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ABSTRACT

The preferred spatial and temporal scales of transient baroclinic waves that are responsible for the transport
of sensible heat in midlatitudes are evaluated as a function of pressure, season, and hemisphere. The 7-level
initialized ECMWF operational global analyses for the years 1980-88 are used in this study. A clear seasonal
cycle in the spatial scales of the baroclinic waves is seen in the Southern Hemisphere lower troposphere. The
scale selection and phase relationships of the baroclinic waves are observed to be similar in the Southern and
Northern Hemispheres, indicating that the same mechanism may be responsible for the transport of heat in both
hemispheres even though there are very large differences in the magnitude of the heat transported by stationary
waves and in the structure of baroclinic zones. The secondary heat flux maximum at 200 hPa is dominated by
large-scale wavenumbers 2-3 in the winter and spring in both hemispheres. This may be an indication that there
is a mechanism that is responsible for the heat transport at 200 hPa that is different from the mechanism at the
primary heat flux maximum, at 850 hPa where intermediate-scale waves dominate.

1. Introduction

This study investigated the preferred spatial and tem-
poral scales of transient sensible eddy heat fluxes as a
function of season, height, and hemisphere. The re-
sponse of eddy heat transport to changes in the seasonal
forcing can give some clues as to the response of eddy
heat transport to changes in climate forcing. The dif-
ference between the preferred scales of the eddy heat
fluxes in the lower troposphere and those at the tro-
popause will shed somelight on whether the same mech-
anism is responsible for the heat transport at the sec-
ondary heat flux maximum, observed at 200 hPa, and
the primary heat flux maximum, observed at 850 hPa.
The hemispheric difference in the scale selection of the
eddy heat fluxes will provide insight into whether the
interaction between stationary waves and transients and
|land-sea heating contrasts modify the characteristics of
the eddies that are responsible for the heat transport.

Baroclinic eddies in the Northern Hemisphere have
been observed to occur within longitudinally localized
storm tracks associated with the strongest time-mean
zonal wind (White 1982; Blackmon 1976). In the North-
ern Hemisphere the stationary waves, which arise due
to zonally asymmetric thermal and topographic forcings,
modify baroclinic zones by enhancing temperature gra-
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dients in some regions and reducing them in others.
Stationary waves in the Northern Hemisphere winter
are responsible for the magjority of the heat transport
(Kao and Sagendorf 1970; van Loon 1979). In the
Southern Hemisphere winter, stationary eddiestransport
very little heat, due to their barotropic structure (van
Loon 1979).

Despite the differences in zonal symmetry, the same
zonal scale selection, eastward phase movement, and
vertical phase evolution are observed in baroclinic
waves in the lower troposphere in both the Southern
and Northern Hemisphere winters discussed in anumber
of studies (Kao and Sagendorf 1970; Salby 1982; Ham-
ilton 1983; Yu et al. 1983; Randel and Stanford 1985;
Randel and Stanford 1985b, hereafter RS; Randel and
Held 1991, hereafter RH). Randel and Held evaluated
the wavenumber—phase speed covariance spectra for
both the Northern and Southern Hemisphere in the mid-
latitude lower troposphere. They found that intermedi-
ate-scale waves are responsible for the transient eddy
heat flux in both the Northern Hemisphere and the
Southern Hemispherein both the summer and the winter.
The difference in the spectra was primarily in the mag-
nitude and broadness of the spectral peak. This suggests
that the same mechanism is responsible for the transient
eddy heat transport in both the Northern and Southern
Hemispheres.

This study will focus on the differences between the
primary heat flux maximum in the lower troposphere
and the secondary heat flux maximum at the tropopause.
The secondary heat flux maximum is generally not dis-
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cussed because baroclinic growth at this level tends to
be small relative to the barotropic decay of the waves.
This study shows that the baroclinic waves in winter
and spring at the tropopause tend to be large-scale while
in summer and fall the scales are intermediate scale.
This result is an indication that there may be an addi-
tional mechanism operating at the tropopause in winter
and spring, other than the mechanism responsible for
the growth of the intermediate-scale waves. The phase
and coherence structure of the baroclinic waves is in-
vestigated as well as the decorrelation timescal es of the
heat fluxes themselves. The decorrelation timescale is
the time over which a wave experiences baroclinic
growth. Determining thistimescale isimportant in iden-
tifying the mechanism responsible for the baroclinic
growth of the wave.

Section 2 described the forecast analyses used in this
study. Section 3 describes the methods used to examine
the spatial and temporal scales of the waves responsible
for zonal mean heat flux. Section 4 is a discussion of
the observed seasonal distribution of the transient eddy
heat fluxes in the troposphere. The rest of the paper
focuses on the two transient eddy heat flux maxima that
are observed in both hemispheres at 850 hPa and 200
hPa in midlatitudes. Section 5 presents results at the
primary heat flux maximum at 850 Hpa. Section 6 pre-
sents results at the secondary heat flux maximum at 200
hPa. Section 7 summarizes the results of this study.

2. Forecast analyses

Global analyses from the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) have been
used in this study. The analyses are created using afour-
dimensional data assimilation system that combines a
first guess estimate with multivariate observed data. The
first guess estimate is an estimate of the current state of
the atmosphere produced by a numerical weather pre-
diction model. These global analyses are archived and
maintained at the National Center for Atmospheric Re-
search (NCAR). The analyses at NCAR are initialy on
a 2.5° X 2.5° grid. The archived analyses have been
interpolated to a 128 X 64 T42 Gaussian grid. The
analyses are available on seven pressure levels (1000,
850, 700, 500, 300, 200, and 100 mb) and at two syn-
optic times (0001 and 1200 UTC). The analyses are
initialized to bring thelarge-scalefieldsinto adynamical
balance. The data used in this study cover the time pe-
riod 1 December 1979 through 31 January 1989.

The analyses were created primarily for weather fore-
casting purposes. Therefore, it is necessary to take into
account the operational changes that have been made
when using an extended period of the data.

Figure 42 from Trenberth (1992) shows the poleward
eddy heat flux as a function of time and latitude at 700
mb. This figure shows that, for the time period covered
in this study, the heat flux is robust and is not partic-
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ularly sensitive to either analysis system changes or to
whether or not the fields are initialized.

Hurrell and Trenberth (1992) correlated the ECMWF
temperature fields with the Microwave Sounding Unit
(MSU) data. It was found that the correlations were high
in regions of good radiosonde coverage and poor in
regions where the analyses were heavily dependent on
satellite data (the MSU data and the ECMWF data are
not independent, since the MSU is used in the analyses).
The poor correlations were attributed to systematic er-
rorsthat are introduced into the analyses by theretrieval
techniques applied to the radiance data. Trenberth
(1992) aso correlated the ECMWF 1000-mb tempera-
tures with Climate Analysis Center (CAC) sea surface
temperatures. These correlations were poor in all ocean
regions, even when there was good datacoverage. Errors
are also introduced into the analyses by extrapolation
of data values to pressure levels that are below ground.
Between 40° and 60°S, the 1000-mb field is extrapolated
below ground in the Andes. Between 60° and 40°N, the
1000-mb and 850-mb fields are extrapolated below
ground in the areas of the Himalayas and the Rocky
Mountains.

One further note of caution in the use of this datais
that the observational network is much sparser in the
Southern Hemisphere than in the Northern Hemisphere.
Therefore, the results for the Southern Hemisphere will
be more model dependent than the results for the North-
ern Hemisphere.

The studies mentioned above make it clear that, al-
though the dataset used in this study is one of the best
current global analyses, the ECMWF analyses are not
actual observations. The analyses at 1000 mb and in the
ocean regions must be interpreted with caution.

3. Methods of analysis

Two different analysis techniques are used to deter-
mine the spatial characteristics of the sensible eddy heat
fluxes. The wavenumber-frequency covariance spectra
is used to calculate the frequency of the waves that are
responsible for the zonal mean heat flux. The time-
longitude lag-correlation technique is used to calculate
the decorrelation timescales of the sensible transient
eddy heat fluxes.

a. The wavenumber-frequency covariance spectra of
the transient eddy heat fluxes

The first technique used in this study is the wave-
number-frequency covariance spectra, coherence, and
phase difference of the transient eddy heat flux. This
method was developed by Hayashi (1971). The covari-
ance spectra evaluates the wavenumber and frequency
of the waves that contribute to the zonal mean heat
transport. The coherence is the correlation coefficient
between the wind and temperature waves that contribute
to the zonal mean heat transport as a function of fre-
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quency. The phase is the phase difference between the
wind and temperature waves that contribute to the zonal
mean heat transport.

The spectra, coherence, and phase are calculated from
the Fourier decompositions of the meridional windsand
temperatures:

Ve = 2 [Cylk, tcos(d) + S,(k, sin(kx)]
T = > [Colk, icos(kx) + Sy(k, )sin(kx).

The total eddy heat flux is

VET* (X, 1) = {2 [Cy(k t)cos(k) + S,(K, t)sin(kx)]}

{E [Cr(k, t)cos(kx) + Si(k, t)Siﬂ(kx)]}-

The wavenumber covariance spectra is evaluated as

[VTI(k) = 0.5 Z [Culk, OCr(k, 1) + Sy(k, Si(k, B)].

Where [VT](K) is the zonal mean heat transport due
to wavenumber k, summed over al the time steps, 27/
k is generally assumed to be the localized spatial scale
of the meridional wind and temperature.

Thistechnique has been employed by Hayashi (1982),
RH, and Kao and Sagendorf (1970). This analysis cal-
culates the heat flux per wavenumber that contributes
to the zonal mean. The cospectra are averaged over a
season.

The spatial scales of the cospectra analyses may not
be equivalent to the spatial scales of the localized wave-
packets, due to the shifting of the wavenumbersto larger
scales for sufficiently small wavepackets. The only
terms in the cospectra that contribute to the zonal mean
heat flux are the terms with the same spatial scale in
temperature and meridional wind.

b. The time-ongitude lag-correlation diagram

Time-ongitude |ag-correlation diagrams are a useful
technigue to provide a check on the results of the spec-
tral decompositions. It is also a very useful technique
to examine the coherence of the eddies. The time-lon-
gitude lag-correlation diagrams were devised by Frae-
drich and Lutz (1987) as a means of deriving statistical
estimates from Hovmoller trough and ridge diagrams.
These diagrams correlate a season of eddy heat fluxes
in time and longitude for a specified longitudinal base-
point. The seasonal correlations are averaged over the
number of seasons.

The correlation coefficient at time lag nAt and zonal
lag mAA, centered at basepoint longitude A is

7(A, MAA, nAt)
_COV[VFT* (A, 1), VFT* (A + mAA, t + nAt)]
[varV*T* (A, t) varV*T* (A + mA, t)]¥2
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The horizontal wavelength is estimated as twice the
distance between the minimum and maximum correla-
tions at zero time lag. The decorrelation timescale is
estimated as the time between zero correlations of a
zonally propagating wave packet. Group and phase ve-
locities can also be estimated from these diagrams but
will not be discussed in this study.

It is necessary to estimate the significance levels of
the correlations in order to be able to interpret the re-
sults. A zero correlation coefficient is not equivalent to
a zero in the amplitude of the wavepacket. The number
of effectively independent observations, T,, was cal-
culated for each longitudinal basepoint, following Tren-
berth (1984),

N L
T,=1+2> (1-—|r(A O, LAY,
L=1 N

where r(A, O, LAt) is the autocorrelation at time lag L
and N is the number of time samples. The correlation
coefficient corresponding to a significance level of 99%,
r(99%), is calculated as

T
o) = — 0
r (99%) T2+ N_ 2%
In the Southern Hemisphere r(99%) ranges from .20 to
.25. In the Northern Hemisphere r(99%) ranges from
.26 to .32.

A correlation is assumed to be physically significant
if the correlation is larger than the correlation of the
background noise.

The time-ongitude lag-correlation diagrams have
been calculated using 5 years of twice-daily data. This
is due to the large size of the datasets needed in the
calculations. Time-longitude lag-correlation diagrams
have been calculated using latitudinal averages between
40° and 60°N and 60° and 40°S. Thisis because the heat
fluxes have a smaller latitudinal extent than the waves
that create the fluxes (Stone et al. 1982). Heat fluxes
that propagate off a latitude circle cause a reduction in
the correlation coefficients of the time-longitude lag-
correlation diagrams, underestimating the lifetimes of
the heat fluxes. Averaging over 20° of latitude did not
change the results of the wavenumber-frequency co-
variance spectra, coherence, and phase differences.

4. Seasonal climatology of the transient eddy heat
fluxes

Recent observations (Peixoto and Oort 1992; Tren-
berth 1992) have shown that, averaged over a season,
there are two heat flux maxima in both the Northern
Hemisphere and the Southern Hemisphere. Thisis seen
in Figs. 1a—d. The heat fluxes peak at 50° in both hemi-
spheres and every season except the Northern Hemi-
sphere winter, where the heat flux maximatend to peak
closer to 45°. The primary heat flux maximum occurs
at 850 hPa, while the secondary heat flux maximum
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FiGc. 1. The 1980-87 zonal-mean seasonally averaged transient eddy heat fluxes from the ECMWF global analyses: (a) DJF heat fluxes,
(b) MAM heat fluxes, (c) JJA heat fluxes, and (d) SON heat fluxes.

occurs at 200 hPa. The fluxes above the secondary heat
flux maximum decrease with height except in the
Southern Hemisphere spring when the polar vortex is
breaking up. In the Northern Hemisphere, the maxima
are of the same order for al seasons except in the sum-
mer season, where the primary maximum is reduced by
50% and the secondary maximum is reduced by 40%
relative to the other seasons. Thisis coincident with the
50% reduction in the midlatitude temperature gradients
from winter to summer (Trenberth 1992). In the
Southern Hemisphere winter, the primary maximum is

strongest and the secondary maximum is weakest in the
Southern Hemisphere winter. The secondary maximum
is strongest in the Southern Hemisphere spring.

The structure and magnitude of the transient eddy
forcing of the mean temperature, the divergence of the
eddy heat flux, is relatively unchanged from fall to
spring in both hemispheres. This is interesting consid-
ering that the stationary waves in the Northern Hemi-
sphere are responsible for the majority of the heat flux
during winter, while in the Southern Hemisphere the
stationary waves transport very little heat. The station-
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FiG. 2. The 1980-87 DJF averaged transient eddy heat flux horizon-
tal cross sections: (a) 850-hPa heat fluxes, (b) 200-hPa heat fluxes.

ary waves increase mean temperature gradientsin lon-
gitudinally localized regions and decrease them in oth-
ers. This changes the forcing of the transient eddies.
Therefore, it is interesting that the zonal mean of the
transient eddy forcing is so similar between the Northern
and Southern Hemisphere winters. In the summer season
in both hemispheres, the transient eddy forcing of the
mean temperature is greatly reduced.

The longitudinally localized nature of the winter and
summer transient eddy heat fluxes that contribute to the
zonal mean at 850 hPa, the pressure level of the primary
heat flux maximum, is seen in Figs. 2a and 3a. The
winter and summer heat fluxes at 200 hPa, the level at
which the secondary heat flux maximais observed, are
shown in Figs. 2b and 3b. The primary heat flux max-
ima, at 850 hPa, occurs primarily over the ocean in
stormtrack regionswhere the zonal wind and meridional
temperature gradients are a maximum. Stormtracks are
seen in the Southern Hemisphere east of South America,
due to the Antarctic Continent’s influence on the Cir-
cumpolar Current. The secondary heat flux maxima at
the tropopause, 200 hPa, also occurs in regions where
the zonal wind is a maximum. At the tropopause, the
relationship between the meridional temperature gra-
dients and the stormtracks is not as clear as it is at the
850-hPa level. Therefore, the secondary heat flux max-
imum is not clearly related to the maximum meridional
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FiG. 3. The 1980-87 JJA averaged transient eddy heat flux horizon-
tal cross sections: (a) 850-hPa heat fluxes, (b) 200-hPa heat fluxes.

temperature gradients. Even though the Southern Hemi-
sphere heat fluxes have a more zonal distribution rel-
ative to the Northern Hemisphere, the zonal mean of
the heat fluxes and the forcing of the zonal mean tem-
perature by the eddy heat fluxes are very similar in both
hemispheres, except in the summer season.

5. Observations at the primary heat flux
maximum

The primary heat flux maximum by baroclinic waves
causes a conversion of mean available potential energy
to eddy potential energy. This downgradient transport
of heat reduces the diabatically forced temperature gra-
dients in midlatitudes. These fluxes have been modeled
by studies such as Simmons and Hoskins (1978, here-
after SH) and observed by RS. Randel and Held (1991)
used 9 yr of ECMWF global analyses to calculate the
wavenumber-phase speed covariance spectra of the heat
fluxes in the midlatitude lower troposphere for both the
Northern and Southern Hemispheres and for both the
summer and winter season. The results of RH show that
despite the large differences in stationary wave forcing
and baroclinic zones, the transient eddy heat transport
in the Northern and Southern Hemisphere lower tro-
posphere winter have similar scale selection and phase
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FiG. 4. The 1980-88 zona mean transient eddy heat fluxes at 850
hPa, with seasonal means removed, as a function of zonal wavenum-
ber: (a) heat fluxes at 51°N, (b) heat fluxes at 51°S.

speeds. The winter covariance spectra are sharply
peaked and dominated by the heat transport due to the
intermedi ate-scal e waves. The summer covariant spectra
are also dominated by the heat transport due to inter-
mediate-scale waves. The Northern Hemisphere sum-
mer spectra has much less heat transport per wavenum-
ber and exhibits a broad peak. Randel and Held attribute
this broad peak to the more spatially localized features
in the Northern Hemisphere as opposed to the Southern
Hemisphere where the medium-scale wavestend to have
a more hemispheric extent.

A closer inspection of the waves responsible for the
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Fic. 5. Time series of the zonal mean transient eddy heat fluxes
at 850 hPa due to wavenumber 4 at 51°S. The smooth curve is the
raw data smoothed by applying a weighted Fourier series. (a) The
1980-88 annual cycle of the transient eddy heat fluxes. (b) The 1981—
87 twice-daily transient eddy heat fluxes smoothed by applying a
7-day running mean average.

heat transport in the lower troposphere shows that there
isaseasonal cycleinthe preferred scale of the baroclinic
waves. Figure 4a shows the wavenumber covariance
heat flux spectra at 850 hPain the Northern Hemisphere
for each season with the seasonal mean removed. Figure
4b is the same cal cul ation for the Southern Hemisphere.
The seasonal cycle is seen most clearly in the Southern
Hemisphere. The winter heat flux is primarily due to
wavenumber 4. The fall and spring seasons are less
sharply peaked and are a maximum at wavenumber 5.
The summer heat flux is primarily due to heat transport
by wavenumber 6. Thisistrue for all pressure levelsin
the lower troposphere (500 hPa and below).

The time series of the heat fluxes at 51°S due to
transport by wavenumber 4 at 850 hPa is displayed in
Fig. 5b. The time series is for twice daily data for the
years 1981-87. A 7-day running mean has been applied
to the time series to smooth the small-scal e fluctuations
and to make the interannual variations clearer. The an-
nual cycle of the 1980—88 heat fluxes at 51°S by wave-
number 4 at 850 hPais displayed in Fig. 5a. The smooth
curves in Figs. 5a and 5b are the 7-yr time series and
the annual cycle after a weighted Fourier smoother has
been applied. The time series of the heat fluxes at 51°S
due to transport by wavenumber 6 at 850 hPa is dis-
played in Fig. 6b. The annual cycle of the 198088 heat
fluxes at 51°S by wavenumber 6 at 850 hPa s displayed
in Fig. 6a. The same smoothers have been applied to
the wavenumber 4 and wavenumber 6 time series.



514

(a) 850 RAW+SMOOTH VTZBAR: WAVE NUMBER= & LAT=-51

heat flux (deg m/s)

200 250 300 350 400

heat flux {deg m/s)

G
GRS S N SR R - N

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 260
day

©

Fic. 6. Time series of the zonal mean transient eddy heat fluxes
at 850 hPa due to wavenumber 6 at 51°S. The smooth curve is the
raw data smoothed by applying a weighted Fourier series. (a) The
1980-88 annual cycle of the transient eddy heat fluxes. (b) The 1981—
87 twice-daily transient eddy heat fluxes smoothed by applying a
7-day running mean average.

The heat fluxes due to wavenumber 4 show an annual
cycle with larger heat fluxes in the winter and smaller
heat fluxes in the summer. The heat fluxes due to wave-
number 6 have no clear annual cycle, athough a hint
of an annual cycle can be seen in the 7-yr time series.
It appears that instead of a seasonal cycle in the spatia
scale of the baroclinic wave that is responsible for the
majority of the heat transport, as suggested by the wave-
number spectra figures, what is actually occurring is an
annual cycle in the magnitude of the heat flux due to
wavenumber 4 while the heat flux due to wavenumber
6 is relatively independent in the change in seasonal
forcing.

Figures 7b and d show the phase difference between
the perturbation wind and temperature that are respon-
sible for the zonal mean heat transport in the 850-hPa
Southern Hemisphere winter and summer season, re-
spectively. Figures 7aand c show the coherence between
the perturbation wind and temperature that are respon-
sible for the zonal mean heat transport in the 850-hPa
Southern Hemisphere winter and summer season, re-
spectively. The shaded region in the coherence plots
show the zonal wavenumber and frequencies at which
the coherence is greater than or equal to 0.8. The shaded
region in the phase plots show the zonal wavenumber
and fregquencies at which the phase differenceisbetween
—160° and —140°. Wavenumbers 4—7 are the most high-
ly coherent wavenumbersin both the summer and winter
seasons. These waves are eastward propagating with
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frequencies between 10 days, for wavenumber 4, and 3
days, for wavenumber 7. The smallest phase differences
for these highly coherent wavenumbers shifts from
wavenumbers 5-6 in summer to wavenumbers 4—6 in
winter. This is clearly seen in Figs. 7b and d. This is
consistent with the shift in the seasonal spatial scales
of the wavenumbers seen in Fig. 4b. Thisresult suggests
that the shift in spatial scales from 4—6 in winter to 5—
6 in summer is due to a change in the phase differences
between the perturbation winds and temperatures and
not due to the perturbations becoming less coherent in
the summer season. This result is also found in the
Northern Hemisphere. This result is consistent with the
annual cycles seen in Figs. 5a and 6a.

It was not clear when this study began whether the
spatial scales calculated from the covariance spectra
method were consistent with the localized scales of the
transient eddy heat fluxes. This uncertainty is dueto the
tendency of the covariance spectra method to shift the
zonal scale of a localized wavepacket to longer wave-
lengths. Time-ongitude lag-correlation (TLLC) dia-
grams were calculated to determineif the spectraresults
were in fact consistent with the localized scales of the
heat fluxes. It was found that the spatial scales of the
waves calculated by the two different methods were
consistent except for the waves at the 200-hPa level in
winter and spring. At 200 hPa, in the winter and spring
seasons, the large-scale waves that create the pertur-
bation winds and temperatures that are responsible for
the majority of the heat transport are less coherent than
the intermedi ate-scal e waves, which are highly coherent.
Therefore, the TLLC diagramsfor these seasons showed
that the heat fluxes had aspatial scale of anintermediate-
scale wave while the wavenumber spectra method
showed that the spatial scales were much larger. This
will be discussed further in the next section.

The TLLC is used to calculate the average lifetime
of a heat flux event. Figures 8a and b show the TLLC
diagrams for the winter and summer seasons in the
Southern Hemisphere at 850 hPa. If the 99% statistical
correlation calculated in the discussion on methods is
used to estimate the lifetime of the flux, then the average
lifetime would be approximately 3 days. If the lifetime
of the heat flux is estimated as the time between the
zero correlations in the summer season TLLC diagram,
then the estimated lifetime would be closer to 6 days.
An estimate of the lifetime of the heat fluxes in the
winter season as the time interval between zero corre-
lations would be closer to 8 days. The 99% statistical
correlation may be too strict a limit for the lifetimes.
The difference between 3 days and 8 daysis very large
and would suggest different mechanisms for the growth
of the baroclinic waves. The modeled lifecycle study of
SH and the observed lifecycle study of RS suggest that
the lifetime of a heat flux due to baroclinic instability
would be close to 8 days. Figures 9a and b are Hov-
moller diagrams for January and July 1980 at 850 hPa.
The heat fluxes for this month are typical of July and
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greater than 0.8). (b) Summer phase difference (shaded region indicates phase differences
between —160° and —140°). (c) Winter coherence [shading asin (a)]. (d) Winter phase difference

[shading as in (b)].

January heat fluxes in the Southern Hemisphere. The
Southern Hemisphere stormtrack between 45°W and
90°E can be seen clearly in Fig. 9b. This plot shows
that the heat fluxes tend to persist for less than 6 days
in January but in July heat fluxes tend to have alonger
lifetime that is closer to 8 days. Therefore, estimating
the lifetimes of the heat fluxes implies that the 99%
statistical correlation underestimates the lifetimes. The
lifetimes of the heat fluxes are actually closer to the
lifetimes of the studies by SH and RS. Figure 10 is the
Hovmoller diagram for January 1981 at 850 hPa and
51°N. This figure suggests that the lifetimes of the tran-
sient eddy heat fluxes tend to persist for a shorter time
in the Northern Hemisphere winter than in the Southern
Hemisphere winter (Fig. 9b). There is significant inter-
annual variability in the lifetimes and stormtracksin the
Northern Hemisphere (results not shown). It is difficult
to determine the average lifetime of a heat flux event
by one month of data. The 5-yr statistical estimate of
the lifetime from the TLLC diagram for the 198185
Northern Hemisphere winter season (Fig. 8c) showsthat
the average lifetime is close to 6 days, when calculated

as the time between the zero correlations al ong the max-
imum correlation line.

6. Observations at the secondary heat flux
maximum

The secondary heat flux maximum at 200 hPaisim-
portant in the maintenance of the temperature structure
of the upper troposphere and the magnitude of the zonal
mean jet at the tropopause. Since the temperature gra-
dients at the tropopause are small (Trenberth 1992), very
little available potential energy is converted to eddy
potential energy by these fluxes. This secondary heat
flux maximum does not show up in the study of Kao
and Sagendorf (1970). In baroclinic lifecycle studies,
such as SH, the secondary heat flux maximum is typ-
ically neglected because of the large decay of the bar-
otropic waves at the tropopause that is responsible for
the strengthening and barotropization of the zonal mean
wind. The wavenumber spectra of the heat flux at the
secondary maximum shows that the heat fluxes cannot
be explained completely by the results of the lifecycle
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studies because these studies focus on the role of in-
termediate-scale waves.

Figures 11a and b show the wavenumber covariance
spectra of the transient eddy heat fluxes at the secondary
heat flux maximum at 51°N and 51°S. In the summer
and fall seasons the spatial scales of the waves are con-
sistent with the spatial scales that were found in the
lower troposphere. Wavenumber 6 dominates in the
summer and wavenumber 5 dominates in the fall. The
winter and spring seasons are dominated by large-scale
wavenumbers 2—-3. These results have been found in
both the Northern and Southern Hemispheres.

The time series of the heat fluxes at 51°S due to
transport by wavenumber 2 at 200 hPais displayed in
Fig. 12b. The time series is for twice daily data for the
years 1981-87. The annual cycle of the 1980-88 heat
fluxes at 51°S by wavenumber 2 at 200 hPais displayed
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in Fig. 12a. The time series of the heat fluxes at 51°S
due to transport by wavenumber 4 at 200 hPa is dis-
played in Fig. 13b. The annual cycle of the 1980—88
heat fluxes at 51°S by wavenumber 4 at 200 hPa is
displayed in Fig. 13a. The same smoothers have been
applied to the time series in Figs. 12a, 12b, 13a, and
13b as were applied to the time series in Figs. 5a, 5b,
6a, and 6b. Wavenumber 2 has an annual cycle where
very little heat is transported in the summer and fall. In
the winter and spring seasons the variance of the heat
fluxes increases and the seasonal heat fluxesincreaseto
—3.5° m s~ Figure 13b shows that wavenumber 4 has
no annual cycle. The 7-year time series shows an initial
seasonal cycle for 1981 and then no seasonal cycle for
years 1982-87. Thisisinteresting considering the strong
seasonal cycle that was observed in the lower tropo-
sphere for heat fluxes due to wavenumber 4 (Fig. 5b),
if the wavenumber 4 variance at the tropopause is due
to waves that propagate up from the lower troposphere.

Figures 14a and b are the coherence and phase dif-
ference plots for the summer season at the secondary
heat flux maximum. Figures 14c and d are, for the winter
season, also at the secondary heat flux maximum. These
figures show that the intermediate-scale waves are very
coherent but have a phase difference of approximately
100°. This means the intermediate-scale waves have
winds and temperature anomalies that are almost com-
pletely out of phase. The most highly coherent waves
have very similar phase differences. This relationship
is seen in all seasons. Figure 15 is the wavenumber-
frequency covariance spectrafor the winter season. Fig-
ure 15 shows that wavenumber 2, with a period of 8
days to 30 days, is responsible for the majority of the
heat transport. Figure 14c shows the heat transport due
to wavenumber 2 has no clear signal in coherence, as
is seen for the intermediate-scale waves. Figure 14d

SOLOMON

517

80-88 [VIZ] 200mb, lat= 51 (WO SEA MN)

T T T T T T T T T ¥ T

FALL ~ --—--—--—- -
SUMMER
SPRING
WINTER

°C ms™*

1 1 L 1 It 1 1 1 L 1
2 3 4 5 6 7 8 9
wave number

0" I} |

80-88 [VTZ] 200mb, lat=-51 (WO SEA MN)
0;— L ‘F};LLI 1__.-"—7!77} T -
2 SUMMER ———- - ey
SPRING - —————- A
WINTER -———— /7 ]
// //

/ /_"'/ 1
/ - / 4

B L
D e //’/,' / E
. N o ]
e R ) / T

//\\ Jo

\:\ Ji / i
,\./\_ '/ i

! L .
4 5 6 7 8 9
wave number

Fic. 11. The 1980-88 zonal mean transient eddy heat fluxes at
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number: (a) heat fluxes at 51°N, (b) heat fluxes at 51°S.

shows that wavenumber 2 perturbations in wind and
temperature are approximately 150° out of phase. There-
fore, the wavenumber 2 fields are much more in phase
than the intermediate-scal e waves that are so highly cor-
related.

7. Summary and concluding remarks

The waves responsible for the zonal mean heat trans-
port at 850 hPa have been shown to be of intermediate
scale, highly coherent, and closely in phase. This result
was found in both the Northern and Southern Hemi-
spheres in all seasons. The annual cycle of the heat
fluxes at 850 hPa was shown to be due to the annual
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Fic. 12. Time series of the zonal mean transient eddy heat fluxes
at 200 hPa due to wavenumber 2 at 51°S. The smooth curve is the
raw data smoothed by applying a weighted Fourier series. (a) The
1980-88 annual cycle of the transient eddy heat fluxes. (b) The 1981—
87 twice-daily transient eddy heat fluxes smoothed by applying a
7-day running mean average.

variations in wavenumber 4 and not dueto alengthening
or shortening of the preferred scales of the waves.

The lifetime of the transient eddy heat fluxes in the
Southern Hemisphere winter were found to be close to
the lifetime predicted by the lifecycle study of SH. In
the Southern Hemisphere summer the lifetimes of the
transient eddy heat fluxes were shorter, which suggests
that the baroclinic growth of the waves occurs over
shorter time intervals when the temperature gradients
arereduced. The lifetimes of the transient eddy heat flux
in the Northern Hemisphere winter season at 850 hPa
was shown to be close to 6 days. The 6-day estimate
for the lifetimes of the heat fluxesin the Northern Hemi-
sphere winter and Southern Hemisphere summer are
shorter than the lifetimes estimated by SH and RS. Far-
rell and loannou (1994) have argued that the lifetimes
of thetransient eddy heat fluxes are insufficient for mod-
a dominance. They suggest that the observed heat flux
is due to the transient development of nonmodal per-
turbations, not the exponential growth of modal insta-
bilities.

At the secondary heat flux maximum, the interme-
diate-scale waves were found to be highly coherent but
almost out of phase. The large-scale waves were found
to transport the majority of the heat in the winter and
spring in both hemispheres. These waves were found to
have no clear coherence relationship between the per-
turbation winds and temperatures. The wind and tem-
perature waves were found to be closely in phase.
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FiG. 13. Time series of the zonal mean transient eddy heat fluxes
at 200 hPa due to wavenumber 4 at 51°S. The smooth curve is the
raw data smoothed by applying a weighted Fourier series. (a) The
1980-88 annual cycle of the transient eddy heat fluxes. (b) The 1981—
87 twice-daily transient eddy heat fluxes smoothed by applying a
7-day running mean average.

The phase and scale selection in both the Southern
and Northern Hemispheres have been shown to be very
similar. This is very interesting considering the differ-
encesin stationary wave forcing, zonal mean meridional
temperature gradients, seasonal cycles, and baroclinic
zones. The coherence and phase relationships of the
large-scale waves in the Southern and Northern Hemi-
sphere winter and spring seasons at the tropopause in-
dicate that there may be a mechanism for baroclinic
growth operating at the winter jet that is different from
the mechanism responsible for the baroclinic growth at
850 hPa. It has been suggested by Dr. Arthur Hou (1995,
personal communication) that this mechanism is the
modulation of the strength and location of the subtrop-
ical winter jet by variability in the tropical Hadley cir-
culation.
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