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ABSTRACT

Empirical orthogonal function (EOF) analyses are performed of time—height series of zonal and meridional
winds and of cumulonimbus heating and drying in the Tropics. The data are from a rawinsonde array in the
western Pacific located between the equator and 10°S during the intensive observation period of the Tropical
Ocean Global Atmosphere Coupled Ocean—Atmosphere Response Experiment (TOGA COARE). The EOF anal-
yses are performed by applying a window of 20 days to the data and thus calculating the EOFs of the time
development of the vertical structure.

The wind time series is found to be well represented by two pairs of EOFs, each representing an oscillation.
The first oscillation has a period of approximately 40 days, is predominantly in the zonal wind component, and
has a first internal mode vertical structure with westerly anomalies in the lower troposphere corresponding to
easterly perturbations in the upper troposphere. This pair describes 48.3% of the variance. A second EOF pair
inthewind isazonal variation that occurs predominantly in the upper troposphere. It has aperiod of approximately
24 days and describes 13.9% of the variance.

The heating—drying series is described by a dominant oscillation of period 40 days representing 41% of the
variance. The structure is maximum in the middle troposphere and i s associated with the same physical phenomeon
as the dominant (u, v) oscillation. The second EOF pair for heating—drying has a period of 13 days, so there is
a large time separation in periodiocities for heating—drying compared to that for winds. The second (13 day)
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oscillation in heating—drying has the same vertical structure as the dominant (40 day) oscillation.

1. Introduction

The goals of the current study are 1) to demonstrate
the utility of the windowed vertical time delay EOF
analyses (Fraedrich et al. 1993) in determining the
modes of vertical and temporal variation of the tropical
atmosphere, and 2) to determine the dominant modes
of wind and diabatic heating variation in the equatorial
Western Pacific during TOGA COARE (Tropical Ocean
Global Atmosphere Coupled Ocean—-Atmosphere Re-
sponse Experiment).

One of the themes of tropical meteorology research
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in recent decades has been the determination of the re-
lationship between variations in latent heat release and
in the large-scale flow. To that end radiosonde data have
been used from a number of tropical field experiments
to measure the structure and variations in the diabatic
and subgrid-scale heat source (Q,) and in the physically
associated moisture sink (Q,). Examples include mea-
surements in the GATE 1974 experiment in the tropical
Atlantic by Thompson et al. (1979) and by Song and
Frank (1983); in the winter MONEX 1978 experiment
in the South China Sea by Johnson and Young (1983);
in the AMEX 1987 experiment north of Australia by
McBride et al. (1989) and Frank and McBride (1989);
and in the TAMEX 1987 experiment near Taiwan by
Johnson and Bresch (1991).

For various reasons related to data quality and quan-
tity, the emphasis in the above studies has been on the
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determination of the time-averaged flow and vertical
distribution of the heating and drying. Therecent TOGA
COARE 1992-93 experiment in the tropical Western
Pacific has provided a tropical radiosonde dataset of
unprecedented quality extending over a 120-day period.
This provides the opportunity to determine the vertical
and temporal structure of both the wind fields and the
heating and drying fields.

The method of analysis used in this note is the ex-
tended EOF (empirical orthogonal function) technique
used by Fraedrich et al. (1993) and Wang et al. (1995)
for the analysis of stratospheric wind data. Traditional
EOF analyses of the vertical distribution of tropical
heating and drying have been carried out previously by
Alexander et al. (1993) and by Frank et al. (1996). The
extended EOF method adds a time dimension to the
vector being analyzed so that the temporal evolution is
included when determining the principal modes of vari-
ation. As there are two or three cycles of the Madden—
Julian oscillation (Madden and Julian 1971, 1972, 1994)
observed during the intensive observing period (10P),
the analysis is focused on the coherent vertical time
structure of the wind and heating fields of these cycles.
This structure is represented by the first pair of time—
height EOF modes. The technique is applied to a 120-
day time series of wind and temperature measurements,
as described in section 2. The results are presented in
section 3, where we describe the vertical structure and
periods of the two dominating EOF modes and their
relationships to each other. That section also contains
some physical interpretation of the EOF modes. Higher
order modes are described in the appendix. Section 4
summarizes the main findings.

2. Data and methodology
a. Acquisition and preparation of the dataset

The analyses are performed using observations from
the TOGA COARE IOP, which lasted from 1 November
1992 to 28 February 1993. The primary data source is
a set of rawinsonde soundings at seven stations in the
equatorial west Pacific (Fig. 1). This rawinsonde array
was referred to by Frank et al. (1996) as the OSA-S
(Outer Sounding Array—South). The datawere extracted
from the Australian Bureau of Meteorology TAPS
(Tropical Analysis and Prediction System) files. Addi-
tional data were obtained after the |OP and were added
to the dataset. These included some data from six ISS
(Integrated Sounding System) island and ship stations,
obtained from the National Center for Atmospheric Re-
search (NCAR), and many surface reports, which were
primarily retrieved from archive tapes at the National
Climate Center of the Bureau of Meteorology. A more
complete description of these data and their initial anal-
ysis is presented in Frank et al. (1996).

All soundings were subjected to a series of quality
control tests to remove highly suspicious data points.
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FiG. 1. The OSA-Srawinsonde array (solid line) of TOGA COARE
stations (from Frank et al. 1996) over which the heating, drying, and
wind time series are calculated.
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Surface wind speeds were estimated as 72% of thewinds
at 850 hPa to remove unrealistic reductions of the sur-
face winds at island stations, as discussed by Frank et
a. (1996). Surface specific humidity (q) values at two
stations were adjusted after intercomparison with ship
data, as outlined in Frank et al. (1996). Although the
soundings were launched at 6-h intervals, there were
many missing data points, and all data were averaged
over 24 h to produce daily mean values. Only datafrom
the 11 standard levels were used. These are surface,
1000, 850, 700, 500, 400, 300, 250, 200, 150, and 100
hPa. About 5% of the daily averaged values were miss-
ing, and these were filled in by applying a horizontal
linear fit to a plane of least squares following the method
of Frank (1979). The above procedure produced a com-
plete dataset at all stations and at al 11 analysis levels
for the 120 days of the IOP.

Heat and moisture budgets were computed for the
area OSA-S outlined in Fig. 1 for each day, using the
line integral procedure of McBride et al. (1989) with
the modification in flux computations introduced by
Molinari and Skubis (1988). Frank et al. (1996) com-
pared the heat and moisture budgets for the array with
independent measurements and concluded that the ra-
winsonde dataset is of good quality when analyses are
averaged over periods of a day or longer.

In the current study the daily array-averaged values
of four variables at the 11 levels are analyzed. The vari-
ables are the zonal and meridional wind components (u
and v) and the apparent heat source (Q,) and apparent
moisture sink (Q,) defined by Yanai et al. (1973). Brief-
ly, the latter two quantities represent, respectively, the
net unresolved-scale heating of the array (due to con-
densation, radiation, and vertical eddy fluxes) and the
net removal of moisture from the array (due primarily
to convective rainfall) at each level.

Since the budgets are computed for 24-h periods over
a relatively large area, they resolve the net effects of
many clouds and mesoscale convective systems aver-
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aged over their cumulative life cycles. Higher-order ef-
fects of individual convective systems are significantly
smoothed by this averaging.

b. The large-scale flow during TOGA COARE

The evolution of the large-scale weather patterns dur-
ing the TOGA COARE IOP has been described by sev-
eral authors including Gutzler et al. (1994), McBride et
al. (1995), and Chen et al. (1996). The area of analysis
of the current study, which lies roughly within Area D
of McBride et al., experienced increasing convective
activity during the 4-month period of the IOP due to
the normal seasonal evolution of the flow in thisregion.
As described by McBride et al., the Southern Hemi-
sphere monsoon became established in the region south
of the equator by late November 1992. The monsoon
circulation of the Southern Hemisphere extended farther
eastward than normal during this year, which was as-
sociated with the warm phase of an ENSO event (Gut-
Zler et al. 1994).

Both the convection and the low-level zonal winds
were strongly affected by the occurrence of a 40-50-
day Madden—Julian low-frequency wave. Thiswave re-
sulted in two periods of active convection and strong
westerly surface winds; the first was during late De-
cember 1992—early January 1993, and the second was
during late January through most of February 1993.
Between these periods there was an inactive or ** break”
period with low-level easterly flow and suppressed con-
vection.

McBride et al. (1995) documented that the flow pat-
terns at frequencies higher than the Madden—Julian
wave were strongly influenced by the life cycles and
movements of tropical cyclones in both the Northern
and Southern Hemispheres. A number of authors have
identified equatorial wave modesin the flow as predicted
by the equatorial B-plane shallow water theory of Mat-
suno (1966). In particular, using 6-30-day bandpass-
filtered wind, height, and outgoing longwave radiation
(OLR) analyses, Kiladis and Wheeler (1995) docu-
mented disturbances during the |OP with characteristics
of the equatorially trapped n = 1 Rossby mode. These
disturbances had an equivalent barotropic structure, but
with maximum amplitude in the lower troposphere, and
were associated with a periodicity in the flow on the
order of 12 days. Numaguti (1995) found a similar
mode, though he associated it with abaroclinic structure
and a signal of approximately 15-20 days in period.
Numaguti also presented evidence for equatoria dis-
turbances of 4-5 days' period, with the structure of a
lower tropospheric mixed Rossby—gravity wave. Nishi
and Sumi (1995) found disturbances with structure very
similar to an equatorial Kelvin wave. These systems
occured in the upper troposphere and lower stratosphere
and had a period of approximately 20 days during the
COARE IOPR Finadly, Chen et al. (1996) studied the
internal structure of the Madden—Julian episodes in
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COARE. Among other findings, they showed that within
the convectively active phase of the oscillation cloud
clusters were frequently concentrated into westward-
propagating disturbances with alocal periodicity of ap-
proximately 2 days. They identified these disturbances
with westward-propagating inertiagravity waves, ashad
been identified in pre-COARE studies by Takayabu
(1994).

c. Analysis procedure: Height—time delay structure or
extended EOF analysis

Traditional empirical orthogonal function (EOF) anal-
ysis utilizes a time series and examines the temporal
behavior of spatial patterns. The EOF patterns describe
the spatial structure; the amplitudes (or principal com-
ponents) characterize its time evolution. The origina
dataset can be reconstructed by adding the evolution of
individual EOF patterns of successively higher order to
the mean.

The extended EOF analysis recognizes that the tem-
poral evolution of the spatial patternsis an integral part
of a system’s development. Consider a height—time sec-
tion, which is commonly described by a vector of K
components ordered according to height and evolving
with time. Sliding a time window of length W over this
vector time series leads to a new vector, whose com-
ponents span a height—time section, K X W, evolving
in time (see Fig. 4 of Fraedrich et al. 1993). This vector
represents the states of the system in a K X W dimen-
sional phase space spanned by time-delay coordinates.
In this sense the vector representation of a spatially
extended dynamical system evolving in time associates
the time development with the spatial structure. The
following points should be noted when applying this
technique.

e Introducing a sliding window to a dataset leads to
some smoothing depending on the window length w.
A larger window provides a smoother reconstruction
of the time series, especially when compared with w
= 1 (thetraditional EOF analysis). An optimal choice
of the window length w is suggested by the half-period
of the largest signal. This resolves the signal with
sufficient detail and, simultaneously, provides the re-
quired smoothing of the dataset. Space-time eigen-
modes of smaller scale areresolved in the higher-order
EOFs.

» Wavelike oscillations are represented by a pair of
EOFs with similar eigenvalues, and the associated
EOF patterns are shifted by a quarter wavelength (not
unlike sine and cosine waves). The dial (phase por-
trait) of the amplitude pair shows a more or less reg-
ular circulation about the center.

» The advantage of space-time extended EOFs is the
ability (a) to obtain dominant internally coherent pat-
terns in both space and time and among different vari-
ables and (b) to distinguish oscillatory components



2366

(U,V)-EOF1

(Q,Q)-EOF1
5 10 15 20
100
150

200 4 L A L O S + 200
w2504 v w LR IR I S I I I I I + 250
e o L 300

- 400
- 500
r 700
I 850
1000

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 54

(G,V)-EOF2

100
150
1 200
{ 250

200 -
=250
300 -

g 400
£ 500
(=] 700 ]
850 -
1000

400
500
700
850
1000

20

Fig. 2. The first EOF pairs of the (u, v) and the (Q,, Q,) height-time series with a 20-day window. Top panels: The vectors represent
wind direction and strength. The contours are u-component (shaded negative); units are in meters per second. Bottom panels: The vectors
represent (Q,, Q,) components with positive Q, upward and positive Q, to the right. The contours are Q, component (shaded negative); the

units are in degrees per day.

with various frequencies. They are characterized by
pairs of EOFsin quadrature, which are associated with
eigenvalues of similar magnitude; their time evolution
isrepresented by atrajectory in acompact phase space
spanned by these EOFs. This allows acloser and more
precise analysis of the variability and of the mutual
relation between the components.

As the 40-50-day Madden—-Julian oscillation repre-
sents the largest scale of variability in the current da-
taset, this suggests the choice of awindow of about 20—
30 days. Indeed, tests with increasing window lengths
(between 15 and 40 days) have shown that there are no
significant changes in either the EOF patterns or the
associated amplitudes; that is, the basic periods and the
height—time structure remain unchanged and indepen-
dent of window length. Therefore, the following dis-

TaBLE 1. Percent variance (left) and the running total (right) con-
tributed by the first six EOFs in the height-time delay analysis of
the tota (r, v) and (Q,, Q,) variance.

EOF (u, v) Wind (Qu Q) Heating
1 27.3 27.3 28.4 28.4
2 21.0 48.3 12.2 40.6
3 7.7 56.0 7.9 48.5
4 7.1 63.1 7.6 56.1
5 6.8 69.9 4.7 60.8
6 34 73.3 3.2 64.0

cussion of the results of the extended EOF analysis will
concentrate on a window of w = 20 days.

3. Results

The first two EOFs of the covariance matrix of the
(u, v) height—time seriesare shown in Fig. 2 (top). These
two EOFs explain 48.3% of the variance (Table 1). Al-
though the EOFs were computed using both u and v,
the variations in u are much larger than those in v for
each mode, and in Fig. 2 the u component of the wind
is contoured. Wind vectors are plotted to show the total
wind components of each mode.

EOF 1 shows a vertica wavenumber-one structure,
with the zonal wind varying most near the tropopause
and near 800 hPa. The structure of EOF 2 is virtually
identical to that of EOF 1, but the phases are such that
the two are in quadrature. This suggests the first two
EOFsareapair that represent asingle mode of variation.
This proves to be the case, as discussed below. The
period of the oscillation corresponding to this pair can
be estimated from the temporal structure as twice the
time between successive maxima and minima. By in-
spection of Fig. 2 this is approximately twice the win-
dow length, or 40 days. This estimate will be refined
later when we discuss the phase portraits (Fig. 3)

The first two modes of the (Q,, Q,) height—time series
are shown in Fig. 2 (bottom), and their contributions to
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Fic. 3. Dia of the principal components of the first height—time delay eigenvector pair (EOF 1 and EOF 2) for
the two window lengths (W = 20, 30 days): (a), (b) the u, v winds and (c), (d) the (Q,, Q,) heating. Particular

day numbers indicated are discussed in the text.

the variance are shown in Table 1. in this figure, Q, is
contoured. EOFs 1 and 2, which together explain 41%
of the variance, are very similar to each other but are
phase shifted. They show asimple vertical structurewith
maximum variability in the middle levels and minimum
variability at the upper and lower boundaries. As with
thefirst pair for (u, v), the period can be estimated from
the temporal strucure as approximately twice the win-
dow length, that is, 40 days.

Since variations in Q,, and to a somewhat lesser ex-

tent Q,, are dominated by variations in the vertical ve-
locity field, the vertical structure of these quantities cor-
responds to an internal wavenumber-one structure in
divergence (not shown). It is remarkable that the same
vertical structure persists for higher-order EOFs (see
appendix). Thus the results show no significant varia-
tionsin vertical heating structure corresponding to high-
er-order vertical wave modes resolvable from this da-
taset. As a check on the robustness of this result, the
extended EOF analysis has been carried out on the di-
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vergence fields with the same 20-day window. All con-
clusions concerning periodicities and vertical structure
obtained by the extended EOF analysis of the derived
fields (Q,, Q,) were substantiated by the analysis of the
primary field (divergence).

The pairing of EOFs (1, 2) in wind and of (1, 2) in
heating and drying is revealed in the phase portrait di-
agrams presented in Fig. 3. In each case the amplitude
of one EOF is plotted against the amplitude of its pair.
Since the members of each pair are similar in structure,
each rotation in phase space represents acomplete cycle
through that pattern at the single station represented by
the array average in Fig. 1.

The period of the oscillations is the time required for
a complete revolution on these diagrams. For the first
(u, v) pair (Fig. 3a), the upper axis is crossed at days
40 and 80, while the left axis is crossed at days (49,
88), giving a period of 39—40 days. By the same meth-
ods the first pair of (Q,, Q,) has a period of 41 days.

As stated in section 2, the results here are not over-
sensitive to the choice of window length. To demon-
strate this, the same phase portraits are shown in Fig.
3 (bottom panel) for a window length of 30 days. For
the (u, v) first pair the left axis is crossed at days 38
and 77, yielding a period of 39 days. For the (Q,, Q,)
first pair, the lower axis crossings are at days 26 and
69, yielding a period 43 days. This consistency between
the results for windows of 20 and 30 days shows that
the periodicities and coherence found are robust and are
not a harmonic of the window length chosen.

The extended EOF analysis has revealed a dominant
pattern of variation in both wind and heating—drying
sources with a period of approximately 40 days. This
result is no surprise and has been discussed in the con-
text of the COARE data by Gutzler et a. (1994) and
McBride et al. (1995). Both sets of authors associated
this variation with the Madden—Julian oscillation. The
current analysis is consistent with the above results. The
structure of this oscillation is seen in eigenvectors 1 and
2 of Fig. 2 to be dominated by zona wind variations
and to have the vertical structure of atropospheric first
internal mode. This zonal wind pattern is consistent with
the structure of an equatorially trapped Kelvin wave but,
as noted below, the modeis probably not totally aKelvin
wave.

Despite the fact that the (Q,, Q,) vector has been
analyzed separately from the (u, v) vector, the variations
described by the first EOF pair in each instance clearly
represent the same phenomenon. Evidence for this can
be found through further inspection of the phase por-
traitsfor this oscillation in Figs. 3aand 3b. The numbers
on the trajectories are day numbers. It is seen that both
first pairs remain relatively stationary in phase space
for the first 24 days. They then undergo one-and-a-half
revolutions until day 88. They then are quasi-stationary
until the end of the series (day 101). The same behavior
can be seen also on the 30-day window series (Figs.
3c,d); though with the longer window the series of over-
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FiG. 4. Original time series of the zonal and meridional wind in
850- and 200-hPa levels (u, v: full and dashed linein m s~%) and the
Q, heating at 500 hPa (full line, in deg day—*) and 500-hPa Q, drying
(dashed line, deg day—1).

lapping vectors in time has been shortened by 10 days,
which has the effect of decreasing the lengths of the
stationary periodsthat happpen to occur at the beginning
and end of the series.

Figure 4 shows the original time series of wind com-
ponents (u, v) at 850 and 200 hPa, and heating and
drying (Q,, Q,) at 500 hPa after removing linear trends
computed from least squares regression. The trends for
u(850), 1(850), u(200), 1(200), Q,(500), and Q,(500)
are +0.51 m s~* day~*; —0.005 m s~ day~*; —0.034
m st day % +0.05 m st day*; +0.06°C day%;
+0.04°C day—*, respectively. Figure 5 shows the same
series as reconstructed from the first pair of EOFs. Com-
parison of the upper panels reveals the clear out-of-
phase relationship between upper and lower levels. It
also reveals that the oscillation is not totally a Kelvin
wave structure, as there does exist an oscillation in the
meridional wind at upper levels.

Since we have concluded the wind and heating—dry-
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Fic. 5. Time series reconstructed from the first EOF pair of the
zonal and meridional wind in 850- and 200-hPa levels (u, v: full and
dashed line in m s%) and the Q, heating at 500 hPa (full line, in deg
day—1) and 500-hPa Q, drying (dashed line, deg day—1).

ing oscillations represent the same phenomeon, it is ap-
propriate to examine the phase relationships between
the two sets of variables. From comparison of the lower
panel of Fig. 5 with the upper two panels, it is seen that
both the heating and zonal wind variations associated
with this pair are dominated by one cycle beginning at
about day 40 and continuing to the end of the experi-
ment. The heating and drying maximum occur simul-
taneously and correspond to a maximum easterly per-
turbation in the upper troposphere and a maximum west-
erly perturbation in the lower troposphere. The zonal
winds increase with or shortly after the onset of the
heating, a result found previously by McBride et al.
(1995).

The extended EOF analysis also reveals quadrature
pairs for higher-order modes. Given the wide use of the
TOGA COARE data the structure of these higher order
periodicitiesis also worth recording. However, areferee
of this paper disputes the significance of these pairs due
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to alack of separation of the eigenvalues, following the
significance tests set out in the rule of thumb of North
et al. (1982). We disagree with the referee, as the rule
of thumb is relevant in the context of treating EOFs as
a probablility distribution property estimated from a set
of samples derived from a parent distribution. Thus the
basic concern of the rule of thumb is how well the
estimated EOFs represent the *‘true EOFs.” In the cur-
rent context the EOFs are being used in the context of
dynamical system analysis. The basic concern is the
characterization of space-time coherence involving pat-
terns underlying certain wave motions. The problem of
degeneracy does not enter, so the appropriate statistical
tests would involve an analysis of the effect of obser-
vational errors on the EOF structures and periodicities.
Such statistical testing procedures are beyond the scope
of the current paper. Thus, due to the disagreement on
the significance of these higher modes, a minimal de-
scription of them has been relegated to the appendix.

4. Discussion

The extended EOF method has been applied to the
heating rate and wind time-height series averaged over
the OSA-S radiosonde array during the IOP of TOGA
COARE. Aswith al EOF analysesit provides a concise
description of the variations contained in the original
time series. The advantage of the extended or ‘““time-
windowed’” method is that it includes the time variation
of the heating and wind as part of the vector being
represented by the orthogonal functions. This hasyield-
ed a number of interesting results.

For the wind series, it is found that 48% of the vari-
ance can be described by asingle EOF pair (representing
an oscillation). This has a structure very similar to a
tropospheric first internal mode Kelvin wave. The ex-
tended EOF methodology reveals a period for the os-
cillation equal to approximately 40 days. For the series
of heating and drying, an oscillation of approximately
41 days accounts for 40.6% of the variance. The vertical
structure shows the heating and drying variations max-
imum in the middle troposphere, as was found by con-
ventional EOF analysis by Frank et al. (1996). From
inspection of trgjectories in phase space we conclude
this oscillation represents the same phenomenon as the
first pair in the wind-vector series. The zonal winds
increase either coincident with or lagging by afew days
increases in convective heating.

As afina comment, the extended EOF methodol ogy
has proved to be a useful technique for determining
periodicities in the COARE wind and heating—drying
time series. In particular, it presents anaturally designed
filter to examine the dynamical structure of signals of
various frequencies, so this procedure may present a
useful alternative to compositing.

Acknowledgments. Comments by George Kiladis and
two referees are appreciated. The following fellowships



2370

(U,V)-EOF3
5 10 15 20

100
150
200

= 250
300
£ 400
8 500
24700
850
5 13“ 15 20
(U,V)-EOF5

5""1&y 15 20

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 54

(U,V)-EOF4

100
150 A
200 A
= 250

3300-

£ 400 -

$ 500 4
2700 -
850
1000 -

(U,V)-EOF6

Fic. Al. The EOF 3—-EOF 6 of the (u, v) height-time series with a 20-day window. The vectors represent wind direction and strength.
The contours are u component (shaded negative); units are in meters per second.

contributed to this cooperation: Max-Planck Prize
(K.F), Fulbright (W.F), and Humboldt (J.McB.). Wil-
liam Frank’s COARE research was under NSF Grant
ATM-911 59050, ONR Grant N00014-92J-1069, and
the American—Australian Education Foundation. R.
Wang was supported by a BMFT (Germany) Climate
Research Grant.

APPENDIX
Higher-Order EOFs

The EOFs of higher order than the first pairs are of
further interest and are discussed here. Figure A1 shows
that the third (u, v) EOF which explains about 8% of
the variance, does not appear to form a pair with any
other EOF. However, EOFs 4 and 5 are quite similar in
structure and period. They both show variations in the
zonal wind that extends through the depth of the tro-
posphere with maximum variations in the upper levels,
and they have periods of 20-25 days. They explain
about 15% of the total variance between them. EOF 6
is a higher-frequency mode, with a period of about 10—
12 days and maximum wind variations near the tro-
popause. It is a relatively weak mode, explaining only
3% of the variance. Figure A2 shows that the (Q,, Q,)
EOFs 3 and 4 closely resemble each other but are phase
shifted. They have the same vertical structure as all of
the other EOF modes, as noted above, and they show
a period of about 10-12 days. Together they explain
about 16% of the variance. The pairing of EOFs (4, 5)

in wind and of (3, 4) in heating and drying is also
revealed in the phase portrait diagrams (not shown). It
isworth noting that similar pairings are found in higher-
order eigenvectors. For both (u, v) and (Q,, Q.), the next
clear pairs are for EOFs 6 and 7. For (u, v) this set has
an upper tropospheric structure, has a periodicity of the
order of 7-8 days, and accounts for just over 6% of the
variance. For (Q,, Q,) pair EOF 6, EOF 7 has a mid-
tropospheric maximum, has a periodicity of 7-8 days,
and also accounts for slightly over 6% of the variance.
Furthermore, as stated in section 2, the results are not
oversensitive to the choice of window length.

In summary, (a) a second pair of EOFs with a period
of approximately 24 days explains a further 13.9% of
the variance. This second oscillation also is found pre-
dominantly in the zonal wind. Its vertical structure
shows the same sign throughout the depth of the tro-
posphere but is much stronger at upper levels. Zonal
wind oscillations of this period in the upper troposphere
have been noted previously by Wallace (1971) and in
the TOGA COARE data by Nishi and Sumi (1995).
These latter authors identified these oscillations asbeing
associated with an upper tropospheric-lower strato-
spheric equatorially trapped Kelvin wave. (b) In the case
of the heating series, there is quite a large spectral gap
to the second prominent oscillation. This s represented
by a second pair (EOFs 3 and 4) representing 15.5% of
the variance and with a period of approximately 13 days.
Oscillations of this periodicity have been noted in (pre—
TOGA COARE) tropical satellite cloud images by Tak-
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Fic. A2. The EOF 3—-EOF 6 of the (Q,, Q,) height—time series with a 20-day window. The vectors represent (Q,, Q,) components with
positive Q, upward and positive Q, to the right. The contours are Q, component (shaded negative); the units are in degrees per day.

ayabu (1994), who associated them with equatorially
trapped Rossby waves. Due to the **single-station” na-
ture of the current analysis, however, we can offer nei-
ther support nor refutation of this interpretation. The
vertical structure of the second EOF pair for the heating—
drying is the same as that for the lower-frequency pair,
that is, with a single maximum in the midtroposphere
and tapering to zero both at the ground and near the
tropopause. This heating structure correspondsto asim-
plelower troposheric inflow, upper tropospheric outflow
divergence profile; indeed, an independent extended
EOF analysis simply of the divergence time series re-
veals the same periodicities and the same consistency
in vertical structure between the higher- and lower-fre-
guency oscillations (not shown). Following the results
of Alexander et al. (1993), it is expected that the vari-
ance in cumulonimbus related sources Q,, Q, will attain
a different vertical structure when oscillations close to
1 day are examined (e.g., the diurnal cycle).
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