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ABSTRACT

The comparison between two sets of observed circulation statistics undertaken by Lau and Oort (1981)
is continued in this study by examining the temporal variance and covariance statistics in these sets. The
first (GFDL) set is compiled by interpolating monthly averaged station statistics. The second set is based
on twice-daily operational NMC analyses. The statistics for six winter and six summer seasons within the
1966-73 period are compared. The hemispheric fields examined include transient eddy kinetic energy at
300 mb, root-mean-squares of geopotential height and temperature at 300 and 850 mb, respectively, the
horizontal transport by transient eddies of westerly momentum and geopotential height at 300 mb, and of
heat at 850 mb. The patterns of horizontal eddy transports are presented in a vectorial format to delineate
local relationships with the time-mean flow and the centers of eddy activity. Latitude~height distributions
for zonally-averaged patterns of the above statistics are also presented.

The transient eddy statistics in the two sets are in good agreement over regions with adequate data
coverage. The NMC set generally gives relatively higher eddy amplitudes and stronger eddy transports over
the data-sparse oceans. The maximum deviations between the two sets in these regions are about 20-30%.

The two sets of analyses are further used to calculate the spatial integrals for the energy reservoirs and
various energy conversion rates in the atmosphere. The transient and stationary eddies are treated separately
in the formulation of the energy cycle. The largest differences are found in the transfer rate of kinetic energy
from the stationary waves to the transient disturbances, and for the terms associated with the conversion
of available potential energy into kinetic energy. The GFDL and NMC estimates of the other components
of the energy cycle do not differ from each other by >20%. The results from both sets of analyses imply
that the transient eddies are very efficient in depleting the available potential energy of the stationary waves
through their ability to transport heat down the local temperature gradient. The dissipative time scale

associated with this mechanism is several days.

1. Introduction

In Part I of this study (Lau and Oort, 1981; here-
after referred to as I), the observed time-mean at-
mospheric fields from two sets of circulation statistics
were compared. These sets of analyses are the prod-
ucts of two fundamentally different handling pro-
cedures. The set compiled at the Geophysical Fluid
Dynamics Laboratory (GFDL analyses) is composed
of horizontal objective analyses of monthly mean
statistics accumulated at individual rawinsonde sta-
tions. The second set made use of gridded values for
twice-daily synoptic charts produced by the opera-
tional forecast-analysis cycles at the National Me-
teorological Center (NMC analyses). It was noted
in I that the time-mean statistics in the two sets are
in good agreement over regions covered by a dense
rawinsonde network. On the other hand, systematic
differences between the two sets were found over the
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data-sparse areas. (The distribution of reporting ra-
winsonde stations in the early 1970’s is illustrated
in Fig. 1 of L) The reader is referred to I for a
detailed description of the nature of these similarities
and differences, and of the data handling procedures
for the GFDL and NMC sets. Earlier studies on this
subject by other investigators and the motivation for
undertaking the present comparative study were also
discussed in I.

In this part of the study, we extend the findings
in I by examining the transient eddy variance and
covariance statistics in the two sets of analyses, and
by comparing the integrals for some of the important
components in the atmospheric energy cycle.

The data base for this part of the study is described
in Section 2. The differences between the hemi-
spheric distributions of transient eddy variance sta-
tistics in the two sets are presented in Section 3.
Variations with height of the local differences are
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Fi1G. 1. Wintertime distributions of transient eddy kinetic energy (m? s72) at 300 mb, based on (a) GFDL analysis and (b) NMC
analysis. The difference map (c) shows the pattern obtained by subtracting the NMC analysis from the GFDL analysis. The shaded
patches in (a) indicate those regions for which vertical profiles of the differences between the GFDL and NMC analyses will be

presented.

depicted by vertical profiles. The horizontal trans-
ports of westerly momentum, sensible heat and geo-
potential height by transient eddies are presented in
Section 4 in a vectorial format, so that the differences
in amplitude and orientation of the flux vectors in
the two sets can be easily examined. Latitude-height

distributions of the zonally averaged transient eddy
variance and covariance statistics are then compared
in Section 5. Finally, the implications of the differ-
ences between the GFDL and NMC sets on the na-
ture of the atmospheric energy cycle are explored in
Section 6.
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2. Data sets and analysis procedures

The data base for this portion of the study is
slightly different from that used in I. It consists of
selected statistics from the GFDL and NMC anal-
yses for the six winter seasons from 1966 /67 to 1972/
73 (except 1969/70, for which the NMC wind anal-
yses are mostly missing), and the six summer seasons
from 1967 to 1972. Further technical details of the
GFDL and NMC sets may be found in Oort (1982)
and Lau et al. (1981), respectively.

The winter season for the GFDL set is taken to
be the 90-day period from 1 December to 28 Feb-
ruary, while for the NMC set the winter season cor-
responds to the 120 day period from 15 November
to 14 March (13 March in leap years). The transient
eddy statistics were first computed for each individ-
ual winter, and were then averaged over the six win-
ters. The transient fluctuations hence represent de-
partures of the daily values within a given winter
from the seasonal mean for that particular winter.

A different “wintertime” set of GFDL statistics
consisting of weighted averages of monthly statistics
for November, December, January, February and
March was also compared with the NMC set as de-
fined above. On the basis of this and other experi-
ments, we conclude that the difference in the def-
inition of the winter season does not explain the dis-
crepancies between the two sets of analyses shown
in the following sections.

For the summer season, the NMC statistics were
compiled by G. H. White of the University of Wash-
ington using data for the 120-day period from 1 June
to 30 September. The processing of the NMC anal-
yses in this season was somewhat different from the
procedures for the winter data. The former involved
the additional step of removing the seasonal cycle by
subtracting a parabola from the time series. The
parabola was obtained by the method of least-
squares, and was determined individually for each
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grid point in each summer. In order to also minimize
the contribution of the seasonal cycle to the summer
transient eddy statistics in the GFDL analyses, the
summertime GFDL statistics were computed by av-
eraging the monthly transient eddy statistics for
June, July, August and September. Thus, in contrast
to the winter season, the transient fluctuations in the
summer season represent departures of the data val-
ues within a given summer month from the corre-
sponding monthly mean.

3. Hemispheric distributions of temporal variance
fields

a. Winter season
1) KINETIC ENERGY

In Fig. 1 are shown the distributions of transient
eddy kinetic energy %(u”? + v”2) at 300 mb, based
on a) GFDL and b) NMC analyses. Here the overbar
denotes a time average and the prime a deviation
from this time average. The difference between these
two fields is displayed in Fig. 1c. There is good agree-
ment between the two data sets over most of the land
areas. A notable exception is the southeastern portion
of the Asian continent, where the GFDL set gives
relatively higher eddy kinetic energy. The differences
between the two sets are large over the data-sparse
oceans. The transient eddy kinetic energy in the
NMC set is seen to be relatively higher over the
central Pacific and western Atlantic. The vertical
profiles in Fig. 2 illustrate the variation with height
of the differences noted above. These profiles were
obtained by averaging the differences over the 15°
(longitude) X 7.5° (latitude) patches shown in Fig.
1a. The location of each patch corresponds to a site
of large discrepancy between the two sets (see Fig.
1c). The shaded envelopes in Fig. 2 correspond to
the extent of +1 standard deviation of the differences
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F1G. 2. Vertical profiles of the differences in transient eddy kinetic energy (m? s72) between the two
analyses (GFDL minus NMC) averaged over the individual patches shown in Fig. 1a. The shading
indicates the extent of +1 standard deviation of the differences between the two data sets for the six

individual winter seasons.
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FiG. 3. As in Fig. 1, but for root-mean-square of geopotential height (m) at 300 mb.

between the GFDL and NMC analyses for six in-
dividual winter seasons. The profiles indicate that the
differences between the two sets tend to be of the
same sign throughout the atmospheric column be-
tween 700 and 100 mb, with maxima near the tro-
popause level.

2) GEOPOTENTIAL HEIGHT FLUCTUATIONS

The distributions of the root-mean-équare (rms)
of geopotential height (z#)!/2 at 300 mb are com-

pared in Fig. 3. The two sets exhibit a good corre-
spondence over those regions which are covered by
a dense rawinsonde network (see Fig. 1 in I). The
largest differences occur over the central Pacific and
western Atlantic, where the amplitude of the geo-
potential height fluctuations in the NMC set is stron-
ger by as much as 60 m. The vertical profiles of the
differences over the patches located in these two re-
gions (see Fig. 3a) are shown in Fig. 4. The difference
between the two sets of analyses attains a maximum
value at the 200 mb level.
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FiG. 4. As in Fig. 2, but for root-mean-square of geopotential height (m)
averaged over the individual patches shown in Fig. 3a.

3) TEMPERATURE FLUCTUATIONS

The GFDL and NMC patterns of the rms of tem-
perature (772)'/? at 850 mb are displayed in Figs. 5a
and 5b. The differences between the two sets (Fig.
5c) are also largest over the ocean basins, where the
GFDL set gives relatively weaker temperature fluc-
tuations. The vertical profiles of these differences
(Fig. 6) indicate that the amplitude of the deviations
is fairly uniform with height in the lower and middle
troposphere.

b. Summer season

The differences between the summertime analyses
in the GFDL and NMC sets are presented in Fig.
7, for a) transient eddy kinetic energy at 300 mb,
b) rms geopotential height at 300 mb, and c) rms
temperature at 850 mb. It should be noted that the
different methods for removing the seasonal cycle in
the two sets (see Section 2) may partially account
for some of the features in this figure.

On the whole, most of the major features noted
in the winter season (Figs. 1¢, 3c and Sc) are also
identifiable in the corresponding maps for summer.
In particular, the patterns in Fig. 7 indicate that the
NMC set yields stronger eddy activities for all three
parameters along an elongated region over the cen-
tral Pacific Ocean at ~45°N. A new feature in sum-
mer is the relatively stronger transient fluctuation in
the GFDL sets over the eastern Pacific between 20°
and 40°N

4. Hemispheric distributions of horizontal transports
by transient eddies

In this section the transport properties of the tran-
sient disturbances during the winter season are de-
picted by vectors. This method of presentation was
used by Lau and Wallace (1979) for examining the
eddy transports in relation to the local time-mean

flow and the centers of eddy activity. The horizontal
eddy transport of a quantity x over a given grid point

F(x)“ux i+ox x'j

is represented by an arrow centered over that grid
point. The magnitude and direction of the local eddy
transport are given by the length and orientation of
the arrow, respectively. Here i and j denote the unit
vectors in the zonal and meridional directions, re-
spectively. In this section we shall examine the dif-
ferences between the temporal covariance statistics
in the two sets by comparing the local eddy flux vec-
tors.

a. Momentum transport

The horizontal transport of westerly momentum
by the transient disturbances F(ux) at 300 mb is
shown in Fig. 8 for a) GFDL and b) NMC analyses.
Superimposed on this pattern are contours depict-
ing the time averaged zonal wind # at 300 mb for
the corresponding data set. The contours in Fig. 8¢
represent the differences in local magnitude of the
momentum flux vectors in the two sets. The regions
with significant discrepancies in the orientation of
the flux vectors are indicated by shading in the same
figure. It is evident from Figs. 8a and 8b that F(u)
is dommated by the zonal flux component, i.e.,
[uu’l > [v'u’|. By decomposing the NMC analyses
for F(u) into nondivergent and irrotational parts,
Lau and Wallace (1979, Fig. 9a) have noted that the
eddy fluxes of westerly momentum tend to converge
over western North America and western Europe,
where the time-averaged zonal flow is relatively
weak. Conversely, they tend to diverge over eastern
Asia, where the stationary flow is relatively strong.
These features are still discernible in the NMC pat-
tern (Fig. 8b) presented here. The flux vectors in the
GFDL pattern (Fig. 8a) exhibit less variation with
longitude, and such relationships between momen-
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FiG. 5. As in Fig. 1, but for root-mean-square of temperature (}’C) at 850 mb. The hatched areas in (c¢) indicate
local topographic heights greater than 1500 m.

tum transports and the time-mean flow are less ev-
ident. Fig. 8c indicates that the eddy momentum
transports in the GFDL set are relatively weaker over
the oceans, and relatively stronger over southeastern
Asia. These regions, together with northern Africa,
are also characterized by significant discrepancies in
the orientation of the momentum flux vectors.

b. Geopotential height transport

The vectors for the transport of geopotential height
by transient eddies F(z) at 300 mb are displayed in
Fig. 9, for a) GFDL and b) NMC analyses. The
contours in these maps represent the isolines of the
temporal variance of geopotential height z? at 300
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FIG. 6. As in Fig. 2, but for root-mean-square of temperature (°C) averaged
over the individual patches shown in Fig. 5a.

mb. The differences between the two sets in the mag-
nitude and orientation of the flux vectors are indi-
cated in Fig. 9c by contours and shading, respec-
tively. Lau and Wallace (1979) have pointed out
that, for quasi-geostrophic motion,

F(z)zig?kxvﬁ. (1)

Here k is the vertical unit vector, g the gravitational
acceleration, and f the Coriolis parameter. Thus, one
would expect the flux vectors in the F(z) field to be
aligned with the contours of z”, and to circulate
around centers of maximum geopotential height fluc-
tuation in a clockwise fashion, and vice versa. More-
over, the magnitude of these flux vectors should be
proportional to the absolute value of the horizontal
gradient of the z'* field. These relationships show up
clearly in the NMC pattern (Fig. 9b) for the entire
hemispheric domain. The GFDL pattern (Fig. 9a)
also suggests that the vector flux of geopotential en-
ergy is closely related to the contours of z 2. However,
the magnitude of the arrows in the GFDL pattern
over the oceans is too small to be consistent with the
strong gradients of the z" contours in those regions.
Fig. 9¢ shows more explicitly the differences between
the two sets of analyses over the oceans.

¢. Heat transport

Figs. 10a and 10b show the horizontal heat trans-
ports by the transient eddies at 850 mb as given by
the two sets of analyses. The time-averaged temper-
ature distributions at the same level are also shown.
The eddy heat flux data from the two sets are com-
pared in Fig. 10c, using a similar display technique

as those used in Figs. 8¢ and 9c. It is evident that
the heat flux vectors in both sets exhibit a distinct
tendency to be directed towards lower temperature.
The eddy heat transports converge over northeastern
Canada and eastern Siberia, which are colder than
other regions in the same zonal belt. Conversely,
these transports diverge over the relatively warm
oceans. Both sets of analyses imply that the transient
disturbances tend to destroy the departures from
zonal symmetry of the time-mean temperature field
(see Lau, 1979). The largest differences between the
two sets are again found over the oceans (Fig. 10c),
where the magnitude of the heat fluxes in the GFDL
set is smaller.

5. Latitude-height distributions of zonally averaged
transient eddy statistics

a. Temporal variance statistics

Fig. 11 shows the latitude-height distributions of
the zonal means of a) transient eddy kinetic energy,
b) rms geopotential height and ¢) rms temperature,
for GFDL analyses (left panel)) NMC analyses
(middle panel), and the difference between the two
sets (right panel). It is seen that the two sets give
qualitatively similar patterns for these statistics. The
weaker transient fluctuations in the GFDL analyses
over the maritime areas lead to relatively lower es-
timates of the zonally averaged quantities. Maxi-
mum differences are ~10-20%.

b. Temporal covariance statistics

The zonally averaged wintertime distributions of
the poleward transport of a) westerly momentum, b)
geopotential height and c) heat by the transient ed-
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FI1G. 7. Difference maps obtained by subtracting the NMC analysis from the corresponding GFDL analysis, based on the six-summer
averages of (a) transient eddy kinetic energy (m? s™2) at 300 mb, (b) root-mean-square of geopotential height (m) at 300 mb, and
(c) root-mean-square of temperature (°C) at 850 mb (hatched areas indicate local topographic heights greater than 1500 m).

dies are compared in Fig. 12. The amplitude of the
poleward momentum flux near the subtropical tro-
popause in the GFDL pattern is approximately 70-
80% of the corresponding value in the NMC pattern
(Fig. 12a). On the other hand, the equatorward
transport of geopotential height in the GFDL pattern
is stronger by a factor of ~1.5 (Fig. 12b). There is
a good correspondence between the GFDL and

NMC patterns for eddy heat transport (Fig. 12c).
The GFDL set gives slightly weaker heat fluxes in
the troposphere.

Rosen and Salstein (1980, Figs. 10 and 13) have
also compared two similar sets of zonally averaged
statistics on momentum and heat transports by tran-
sient eddies. These sets of analyses were compiled
from objective analyses of station data and from op-
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FIG. 8. Wintertime distributions of the horizontal transport of westerly momentum by transient eddies (vectors; m? s2) and time-
averaged zonal wind (contours; m s™") at 300 mb, based on (a) GFDL analysis and (b) NMC analysis. The length scale for the vectors
is given in the lower left-hand corner of each map. Arrows too short to show up clearly have been omitted. The contours in (c) show
the difference between the magnitude of the horizontal eddy momentum flux vectors in the two analyses (GFDL minus NMC; m? s72),
The zero-contour is not plotted for the sake of clarity. The light (heavy) shading in (c) indicates regions where the orientation of the
eddy momentum flux vectors in the two analyses differ by more than 5° (10°). :

erational NMC Hough analyses for the winter of 6. Estimation of the atmospheric energy cycle
1976-77. They noted that the two analyses yield

qualitatively similar patterns. Contrary to the results The atmospheric energy cycle as formulated first
presented here, the intensity of the eddy fluxes given by Lorenz (1955) is a convenient framework for de-
by the NMC analyses is comparatively weaker in scribing some of the integrated effects of the differ-
their study. ences between the two sets of analyses noted here
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FIG. 9. As in Fig. 8, but for eddy transport of geopotential height (vectors; m*> s™') and temporal variance of geopotential height
(contours; 10* m?) at 300 mb. The shading in (c) indicates regions where the orientation of the eddy geopotential flux vectors in the

two analyses differ by more than 20°.

and.in I. We shall use the specific formulation given
in Peix6to and Oort (1974, hereafter referred to as
PO) to define the integrals for the various forms of
atmospheric energy and for the energy conversion
processes. The reader is referred to that paper for
pertinent details. A novel feature in the present study
is the partitioning of the eddies (i.e., those quantities
in PO with subscripts E) into contributions from
standing and transient eddies, which will be denoted

by subscripts SE and TE, respectively. In doing so,
the interactive processes between the zonal mean
flow, the stationary waves and the transient distur-
bances can be explicitly evaluated. A similar decom-
position of the eddies has been used by Holopainen
(1970) to study the energy balance of the stationary
waves. The expressions for various components of the
energy cycle are given in the Appendix. The integrals
are computed using the wintertime statistics in the
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FiG. 10. As in Fig. 8, but for eddy transport of heat (vectors; °C m s™') and time-averaged temperature (contours; °C) at 850 mb.
The light (heavy) shading in (c¢) indicates regions where the orientation of the eddy heat flux vectors in the two analyses differ by more
than 10° (20°). The hatched areas in (c) correspond to topographic heights greater than 1500 m.

GFDL and NMC data sets for a domain extending
in the horizontal direction from the 20°N latitude
circle to the North Pole, and in the vertical from 850
to 100 mb. In this study we shall confine our attention
to those terms in the energy balance which can be
evaluated directly from the available data. A com-
prehensive picture of the full cycle is not attempted
here.

The box diagrams in Fig. 13 show the estimates

of various terms in the energy cycle using a) GFDL
and b) NMC analyses. The following similarities and
differences between the two sets are evident:

e The estimates of the various forms of atmo-
spheric energy (i.e., Ky, Ktg, Py, Psg and Pqg) are
generally in good agreement. The standing eddy ki-
netic energy Ksg as given by the GFDL analyses is
~80% of the corresponding NMC value. This is pri-
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F1G. 11. Latitude-height sections of the zonal mean of (a) transient eddy kinetic energy (m? s2), (b) root-mean-square of geopotential
height (m), and (c) root-mean-square of temperature (°C), based on GFDL analysis (left panel) and NMC analysis (middle panel)
for the winter season. The differences between the two sets (GFDL minus NMC) are shown in the right panel.

marily a result of the relatively weaker time averaged
zonal flow over the data-sparse oceans in the GFDL
set (see Figs. 3 and 14a in I).

e The poleward heat transports by the standing
and transient eddies tend to extract available poten-
tial energy from the zonal mean flow, i.e., C(Py, Psg)
> 0, C(Py, Pre) > 0. Since the GFDL analyses gen-
erally give weaker heat fluxes (see Fig. 15c in I and
Fig. 12c in this paper), the GFDL estimates of the
intensity of these conversion processes are lower by
~20%.

e Both sets of analyses indicate a conversion of
kinetic energy from the eddies to the zonally aver-
aged circulation, i.e., C(Kgg, Kyv) > 0, C(Kt1g, Knm)
> 0. The two sets also give similar estimates of the
intensity of these transformation processes.

e The transient disturbances are efficient in drain-
ing available potential energy from the stationary
waves, i.e., C(Psg, Prg) > 0. This results from the
tendency for these disturbances to transport heat
down the local time-averaged temperature gradient
(see Fig. 10). The estimate of this term using the
GFDL set is ~70% of that using the NMC set.

e The estimates of C(Kgg, Krg) given by the
two data sets are quite different. This discrepancy
should be viewed in light of the following consid-
erations. The principal terms in the expression for

C(Ksg, Krs) are —(u'w’ Ja cos¢)(@a*/dN) and
—(" /a)(99* /3¢) (see Appendix). It is seen from

Fig. 8 that —(u'u * /a cos¢)(du* /dN) is positive be-
tween 20 and 45°N, and negative poleward of 50°N.
Similarly, examination of the patterns of v'v’ (which
resemble those shown in Fig. 1) and o (see Fig. 5 of

I) indicate that —(v'v * /a)(é)v:'= /d¢) is negative be-
tween 20 and 45°N, and positive further north. The
integral C(Kgg, K1g) is hence a relatively small res-
idue of two major contributions with opposite signs,
and is therefore susceptible to large uncertainties.
o The estimates of C(Py, Ky) and C(Pgg, Kgg) are
also quite different. Both terms are computed using
the “V-grad Z” formulation described in PO, and
so require an accurate determination of the ageo-
strophic flow. In view of the systematic bias of the
wind data in the NMC set towards gradient wind
balance over the data sparse regions, the correspond-






