a
version truncated in a triangular spherical harmonics
decomposition at N = 4. Apart from the smaller am-
plitude, the results at lower tropospheric levels (not
shown) are rather similar for the full fields, and lon-
gitudinally truncated versions. Some interesting ex-
ceptions for the 850 mb global-scale patterns will be
pointed out later.

A principal feature seen in Fig. 12 is the strong
North Atlantic block during the third week of Jan-
uary. This block is almost as strong in the height field
truncated at longitudinal wavenumber 4, as it is in
the total height field. However, in the global scale
spherical harmonic decomposition at N = 4 (Fig. 13),
there are no closed contours, and the feature is pro-
jected as a broad North Atlantic ridge.

During the last week of January (Fig. 12b, 12e),
the Atlantic block dissipates and strong ridging de-
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FIG. 10.-As in Fig. 6, except for the non-truncated field. Isoline interval is 5 m s™' for the zonal component
: and 2 m s™ for the meridional component.

velops in the Gulf of Alaska dnd over Newfoundland.
These changes project on the global scales (Fig. 13b)
as an 80° westward retrogression of the Atlantic ridge
to a position over North America.

The time change of the height field from the third
week to the last week of January (Fig. 12¢, 12f), in-
dicates a decrease in amplitude of 540 m in the vi-
cinity of the Atlantic block, but an increase of up to
300 m over Alaska and Newfoundland. The largest
changes in the global scales shown in Fig. 13c are
~30-50% of these values. '

Fig. 13c indicates that the blocked week had higher
heights over the tropical Pacific Ocean, and lower
heights over the North Pacific and Southeastern
United States. The pattern is broadly analogous to
the schematic diagram of Horel and Wallace (1981;
their Fig. 11) associated with warm sea surface tem-
peratures in the equatorial Pacific Ocean.

There are significant changes in the weekly aver-
ages in the Southern Hemisphere. These are domi-
nated by short waves (Kalnay-Rivas and Halem,

1981), and therefore do not project on the plaxietary
scale changes. :

b. 850 mb field

- As noted earlier, the full height field, as well as the
longitudinally truncated version, possess nearly
equivalent barotropic structure over much of the area
of 'the Atlantic block and associated split flow. The
globally truncated version at 850 mb (Fig. 14) displays
some interesting changes between the two weeks.

" During the first week (Fig. 14a), there is one dominant

high-latitude ridge at ~20°E, or 40° east of the upper
tropospheric ridge. The 850 mb trough in the Eastern
Pacific is similarly ~40° east of the 200 mb trough.
Consequently, while the Northern Hemisphere global
scale structure during the block displays a degree of
baroclinicity, it does not possess vertical reversals of
the trough and ridge. '

The global scale structure of the 850 mb height
field during the second week of the sequence (Fig.
14b) is quite different. It contains two prominent
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