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ABSTRACT

The transient response of a general circulation model (GCM) is examined for the first 10 days
of integration after a tropical heating source is switched on. Model output from 10 control and
10 experiment GCM runs are projected onto the normal modes of an adiabatic primitive
equation model linearized about a basic state at rest to quantify the contributions from
different modes to the 200 mb wind response. The response in the vicinity of the source is
similar to that predicted by models linearized about uniform basic states, with important
contributions from the internal Rossby and Kelvin modes in the tropics. The heating also
excites internal gravity modes with contributions to the 200 mb winds about 409 of those of
the internal Rossby modes through the 10-day integration time. The response in the external
Rossby modes in the extratropics becomes statistically significant after 5 days. The internal
mode contributions exhibit less spread from the ensemble average than those of external

modes, a result due to the deterministic nature of the imposed heating.

1. Introduction

The structure of motions generated by tropical
heating in a general circulation model (GCM) is
described in terms of the projection of model
output onto the three dimensional eigenfunctions
of a linearized primitive equation model. The
analysis is motivated by the lack of adequate
knowledge of observed tropical forcing and its
concomitant large scale atmospheric response.

Energy generated by release of latent heat by
impulsively excited tropical convection radiates
away in the form of inertia-gravity waves with
only a small percentage remaining in the
rotational circulation (Schubert et al., 1980). For
atmospheric forcings with longer time scales,
such as those that drive the Hadley -cell,
the resulting circulations contain non-negligible,
inertia-gravity wave energy (Paegle, 1978; Puri,
1983; Paegle and Baker, 1983). This is particu-
larly troublesome for the objective analyses used
to produce gridded data which rely on assimilat-
ing models with a normal mode initialization
step, which in their adiabatic formulations are
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known to suppress divergent motions (Bengtsson,
1981, Nogues-Paegle et al., 1986). Diabatic for-
mulations have been proposed to remedy this
problem (e.g., Wergen, 1983) which improve
tropical divergent circulations and effectively
control gravity wave noise resulting from data
assimilation. Nevertheless, this solution is only
accurate for modes whose natural frequency is
much higher than that of the tropical forcing.
Errico and Rasch (1988) have pointed out that
this procedure fails when the forcing frequency
approaches that of the natural frequency of the
modes. This especially may occur for the east-
ward gravity modes which include the slowly
moving Kelvin modes. Initialized fields will
not accurately reproduce atmospheric levels of
inertia-gravity wave energy in this case.
Forecasts for times longer than the model spin-
up time may not suffer similar limitations if the
model physics accurately reproduce tropical
forcing. On the other hand, objective global
analyses over data sparse regions will mostly
reflect first guess values which are given by short
range integrations of the assimilating GCM. This
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integration time, which is usually 6 h for oper-
ational forecasts, is not long enough to build up
the tropical circulation which has been dimin-
ished by initialization. Therefore, quantification
of the inertia-gravity wave response to tropical
forcing in a GCM may be more instructive to
learn about the atmospheric behavior of these
modes, than similar studies based on analyzed
fields.

This is the goal of the present study, which uses
the numerical simulations done with the NCAR
(National Center for Atmospheric Research)
GCM by Paegle et al. (1987), hereafter referred
to as PZB 87 to quantify the atmospheric re-
sponse to tropical thermal forcing. The character-
istics of the balance of different modes in this
GCM has been investigated by Errico (1984).
The present paper differs from his in that the
characteristics of the response to a specified
heating for a variety of initial conditions is
investigated.

Section 2 describes the experiment and analy-
ses techniques, Section 3 shows the character-
istics of the averaged response while Section 4
contrasts tropical and extratropical response for
different modes and ensemble members.

2. Experiment design

The numerical integrations were done with the
9 level NCAR GCM truncated at rhomoboidal
15 (R-15) as described in PZB 87. Williamson
and Williamson (1984) and Ramanathan et al.
(1983) have documented characteristics of the
model which includes convective adjustment,
solar and infrared radiation as well as surface
drag and fluxes of temperature and moisture.

The integrations consist of ensembles of
experiment and control cases started from 10
different dates of the 1979 winter selected by
Baumhefner (1984). The integrations are carried
out for 10 days and model output is saved in
sigma coordinates for the initial 0.5, 1, 2, 3, 5, 7
and 10 day integration time. The experiment
consists in adding a heating term to the
thermodynamic energy equation in the region
west of Central America centered at 6.6°N and
105°W decaying with a Guassian profile with
half width of 15° in latitude and 30° in longitude,
and a peak of 8°C/day at 400 mb (PZB 87, Fig.
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14). The ensemble average for day 10 shows a
precipitation maximum over the heating region
of 3.2 cm/day. The ensemble average response for
the zonal wind at 200 mb exhibits maximum
equatorial easterlies over the heating area, with
westerlies to the east and extratropical westerlies
in both hemispheres, colocated in longitude with
the regions of maximum heating (PZB 87, Fig.
16). The discussion on this paper is limited to the
given geometric design and location of the
heating source. Simmons (1982) has shown that
the tropical response is more sensitive to the
vertical heating distribution than the extra-
tropical response in linear models. He also dis-
cussed the dependance of the response on the
latitude of the forcing.

Similar results were found by Nogues-Paegle
and Mo (1988, hereafter referred to as NPM 88),
in their study of the transient response of the
southern hemisphere subtropical jet to tropical
forcing. NPM 88 discussed the flow evolution in
terms of eigenfunctions of a primitive equation
model linearized about a basic state at rest, and
found that changes in the subtropical jet are due
to both changes in external and internal Rossby
modes, while longitudinal changes in tropical
heatings are reflected in similar shifts of the
internal Kelvin and inertia-gravity modes. That
paper did not investigate the partition of the
response between Kelvin and Rossby modes in
the tropics, which is of interest to the present
investigation. Also, NPM 88 only carried out
their integrations for one particular date, and
therefore questions remain of whether similar
results would be obtained for other initial
conditions.

These points are addressed in the present paper
by projecting the control and simulations per-
formed by PZB 87 onto normal mode functions
similar to those of NPM 88. These functions are
obtained by separating the adiabatic primitive
equations linearized about a basic state at rest
into vertical and horizontal structure equations.
The vertical structure equation is solved by finite
difference approximations for the 9 model levels
while the Hough functions, which are solutions
of the horizontal structure equation are approxi-
mated as a series of associated Legendre poly-
nomials (Kasahara and Puri, 1981). These corre-
spond to those of the spectral GCM used here.
The vertically varying basic state temperature is
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determined from the globally averaged tempera-
ture obtained from the ensemble average of the
initial conditions. These basis functions are
similar to those used in normal mode initial-
ization and to those used by Kasahara (1984) to
study the linear response of a stratified global
atmosphere to thermal forcing.

Heights and winds at 9 sigma levels are then
projected onto these functions separating the
contributions from the first (external) vertical
mode and vertical modes 2, 3, 4 and 5 (Fig. 1)
and from each Hough function. Zonal and
meridional winds are then reconstructed separ-
ately for Rossby, gravity, Kelvin and mixed
Rossby-gravity modes. These are truncated to 12
zonal components and 10 and 6 meridional
components for Rossby and gravity modes re-
spectively. This truncation was chosen to repro-
duce most of the subtropical jet response pro-
duced by the R15 GCM. The 6 gravity mode
components are the eastward and westward
propagating gravity modes for the 3 largest
meridional scales, which are expected to affect
remote latitudes the most. The chosen truncation
reproduces about 85% and 359 of the rotational
and divergent wind response, respectively.
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Fig. 1. The first 5 vertical structure functions for
equivalent heights of 9556 m (—), 1979 m (--), 481 m
(-0-), 164 m (——-), and 65m (----).

Tellus 42A (1990), 4

The reconstructed fields are projected back
into sigma space separating the contribution
from the external and the first four internal
modes. Results are discussed in Section 3.

3. Normal mode projection of response

Contributions from the different modes and
vertical structures for the u and v fields as
described above are interpolated to 200 mb for
depiction. At this level, the amplitude of the
second vertical mode is negligible, and thus the
internal mode variability shown here results
mostly from vertical modes 3, 4 and 5. The
significance of the response is quantified by the ¢
statistics which normalize the difference of the
ensemble averages between the controls and the
experiments by the ensemble variability. These
are computed as t=(X, — X,)/18/(S? + §3)12
where X, and X, denote ensemble averages and
S? and S? variances for the experiment and
control respectively. They are shown in Figs. 2
through 6 for those projections for which the
response has non-negligible amplitudes. The
number of degrees of freedom for the ensemble
differences between these 10 control and the 10
experiments is 18 for the case in which the
variance of the two ensembles is the same. The
similarity of the variance of the two ensembles
was tested with an F-test (not shown) and found
to be an acceptable statistical hypothesis over
most of the grid points. Absolute values of ¢
larger than 2.1 and 2.9 indicate that these en-
semble averages are significantly different at the
95 and 999 level for these many degrees of
freedom. This means that 1 out of 20 and 1 out
100 cases respectively, will have such values by
chance with sample means actually coming from
ensembles with the same average. By day 2, sig-
nificant response is already felt by the contri-
butions to the 200 mb zonal wind by the internal
Rossby modes (Fig. 2), not only in the easterlies
which develop over the heating region, and
westerlies over the tropical Indian Ocean, but
also in the subtropical jet to the south of the
heating. On the other hand, significant differ-
ences in the external Rossby mode contributions
(Fig. 3) are not felt until day 5 in the vicinity of
the heating, and day 10 over the Indian Ocean.
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Fig. 2. T-statistics to test the statistical significance of the difference between the ensemble average for the
experiment and the control for the contributions to the 200 mb zonal wind by the internal Rossby modes for
integration times of 2 days (a), 5 days (b) and 10 days (c). The contour interval is 2.

Contributions by the internal gravity waves, with the linearized studies of Kasahara (1984)
both to the zonal (Fig. 4) and meridional (Fig. S)  and Silva-Dias et al. (1983) which showed that
components are immediately felt in the vicinity  forcings with short time scales tend to preferen-
of the thermal source depicted by the t-statistics  tially excite gravity waves. The subtropical jets’
after 12 h of integration time. This is consistent  response are found poleward of the areas with
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Fig. 3. Same as Fig. 2 but for contributions by external Rossby modes.

maximum contributions by inertial gravity waves  integration days also show gravity waves gener-
to the meridional circulations, suggesting that at ated in the vicinity of large mountain ranges.
least partly, these accelerations are due to the These motions appear most clearly marked for
forcing by the direct meridional overturnings the zonal wind component and result from the
generated by the thermal heating. Subsequent imbalances created close to the mountains by
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(b) (d)

Fig. 4. Same as Fig. 2 but for contributions by internal gravity modes for integration times of 12 hours (a), 2 days
(b), 5 days (c) and 10 days (d).
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180 90 E 180

)
(d)
Fig. 5. Same as Fig. 4 but for contributions to the meridional wind at 200 mb by internal gravity waves.
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motions induced by the heating. These tend to
somewhat subside by day 10.

The #statistics for the equatorially trapped
modes (Fig. 6) exhibit significant response of the
Kelvin mode, the easterly pulse propagating east-
ward with a speed of about 20 degrees of longi-
tude per day. This is apparent in Fig. 6a, where
the location of the leading westerly pulse is
identified for four different integration times.
The significant easterly pulse remains almost
stationary west of the forcing. The mixed Rossby-
gravity modes with zonal wavenumbers 6-7, are
excited with significant response felt only after
day 5.

The ¢-statistics are not useful for comparison of
the relative strength of the ensemble response for
the different modes because of the normalization
by the standard deviation of the ensembles. Thus,
Figs. 7 and 8 depict the actual (i.e., non-
normalized) 200 mb zonal wind response for days
5 and 10, respectively. At day S, the contributions
to the zonal wind in the vicinity of the source
from the external Rossby, internal Kelvin and
other gravity waves included here have maxi-
mum values of similar magnitudes. On the other
hand, the internal Rossby modes contribute twice
as much as the other modes. A preferential
response in baroclinic structures due to a para-
bolic forcing in the vertical was also found in the
linear studies of Lim and Chang (1983) and
Kasahara (1984).
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By day 10, the meridional propagation of an
external Rossby wave front is apparent in the
western half of the Southern Hemisphere, with
peak values in the subtropics there of similar
magnitudes for the internal and external modes.
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Fig. 6. Equatorial values of the r-test for contributions
of Kelvin modes to the 200 mb zonal wind (a), and of
external (b), and internal (c) mixed gravity-Rossby
modes to the 200 mb meridional wind. Solid line shows
value at 0.5 day, dash line at 2 days, dash-dot line at
5 days and dot line at 10 days.



436 W. ZHONG AND J. NOGUES-PAEGLE

ROSSBY EXTERNAL ROSSBY INTERNAL

(b) )
Fig. 7. Contribution to the 200 mb zonal wind response by external (a) and internal (c) Rossby modes, internal
Kelvin (b) and internal gravity (d) modes for integration day 5. Contour interval of (a) and (c) is 2 m/s and for (b)
and (d) is 1 m/s. Negative values are dashed.

ROSSBY EXTERNAL

(b) (d)
Fig. 8. Same as Fig. 7 but for day 10.
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The excitation of a barotropic response in the
extratropics from parabolic heating in linear
models has been related to the vertical shear of
the actual zonal wind (e.g., Simmons, 1982;
Kasahara and Silva-Dias, 1986). The response of

the present non-linear calculations have many.

features similar to those obtained in linear
models, particularly the Kelvin and Rossby mode
response close to the source during the first 5 days
of integration and the excitation of extratropical
barotropic modes at later times.

On the other hand, the Rossby mode contri-
bution to the elongated westerlies east of the
forcing is larger than that of the Kelvin mode.
This is different than what is predicted for the
stationary response of a linearized model by Gill
(1980) which shows the westerlies to the east of
the forcing to be due mostly to the Kelvin mode.
The easterlies over the heating result mostly from
internal Rossby modes, partly compensated by
Kelvin mode westerlies, a feature common to
both the GCM and linear solutions.

This section has emphasized the mean re-
sponse, which smooths random differences
caused by the different initial conditions of the
ensemble members. Section 4 will show that some
of the response features discussed here are still
apparent when individual ensemble members are
considered.

4. Ensemble member behavior

In this section the wind vector response R, is
separately calculated for tropical and middle lati-
tudes as follows:

1 12

Ro=(5 | Reda)” with RE= VS~ Vol
A

and with the area 4 defined to extend from 25°N

to 25°S, (tropics) and from 25°N to 75°N and

from 25°S and 75°S (mid latitudes). The en-

semble mean is also computed as:

] 10 112
R={— ) R?
< 10 C; c)
averaging over the 10 cases. The resulting values
are plotted in Fig. 9 comparing the tropical

against the extratropical response for each en-
semble member. By day 10, the response in the
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external Rossby mode for mid-latitudes is
comparable in magnitude to that of the internal
Rossby modes in the tropics. The averaged
amplitude of this measure for the internal gravity
waves (excluding the Kelvin and mixed Rossby-
gravity modes) in the tropics is about 409 of that
of the internal Rossby modes. The internal
gravity wave response is better trapped in the
tropics for all ensemble members than that of the
internal Rossby modes.

This last characteristic is more obvious for
latitudinal averages computed as:

1 10 | 12
R(¢) = (E c; —2;; J; | Vg&p - Vg)ntrol'2 dl) s

where ¢ is the latitude and A is the longitude.
This is plotted versus latitude for the original
data before projection, and for different mode
projections in Figs. 10 and 11. Fig. 10a shows the
response to be confined mostly to tropical lati-
tudes during the first 5 days integration time,
while the extratropical response becomes appar-
ent after 5 days. The extratropical response at
day 10 is about 509, stronger than the internal
Rossby response in the Northern (winter)
Hemisphere while it is closer to the internal
Rossby response in the Southern (summer)
Hemisphere (Fig. 10b and c). The zonally
averaged Rossby mode response appears to prop-
agate meridionally at a speed of about 20° lati-
tude per week, though the phase speed of propa-
gation of the Rossby wave front response is faster
than this. The internal gravity modes remain
more confined to tropical latitudes than do the
Rossby modes, with peak values found about 20°
north and south of the heating maximum. These
peak values are about half the magnitude of the
internal Rossby modes at similar latitudes. In the
deep tropics the existence of an oscillatory be-
havior in the gravity waves, with an apparent
period of 5 days is evident. Errico (1984)
determined for the CFM an important diabatic
forcing with this frequency for the internal
gravity modes. The current experiment may be
exciting a similar frequency that causes this
period to be apparent in the response. At the
equator itself, the largest contributions are due to
the Kelvin and mixed gravity-Rossby modes,
with peak values at day 10 about half the value of
the internal Rossby modes there. The mixed
mode also exhibits non-negligible amplitudes in
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the external component, which due to its larger
meridional scale, impacts also in subtropical
latitudes.

We have so far discussed only the nature of the
response through two particular measures: the
average response and the wind vector response. It
is also of interest to quantify the contributions to
the ensemble variance ¢? by each ensemble
member ¢2 and to compare this with the magni-
tude of the average wind response AR where

1 _ 12
AR = (_ J “/;xp - Vcomrol‘2 da)
4/,

10
— 1
ith V=— Ve
wi 10 c;
This comparison gives an idea of the magnitude
of the spread from the ensemble averaged re-
sponse due to different initial conditions. This is
given in Fig. 12 where:

1 _ _ 12
0. = <Z J ‘ Ve():(p - VcControI - (Vexp - Vcomrc»l)l2 da)
A

and the ensemble standard deviation is given by

The ensemble variance for the tropics and
extratropics is given by the average of the squares
of each point in the ensemble clouds. Its square
root (ensemble standard deviation) is given by
the heavy dot. Comparison of the standard devi-
ation to the average wind response shows that by
day 10 of the integration, the ratio between the
ensemble standard deviation of the extratropical
Rossby response and that of the ensemble wind
response is about 3.5, while these ratios are about
2.5 and 2 for the gravity and internal Rossby
modes respectively. This is to be expected since
the internal modes are responding more directly
to the forcing, while the extratropical response in

MID-LATITUDES

Fig. 9. Wind response R, for each ensemble member
(+) and their ensemble mean R (e) for the tropics and
mid-latitudes, for 0.5, 1, 2, 3, 5, 7 and 10 day integration
time. Curves enclose ensemble members at given times.
Units are m/s. Values above/below the diagonal indi-
cate preferred response in the tropics/mid-latitudes.
Contributions from Rossby external modes are shown
in (a), from Rossby internal modes in (b) and from
gravity internal modes in (c).
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. the external mode results from the propagation of
16 - — these modes through a spatially variable basic

S state (e.g., Branstator, 1983) or through non-
linear effects, which add random signals from the

12 L / \\ - different ensemble members.
L ,'/ \
3 / \ B .
8l / \.\ B 5. Summary and conclusions
/'/ “ \ 1 GCM integrations of an experiment designed
4 / // \ \ _ to study the non-linear response of the atmos-
s s \-—\ N phere to tropical heating have been analyzed to
S / \\ N quantify the strength of the response of structures
0 le==i==7 i which project onto the linear modes of a primi-
A tive equation model linearized about a basic state

at rest. These functions are similar to those used
T T T L in normal mode initialization of general numeri-
10  ROSSBY EXTERNAL SN . cal models, which is obtained through a short
! i} range integration of the assimilating GCM. This
: integration time still reflects the initialized
; . conditions in regions with low observation densi-
s o ties, which may be missing important contri-
6l | ] butions to the internal gravity modes even in the
: B case of diabatic initialization (Errico and Rasch,

[ 1988).
4 3 Our discussion focusses on the 200 mb wind
L _ AN rather than height field, since wind variations are
: \ of similar magnitudes in the tropics as in mid-
. latitudes, unlike height fields which display
. P N4 negligible tropical gradients. The normal mode
0 === 7) e = — — analyses imply particular relationships between
B the height and wind fields, and therefore the
three dimensional fields of heights as well as
winds are needed for the present study. The
- GCM response close to the heating bears
r . similarities to predictions from models linearized
8 L in i about uniform basic states, but it is quite differ-
| I ent for remote regions. We find that strong
R / \ tropical heating quickly generates significant re-
6 - j \ = sponse in both internal gravity and Rossby
L ; | ] waves. The ratio of the wind response between
3 / \ these two quantities remains at about 40%
. " . throughout the 10 day integration time. Extra-
r / // \\ \ ’-,j tropical response is apparent in the external
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N NS ~. Fig. 10. Latitudinal distribution of wind response R (¢)
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Fig. 11. Same as Fig. 10 but for contributions from gravity internal (a), Kelvin internal (b), and mixed gravity-
Rossby modes external (c) and internal (d).

Rossby modes by day 5. From this time on, these  for the atmospheric response to tropical heating
modes contribute 50 to 75% to the response of the  are similar to those found by Nogues-Paegle et
200 mb wind poleward of 40° latitudes. It is of al. (1986) in their analyses of observed global
interest that some of the features described here  fields. It was found there that weekly averages of

Fig. 12. Average wind response AR for the tropics and mid-latitudes for contributions from Rossby external (a),
Rossby internal (c) and gravity internal modes (e). o, (+) and ¢ (e), for the tropics and mid-latitudes, for
contributions from Rossby external (b), Rossby internal (d) and gravity internal modes (f). Units are m/s. Numbers
in figures indicate integration time (days). Values above and below diagonal indicate largest variability in tropics
and mid-latitudes respectively.
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large-scale flow exhibit a predominant internal
structure. The results presented here justify our
previous conjecture that such structures are due
to tropical heating.

That study also showed contributions from the
internal gravity modes of about 509, of those of
the internal Rossby modes. Comparisons among
different analyses systems reported in that study
showed the sensitivity of this result to the analy-
ses system. It was then concluded that the high
levels of gravity wave energy may have been an
artifact of the analyses systems. Our current
conclusions, though, support this level of internal
gravity wave energy between 30°N and 30°S in
the vicinity of strongly heated regions. More
accurate observations of tropical forcings and
related circulations are needed before a definite
conclusions can be reached about the reality of
this level of gravity wave energy on observed
atmospheric motions.

The 10-day integrations discussed here also
permits us to draw some conclusions about the

W. ZHONG AND J. NOGUES-PAEGLE

time scales in which tropical forcing may be
expected to influence higher latitudes. This may
be of utility to determine the scale at which
systematic tropical errors will influence higher
latitudes. Significant response in the internal
Rossby modes is already apparent at 2 days,
while those of the internal gravity modes are
already apparent at 12 h. By day 5, the response
of the external Rossby modes becomes of similar
magnitude as that of the internal modes in the
subtropics. By day 10, significant response is
found in the extratropics, and is dominated by
the external Rossby mode.
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