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Abstract. During the northern winter the eastern Pa- 
cific is characterized by upper level westerly flow ex- 
tending from the equator into the midlatitudes of both 
hemispheres. Theoretical and simple modeling studies 
suggest that such a region should favor the penetration 
of Rossby waves into the tropics from higher latitudes. 
Observational results by Kiladis and Weickmann using 
200mb data indicate that Rossby waves do indeed 
propagate freely into the tropical eastern Pacific dur- 
ing the northern winter from the Asian jet exit region. 
They also confirmed that cross-equatorial dispersion of 
energy from the Northern into the Southern Hemis- 
phere occurs frequently. The present study examines 
these interactions in climatological runs of two GFDL 
GCMs. The northern wintertime mean states of these 
models are characterized by a rather realistically simu- 
lated upper level westerly regime in the tropical Pa- 
cific. Despite the relative weakness of the Asian jet 
and wave activity with respect to observations, propa- 
gation of Rossby waves into the tropics is present in 
both models, and these waves are strongly positively 
tilted as seen in the observations. A momentum budget 
of the zonal wind and E vector diagnostics over the 
tropical Pacific indicate that these transients are an im- 
portant component of the momentum balance of the 
equatorial westerlies in both the observations and in 
the models. 

Introduction 

The interaction between the tropics and extratropics is 
of central importance in the study of the general circu- 
lation of the atmosphere. Much of the early work on 
this topic focused on the effect of the "critical level", 
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where the zonal wind speed equals the zonal wave 
phase speed (e.g., Charney 1969; Bennett and Young 
1971; Webster 1973; Warn and Warn 1978). These 
studies suggested that the critical level should act as a 
barrier to the equatorward propagation of wave ener- 
gy, while further simple dynamical modeling studies 
suggested that substantial Rossby wave interaction be- 
tween the tropics and extratropics should be restricted 
to regions of westerly flow extending from the midlati- 
tudes well into the tropics (Webster and Holton 1982; 
Branstator 1983; Karoly 1983; Zhang and Webster 
1992). 

There have been several observational studies citing 
evidence of equatorward propagation of wave energy 
in the eastern Pacific (e.g., Blackmon et al. 1984a, b; 
Liebmann and Hartmann 1984; Hsu and Lin 1992). In 
two recent papers, Kiladis and Weickmann (1992a, b, 
hereafter referred to as KW) showed that the region of 
low latitude upper tropospheric westerly flow over the 
central and eastern Pacific and Atlantic sectors during 
the northern winter is indeed characterized by fre- 
quent wave activity propagation from the extratropics 
into low latitudes. These waves were shown to be 
strongly tied to tropical convection within the ITCZ 
north of the equator in the eastern Pacific, such that 
troughs appear to trigger the convection on times 
scales ranging from one to two weeks. These convec- 
tive outbreaks are associated with a signal of poleward 
propagating "cloud bands" frequently seen on satellite 
photos. The existence of these interactions is strongly 
dependent on the occurrence of low latitude westerly 
flow, such that the waves appear, to be much less fre- 
quent in the region of upper level equatorial easterly 
flow in the Eastern Hemisphere. 

It is natural to ask whether the low latitude Rossby 
wave activity seen in observations exists in GCMs as 
well. It seems reasonable to expect the existence of 
such wave activity at low latitudes in GCMs, since the 
upper level time mean flow in most of these models 
includes a region of westerlies from pole to pole in the 
eastern Pacific and Atlantic sectors during the north- 
ern winter. In this study we will examine the propaga- 
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tion of waves from the midlatitudes into the tropics in 
two GFDL GCMs with different resolutions. We will 
also investigate whether these waves have a substantial 
impact on the mean state of the model tropical Pacific. 
The model wave activity will be compared with that 
from National Meteorological Center (NMC) observa- 
tional data, as was used in KW. In the next section we 
describe the data, models, and methodology used for 
this study. The results are then shown, followed by a 
discussion and conclusions. 

Data and methodology 

Data 

Two GFDL GCMs are utilized for this study, and diag- 
nostics from these models are compared with observa- 
tional results from NMC data. As in KW, the observa- 
tional data set consists of 12 years of 200 mb u and v 
components from 1979 through 1990. These data have 
been shown by KW to be adequate over the tropical 
Pacific for the present applications. 

The GFDL models are of two resolutions, R15 and 
R30. An early version of the R30 model is used here, 
while the R15 version is the same model which has 
been used in a variety of climate studies (e.g., Lau 
1985; Lau and Lau 1986). This model has been de- 
scribed in some detail by Manabe and Hahn (1981) 
and Lau (1981). The dynamics of the R30 version are 
similar, although with twice the horizontal resolution. 
Both models have nine vertical sigma levels, realistic 
orography, and predicted clouds, with the R30 version 
employing a gravity wave drag parameterization. 

We utilize a 10 year sample of climate runs from 
each model, with insolation, sea surface temperature, 
and sea ice varying through the same seasonal cycle 
during each model year. The GCM data are logarith- 
mically interpolated from sigma surfaces to the 205 mb 
pressure surface. The 205 mb model time mean zonal 
winds (refer to Fig. 4) are reasonable within the Pacific 
basin, although the Asian jet is too weak and its exit 
region is somewhat too far west compared with obser- 
vations. The equatorial zero zonal wind line is close to 
observations in the R15, and 30 ° longitude too far west 
in the R30. Nevertheless, westerly flow extending from 
midlatitudes of both hemispheres to the equator is 
present in both models, and is quite realistically simu- 
lated, especially in the R15 version. 

Filtering 

As shown in KW, the wave activity in the tropics in the 
NMC analyses can be isolated quite easily through 
cross-correlation techniques. Prior to performing the 
cross-correlations, it is necessary to first subtract out 
the seasonal cycle and filter the data to remove varia- 
bility from frequency bands unrelated to fluctuations 
of interest. In KW, it was found that the observed win- 
tertime wave activity associated with tropical convec- 

tion over the eastern Pacific was most pronounced in 
the 6-14 day band pass filtered data. The six day cutoff 
was utilized to filter out synoptic scale baroclinic tran- 
sient fluctuations, which were shown to add considera- 
ble noise to the cross correlation results. The 14 day 
cutoff was based on frequency spectra of outgoing 
longwave radiation (OLR) and 200 mb relative vortici- 
ty, which showed a tendency for spectral peaks in the 8 
to 12 day range over the tropical eastern Pacific. 

In both models, the power spectra of relative vortic- 
ity (not shown) are less red than in observations of the 
equatorial east Pacific. However, there is in general 
more power at 8 to 10 days in the model vorticity than 
other frequencies when compared to a red noise spec- 
trum determined from the lag one autocorrelation. 
Later it is shown that Rossby wave activity is readily 
detected in the 6-14 day band in the GCMs, so we re- 
tain this band for model cross-correlations as well. As 
in observations, cross-correlations which include high- 
er frequencies (e.g., 2-14 day filtered data) yield simi- 
lar but noisier results than those using 6-14 day data. 

Other diagnostics such as the zonal momentum bud- 
get and the two dimensional E vector 
(v'~-u'~, - u ' v ' )  of Hoskins et al. (1983) have been 
calculated for both the models and the observations 
over the Pacific sector. In order to simplify the E vec- 
tor calculations, perturbations were low and high pass 
instead of band pass filtered with a 14 day cutoff. A 
Lanczos digital filter was used for this purpose (Du- 
chon 1979). Second moment quantities were obtained 
by first filtering the data and then calculating the prod- 
ucts, as has been done in numerous other studies (e.g., 
Hoskins et al. 1983). 

Results 

Cross-correlations 

It was found that the wave activity of interest could be 
readily identified through the cross-correlation of vor- 
ticity at a base point in the tropical eastern Pacific and 
the wind at all other points on the globe. Following the 
technique used in KW, filtered 6-14 day relative vor- 
ticity at 200 mb at a base point was regressed separate- 
ly against the identically filtered u and v components at 
all other grid points in both the observations and the 
models. These regressions were used to reconstruct the 
global wind anomaly pattern associated with an arbi- 
trary anomaly in 6-14 day relative vorticity at the base 
point. The correlation coefficient between the base 
vorticity and the wind components also gives a meas- 
ure of the strength of the linear relationship at each 
grid point. Lagged correlations and regressions were 
also calculated for several days before and after the 
contemporaneous cross-correlation (see KW for a 
more detailed discussion of this technique). 

The best results in the NMC data were obtained 
with relative vorticity at about 10°N in the 160 ° W- 
120°W longitude range, in the region of strongest 
equatorial westerlies at upper levels. Figure 1 shows 
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Fig. la-c. Observed NMC 200 mb streamfunction and localiy sig- 
nificant wind perturbations in the 6-14 day band associated with 
a vorticity anomaly of 12.3 x 10 -6 s -1 ( + 1 standard deviation) at 
10 ° N, 160 ° W, during December-February 1979-90. The contour 
interval is 4 x 105 m2s-1 with negative contours dashed and the 
zero contour omitted. The largest wind vectors are about 
5 m s -1. a Two days prior to the maximum vorticity anomaly at 
the base point (day-2); b simultaneous relationship (day 0); 
c day+2 

the results for relative vorticity at 10 ° N, 130 ° W during 
December -Februa ry  1979-90• Regressed u and v ano- 
malies are computed for a + l  standard deviation in 
vorticity at the base point (12.3 x 1 0 - 6 s - 1 ) .  The asso- 
ciated streamfunction per turbat ion along with the sta- 
tistically significant wind vector anomalies are plotted 
for the lag 0 correlation in Fig. lb.  Statistical signifi- 
cance is calculated locally using a standard t-test, with 
a perturbat ion wind vector plotted if either the u or v 
component  is significantly correlated with vorticity at 
the base point. In order  to provide a smooth picture of 
the circulation, the streamfunction anomaly is plotted 
everywhere regardless of its statistical significance• 

The contemporaneous  (day 0) cross-correlation 
shows that a positive vorticity per turbat ion just north 
of the equator  in the eastern Pacific is associated with a 
wave train to its northwest. These waves are positively 
tilted, and thus are directing wave energy equatorward 
and transporting westerly momentum poleward. The 
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highest amplitude features, along with most of the sta- 
tistically significant vectors are located in the region of 
the base point, which is to be expected with data that is 
so strongly spatially autocorrelated. 

Figure l a  and lc  shows the results of lagged cross- 
correlations between circulation two days prior to 
( d a y - 2 )  and two days following ( d a y + 2 )  the maxi- 
mum vorticity anomaly at the basepoint. By tracking 
the vorticity centers through the period one can see 
that the individual waves are indeed propagating equa- 
torward from the region of the Asian jet near Japan• It 
is likewise apparent  that wave energy is dispersing 
equatorward,  since circulation centers strengthen suc- 
cessively downstream at the expense of those up- 
stream, so that the group speed exceeds the phase 
speed of the waves. Also evident is that the wave ener- 
gy disperses across the equator  into the Southern 
Hemisphere,  with the development  of a circulation 
centered at 10 ° S, 100 ° W. 

The question of the statistical significance of the 
spatial patterns of filtered data, called field significance 
(e.g., Livezey and Chen 1983), is discussed in more  de- 
tail in KW. Here  we simply point out that the cross- 
correlation results are very robust, both to changes in 
the location of the base point (the entire pat tern shifts 
westward or eastward with a corresponding shift in the 
base point) and to a choice of independent  periods 
used to construct the regressed perturbations (two in- 
dependent  samples yield nearly identical results)• 

Figure 2 shows the results of an identical calculation 
for relative vorticity at 10 ° N, 170 ° E in the R30 GCM. 
Results are similar for the R15 GCM and will not be 
shown• In these calculations, unlike in the NMC data, 
two separate wave trains are evident• One wave train 
propagates directly eastward from the Asian jet exit re- 
gion toward North America. The other  wave train 
propagates equatorward and disperses downstream to 
cross the equator  into the Southern Hemisphere• The 
individual disturbances that comprise both wave trains 
are positively tilted, and the horizontal movement  of 
the largest amplitude streamfunction centers in both 
wave trains indicates a southeastward component  of 
the group velocity. 

In addition, the equatorial circulations between 
120 ° W-80° W in Fig. 2 have characteristics of mixed 
Rossby-gravity waves. Longer  time sequences of these 
maps show that these waves move westward along the 
equator  and have an eastward group velocity. Little 
evidence for these waves was found in the NMC data, 
yet the presence of equatorially t rapped Rossby-gravi- 
ty waves is evident in the observational study of Lieb- 
mann and Hendon  (1990) and Hendon  and Liebmann 
(1991), with these disturbances being located farther 
west and most pronounced during boreal fall. Like- 
wise, Randel  (1992) found Rossby-gravity wave activi- 
ty in E C M W F  data of the upper t roposphere over the 
eastern equatorial  Pacific. Again these waves were 
most pronounced in the late summer-early fall, and ap- 
peared to be generated by extratropical forcing. The 
same process was also observed in a shallow water 
model  by Zhang and Webster  (1992)• Since these 
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waves are not evident in the NMC data for Decem b er -  
February,  they will not be discussed further. 

The zonal phase speed of the transient eddies in the 
eastern tropical Pacific is calculated from the lagged 
cross-correlations in Figs. 1 and 2. This calculation is 
performed by determining how far the centers of the 
high and low streamfunction move in the zonal direc- 
tion between successive lags. It was found that the zon- 
al phase speed is approximately 3 ms-a  in the NMC 
data and about 2 ms-1  in the R30 GCM. The critical 
lines for these transient eddies, i.e., where the climato- 
logical zonal wind equals the phase speed of the tran- 
sient eddies, should be quite close to the zero zonal 
wind line in Fig. 4a,b since the phase speed of the ed- 
dies is itself nearly zero. We can clearly see from Figs. 
1 and 2 that the transient eddies are bounded by their 
critical lines in both the observational data and the 
GCM, as there is little wave activity in the region of 
negative zonal wind. This is consistent with the obser- 
vational study of Randel  and Held (1991), who used 
zonally average ECMWF data to show that synoptic- 
scale transient eddies in the extratropics are also 
bounded by their critical lines. 

While the waves in the models are not as coherent  
or as statistically significant as those in the observa- 
tions, particularly following the peak in vorticity 
(day+2) ,  they have similar amplitude. For example, 
the 6-14 day filtered standard deviation of relative vor- 
ticity is 11.1 x 10 -6 s -1 and 12.0 x 10 -6 s -1 for the 
R30 and R15 models, respectively, in those regions 
where the waves have maximum amplitude in the mod- 
els (near the dateline). However,  a notable difference 
is that the model  waves are best developed in a nar- 
rower region (170 ° E-140 ° W), farther to the west than 
in observations where the waves peak in the region 
170 ° W-110 ° W. Outside of this region the waves are 
present, but  have significantly lower amplitude. 

In KW, the waves were initially isolated through 
cross correlations between O L R  and 200 mb circula- 
tion, such that the waves appeared to trigger convec- 
tion in the ITCZ. Cross-correlations between precipi- 
tation and 200 mb circulation in both models revealed 
no discernible relationship. This is perhaps related to 
deficiencies in the convective parameterization,  as well 
as the resolution of the models, which is not high 
enough to accurately simulate such a narrow conver- 
gence zone as is found during the northern winter in 
the eastern Pacific. 

M o m e n t u m  budge t  

The positively tilted waves identified in the previous 
section transport  westerly momentum poleward out of 
the tropics, and should thus serve to weaken the west- 
erly flow at low latitudes. In order  to assess whether  
the eddies play an important  role in the climatology of 
the eastern tropical Pacific during winter, the zonal 
momentum budget is examined. The observational 
budget is obtained from five years of January NMC 
data f rom 1987-91. The calculations for the R30 and 
R15 models utilize ten years of model January data. 

For this analysis, the zonal wind tendency equation 
is written in the following form: 

o a  o a  o a  0(u'u') (1) - 

Ot Ox Oy Ox Oy 

A B 

where the overbar  denotes the time mean and the 
prime a deviation from the time mean. In (1), u and v 
denote  the zonal and meridional winds, respectively, 
Vag is the ageostrophic meridional wind, f the Coriolis 
parameter ,  and R a residual. Note that we do not expli- 
citly calculate the vertical advection of the zonal wind, 
so it is included in the residual. In the NMC data over 
the eastern tropical Pacific, R is between five and ten 
times smaller than every other term in (1). Therefore,  
this approximate form of the budget equation is suffi- 
cient for determining whether  transient eddies strongly 
contribute to the momentum budget of the zonal wind 
in the region of interest. 

The ageostrophic Coriolis acceleration (term A) 
and the total (unfiltered) transient eddy momentum 
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Fig. 3a-d .  Trans ient  eddy m o m e n t u m  flux convergence  (Term B 
in equa t ion  1) for a 200 mb  January  1987-91 N M C  data and e 10 
years of  205 mb  January  R15 data. Ageos t roph ic  accelerat ion 
t e rm (fvag) for b 200 mb  January  1987-91 N M C  data; d 10 years  
of  2 0 5 m b  January  R15 data. The  contour  interval  is 
2 x 1 0 - s  m s - 2  in a and b and 1 x 10 s ms 2 in e and d. Negat ive  
contours  are dashed, and the  zero  con tour  has b e e n  omi t ted  

flux convergence (the two terms that comprise B) are 
shown in Fig. 3a, b for the NMC data. It can be seen 
that throughout most of the eastern tropical Pacific the 
eddy momentum flux convergence is opposite in sign 
and has a magnitude about two thirds that of the 
ageostrophic Coriolis acceleration. Therefore, the tran- 
sient eddies oppose the tendency for the Coriolis tor- 
que to accelerate the zonal wind in this region. Such 
behavior resembles that observed for the zonally-aver- 
aged flow (see Palmen and Newton 1969, pp 19-20) 
and in idealized barotropic models (Held and Phillips 
1987, 1990). 

Similar calculations were performed for 6-14 day 
band pass data, as well as low and high pass transients 
with a 14 day cutoff (not shown). The filtered budgets 
were calculated by replacing the total u '  and v' in Eq. 
(1) by their filtered perturbations. These results show 
that the 6-14 day transient fluxes have a similar pattern 

to the high pass and total transients and contribute to a 
substantial fraction (approaching 50%) of the momen- 
tum budget in the subtropical Pacific. In contrast, bud- 
get terms involving the interaction between low, band, 
and high pass eddies were found to be negligible in the 
subtropics, Thus, the 6-14 day transients identified in 
the previous section are crucial to the maintenance of 
the upper level zonal wind budget in the tropical east- 
ern Pacific. 

Since the results from the R15 and R30 models were 
found to be similar, only those from the R15 model are 
presented. As with the NMC data, for both models, the 
residual term was also found to be much smaller than 
the remaining terms in (1). Band pass and high pass 
fluctuations were again found to contribute a large 
fraction of the transient forcing in these budgets, with 
interactions between these and low pass eddies negligi- 
ble. The ageostrophic Coriolis acceleration and the to- 
tal transient eddy momentum flux convergence are 
shown for the R15 model in Fig. 3c, d. There are 
marked similarities between the R15 GCM and the 
NCM data both in horizontal structure and in sign, al- 
though the magnitude of both of the model terms is 
only about one half that in the NMC data, and the con- 
tour intervals have been adjusted accordingly. Thus, in 
the GCM, the transient eddies also play an important 
role in the zonal wind climatology of the eastern tropi- 
cal Pacific. Differences between the model and obser- 
vations will be discussed in more detail next. 

E vec tors  

Figure 4 shows the two dimensional E vector fields for 
January at 200 mb for transient fluctuations less than 
14 days in the observations and models. The E vector 
gives information on the anisotropy and group velocity 
of the transients, and its divergence is related to the 
forcing of the mean flow by the transients. Since we are 
interested in the occurrence of positively tilted waves 
propagating into the tropics, we search for regions with 
southeastward or southwestward pointing vectors at 
low latitudes. This would signify anisotropic transient 
eddies (a substantially positive or negative x compo- 
nent, v'~-u'~), with northward directed momentum 
fluxes and thus southward energy dispersion (a nega- 
tive y component, -u'v"). In observations (Fig. 4a) 
an extensive region of such vectors exists from the 
Asian jet exit region into the tropical eastern Pacific 
(see also Wallace and Lau 1985 and Hoskins et al. 
1983). These E vectors are for the most part pointing 
southeastward, indicative of the type of eddy activity 
described in the previous section. There is convergence 
of the vectors in the vicinity of the ITCZ at about 
10 ° N, which is strongest from 160 ° W to about 130 ° W, 
or precisely in the region of maximum cross correlation 
of the vorticity with the wind field in the NMC data. 

As shown in Hoskins et al. (1983), the convergence 
of the E vectors implies that the eddies are decelerat- 
ing the local zonal wind. Thus, the picture that emerges 
is that the transient activity acts as a brake on the mean 
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low latitude westerly flow over the tropical Pacific. 
This is consistent with the results of the previous sub- 
section, as term B in (1) can be rewritten as 
V. E -  0 (v~?')/Ox, where V. E denotes the divergence 
of the E vector. As is seen in Fig. 4a, the E vectors do 
converge in the region where term B is most negative. 
In addition, a second set of E vectors is seen pointing 

toward North America. These vectors are at a latitude 
slightly poleward of the Asian jet and have a small 
southward component.  Thus, observations show two 
regions of wave activity propagation; one eastward to- 
ward North America and the other southeastward into 
the tropical eastern Pacific. 

The E vectors from high frequency transients in the 
GCMs (Fig. 4b,c) are generally lower in amplitude 
than those in the observations, and their magnitudes 
have been rescaled for comparison. These vectors also 
point toward both North America and the tropical 
eastern Pacific. However,  unlike Fig. 4a, the dominant 
E vectors are those that remain poleward of the Asian 
jet, implying that the amount  of eddy energy that 
reaches the tropical eastern Pacific in the GCM is less 
than that seen in observations. Notwithstanding this, 
several of the model 's propagation characteristics are 
rather  realistic in this region. In the R30 model, there 
is a broad region of southeastward pointing vectors 
from the southern flank of the Asian jet exit region 
into the tropics f rom about 160 ° E to 160 ° W. As the jet  
in the R30 model  is shifted westward relative to that in 
observations, the eddy energy that reaches the tropics 
is also too far west. On the other  hand, the R15 model  
has a bet ter  geographic positioning of both its Asian 
jet and tropical westerlies when compared with the ob- 
servations. Also, its E vectors are more equatorward 
and have a larger amplitude than those in the R30 
model, but these vectors are less coherent  and noisier, 
suggesting erroneous transient-mean flow interaction 
over the Pacific sector. Nevertheless, on the positive 
side, the models are obviously capable of producing 
the type of transient tropical-extratropical interaction 
seen in observations, which appears to be highly de- 
pendent  on zonal asymmetries in the base state, even 
at the relatively low resolution of R15. 

Discussion and conclusions 

Since the models and the observations exhibit differ- 
ences in their t ime mean background flow, we expect 
to see differences in their transient eddy propagation 
characteristics. In the observations, the latitude of the 
maximum zonal wind is near 30°N at most longitudes 
throughout  the Pacific Ocean. On the other hand, in 
the central and eastern Pacific Ocean of both GCMs, 
the latitude of the jet  maxima has shifted northward to 
close to 45 ° N. Through the use of a local application of 
the quasi-geostrophic refractive index (see Palmer 
1982 and Randel  and Stanford 1985), we can try to re- 
late this northward shift of the jet to the differences in 
the wave propagation characteristics between the 
GCMs and observations. 

In analogy to geometric optics, wave activity propa- 
gates in the direction of largest refractive index (see 
Andrews et al. 1987, pp 183-188), which is proport ion- 
al to the potential  vorticity gradient oQ/oy. Thus, wave 
activity should propagate toward a large oQ/Oy, and in 
particular, near  the latitude of the jet  maxima where 



Kiladis and Feldstein: Rossby wave propagation into the tropics in two GFDL general circulation models 251 

OQ/Oy is near  its largest value. Since the jets in both  
models  have an er roneous  nor theas tward orientation, 
one might expect  a preference  for poleward propaga-  
tion in the models,  and equatorward  propaga t ion  in 
observations.  Accordingly, the majori ty of the wave 
energy that is genera ted in the Asian jet propagates  
poleward and eastward and does not reach the tropics. 
Fur thermore ,  a reduction in the ampli tude of the 
waves that  reach the tropics implies a weakening of the 
eddy driven zonal wind deceleration. This is shown 
particularly well in Fig. 4b where  both the divergence 
of the E vector  is smaller than in observat ions and the 
tropical westerlies in the eastern Pacific are stronger 
than in observations.  

In addition to this relationship be tween the latitude 
of the Asian jet  and the smaller decelerat ion of the 
subtropical westerly winds by the transient eddies, the 
weakness of the Asian jet is another  factor that may  
contr ibute to the strengthening of the tropical wester- 
lies. This is because the amount  of wave energy that is 
genera ted via baroclinic energy conversions in the vi- 
cinity of the jet should be less than that  which is typi- 
cally observed in the a tmosphere .  As a result, less 
wave energy can p ropaga te  f rom the midlati tudes to 
the tropics and decelerate  the zonal wind. Such behav-  
ior is consistent with that  found by Feldstein and Held  
(1989) who showed with an idealized quasi-geostrophic 
model  that  an increase in the strength of the midlati- 
tude jet results in a greater  decelerat ion of the subtro- 
pical zonal winds by the eddies originating in midlati- 
tudes. 

As discussed earlier, the Rossby wave activity in the 
two GCMs  is confined to a nar rower  longitudinal re- 
gion with respect  to observations.  Al though no expla- 
nation is offered for this difference, one must  certainly 
suspect that the differences be tween the tropical t ime- 
mean  background flow in the model  and in observa-  
tions accounts for the reduced zonal extent of the ed- 
dies in the model.  

The  results of this study suggest that  a more  realistic 
representa t ion of low latitude Rossby waves and tropi- 
cal-extratropical  interaction will result in improved  
model  climatologies. Since much of the Rossby wave 
energy in the a tmosphere  is genera ted in midlati tudes 
and is dissipated in the tropics, an improved tropical 
climatology requires a be t ter  midlati tude climatology. 
Fur thermore ,  an inspection of the climatological tropi- 
cal zonal  winds in the R15 model  (see Fig. 4c) shows 
that  they more  closely resemble  the observat ional  
mean  zonal  winds in the tropics than does the R30 
model.  However ,  the propaga t ion  of the high frequen- 
cy transient eddies in the R15 model,  as represented  by 
E vectors, shows too high an ampli tude in the Asian jet 
and too much noise in the subtropics (compare  Fig. 4a 
and c). This indicates that the R15 model  is getting the 
right low lati tude climatology for the wrong reason, 
since the transients have been improper ly  modeled.  

This study has highlighted some of the strengths and 
weaknesses of two particular GCMs  in modeling the 
propagat ion  of midlat i tude disturbances into the trop- 
ics. In particular, the results of this study emphasize  

that  accurate modeling of these disturbances is ex- 
pected to improve  the climatology of the model  trop- 
ics. It  is hoped  that  the next generat ion GCMs  with 
higher vertical and horizontal  resolution and new pa- 
rameter izat ions will show improvements  in these ar- 
eas. 
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