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Abstract. The ability of 15 atmospheric general circula- 
tion models (AGCM) to simulate the tropical intrasea- 
sonal oscillation has been studied as part of the Atmos- 
pheric Model  Intercomparison Project (AMIP).  Time 
series of the daily upper  tropospheric velocity poential 
and zonal wind, averaged over the equatorial belt, 
were provided from each A G C M  simulation. These 
data were analyzed using a variety of techniques such 
as time filtering and space-time spectral analysis to 
identify eastward and westward moving waves. The re- 
suits have been compared with an identical assessment 
of the European  Centre for Medium-range Weather  
Forecasts (ECMWF) analyses for the period 1982- 
1991. The models display a wide range of skill in simu- 
lating the intraseasonal oscillation. Most models show 
evidence of an eastward propagating anomaly in the 
velocity potential  field, although in some models there 
is a greater tendency for a standing oscillation, and in 
one or two the field is rather chaotic with no preferred 
direction of propagation. Where  a model has a clear 
eastward propagating signal, typical periodicities seem 
quite reasonable although there is a tendency for the 
models to simulate shorter periods than in the 
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ECMW F  analyses, where it is near 50 days. The results 
of the space-time spectral analysis have shown that no 
model  has captured the dominance of the intraseasonal 
oscillation found in the analyses. Several models have 
peaks at intraseasonal time scales, but nearly all have 
relatively more power at higher frequencies ( < 3 0  
days) than the analyses. Most models underest imate 
the strength of the intraseasonal variability. The ob- 
served intraseasonal oscillation shows a marked sea- 
sonality in its occurrence with greatest activity during 
northern winter and spring. Most models failed to cap- 
ture this seasonality. The interannual variability in the 
activity of the intraseasonal oscillation has also been 
assessed, although the AMIP decade is too short to 
provide any conclusive results. There  is a suggestion 
that the observed oscillation was suppressed during the 
strong E1 Nifio of 1982/83, and this relationship has 
also been reproduced by some models. The relation- 
ship between a model 's  intraseasonal activity, its sea- 
sonal cycle and characteristics of its basic climate has 
been examined. It is clear that those models with weak 
intraseasonal activity tend also to have a weak seasonal 
cycle. It is becoming increasingly evident that an accu- 
rate description of the basic climate may be a prerequi- 
site for producing a realistic intraseasonal oscillation. 
In particular, models with the most realistic intrasea- 



326 Slingo et al.: Intraseasonal oscillation in 15 atmospheric general circulation models 

sonal oscillations appear to have precipitation distribu- 
tions which are better correlated with warm sea surface 
temperatures. These models predominantly employ 
convective parameterizations which are closed on 
buoyancy rather than moisture convergence. 

1 Introduction 

The Atmospheric Model Intercomparison Project 
(AMIP) is a coordinated international effort to study 
simulations of the 1979-88 decade by all available cur- 
rent atmospheric general circulation models (Gates 
1992). All the simulations employed the same sea sur- 
face temperatures, sea ice, solar constant and CO2 con- 
centration, thus enabling intercomparison of models 
that have been integrated under standardized condi- 
tions. As part of AMIP, a number of diagnostic sub- 
projects have been proposed to study specific phenom- 
ena in some depth (Gates 1992). This study describes 
the first results from the subproject entitled 'Variabili- 
ty in the Tropics: Synoptic to Intraseasonal Time- 
scales'. Periodicities implied by synoptic to intrasea- 
sonal time scales cover anything from 2 days up to as 
long as 80 days. Typically, periodicities between 2 and 
10 days are associated with synoptic, westward moving 
phenomena, such as easterly waves. Lower frequencies 
tend to be dominated by periodicities between 30 and 
60 days. Such phenomena are characterized by east- 
ward propagation and have been variously named, but 
will be referred to here as the intraseasonal oscilla- 
tion. 

There are a number of reasons why this subproject 
should cover both the synoptic and intraseasonal time 
scales. Since most periodicities in the tropics are con- 
vectively driven, a separation of the two frequencies 
would be purely artificial. Indeed, recent satellite ob- 
servations and modelling studies (Lau et al. 1989; Lau 
et al. 1991) have suggested that the two phenomena 
may be closely related. In practical terms, the same 
data will be needed for both time scales. In addition, 
the intraseasonal oscillation and the E1 Nifio/Southern 
Oscillation (ENSO) both show similar evolutionary 
characteristics with an eastwards propagation of con- 
vective anomalies and a corresponding response by the 
large scale circulation, as discussed in Section 4. This 
has led to the suggestion that a link with these longer 
time scales may exist also (e.g., Lau and Chart 1988), 
even though the two phenomena have very different 
periodicities. 

A pilot study of the tropical variability in a high re- 
solution version of the ECMWF model has already 
shown that a GCM may have considerable skill in sim- 
ulating the observed distribution and periodicities of 
tropical disturbances (Slingo et al. 1992). However, this 
result may be dependent on the convective parameter- 
ization. A similar study with the UK Universities Glo- 
bal Atmospheric Modelling Programme (UGAMP) 
GCM, integrated at lower horizontal resolution, typical 
of that used in AMIP, has shown that the representa- 

tion of organized tropical convection at synoptic to in- 
traseasonal time scales was extremely sensitive to the 
convective parameterization (Slingo et al. 1994). 

The aim of this subproject is to increase our under- 
standing of the possible processes involved in the de- 
velopment, propagation and dissipation of synoptic 
waves and of the intraseasonal oscillation. This might 
be achieved by the intercomparison of these phenom- 
ena in a large number of models with diverse resolu- 
tions and physical parameterizations. A similar study 
by Park et al. (1990) of the intraseasonal oscillation in 
three models suggests that the insight such an inter- 
comparison might provide could be considerable. 
Listed below are the primary questions which this sub- 
project aims to address: 
1. How well do current GCMs represent synoptic to 

intraseasonal variability in the tropics? 
2. Can the behavior of the intraseasonal oscillation be 

related to the incidence of synoptic variability, and/ 
or vice versa? 

3. Can we identify characteristics of the convective pa- 
rameterization, such as the vertical profile of the 
heating, the closure (e.g., moisture convergence), 
which might influence the existence of synoptic and 
intraseasonal variability? 

4. What seasonal and interannual variability can we 
identify? How does it compare with reality? Can we 
learn something about the controlling factors from 
such a comparison? 

5. How does the intraseasonal oscillation depend on 
aspects of a model's basic climate? 
The initial research for this subproject has concen- 

trated on a basic assessment of the performance of the 
participating models with respect to their representa- 
tion of the intraseasonal oscillation. In simple terms, 
the intraseasonal oscillation can be described as a near- 
global scale, quasi-periodic, eastward moving distur- 
bance in the surface pressure, tropospheric tempera- 
ture and zonal winds over the equatorial belt. It was 
first identified by Madden and Julian (1972) in a study 
of upper-air data, and has since been widely observed 
both in satellite and ground based measurements. The 
substantial modulation of tropical convection by the 
intraseasonal oscillation is readily apparent in satellite 
data (e.g., Lau and Chan 1985; Murakami et al. 1986). 
The availability of numerical weather prediction 
(NWP) analyses has meant that the basic planetary 
scale structures associated with the various phases of 
the oscillation are now well documented (e.g., Knutson 
and Weickmann 1987; Rui and Wang 1990). Since the 
oscillation has such a large effect on the diabatic heat- 
ing over the Indian and West Pacific Oceans, it is not 
surprising that it also manifests itself in the extratropics 
(e.g., Ferranti et al. 1990). An intriguing aspect of the 
oscillation is its sporadic appearance, which shows con- 
siderable interannual variability, and for which no rea- 
sonable explanation yet exists. The influence of E1 
Nifio, for example, on the oscillation's structure, prop- 
agation and frequency of occurrence is not known. The 
AMIP decade covers two E1 Nifio events (Fig. 1) and 
their possible influence on the observed and simulated 
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Fig. 1. Time-longitude diagram 
of the AMIP monthly mean sea 
surface temperature anomalies 
for the equatorial oceans, aver- 
aged between 10°N and 10°S. 
The contour interval is 0.5 K. 
Positive values are shaded and 
negative contours are dashed 

intraseasonal oscillations will be considered in this 
study. 

Despite the very important role that the intrasea- 
sonal oscillation plays in the tropical climate, its repre- 
sentation by GCMs has been problematic (e.g., Park et 
al. 1990). Although previous studies have shown that 
several models are capable of generating variability 
which possesses many of the characteristics of the ob- 
served oscillation (e.g., Slingo and Madden 1991; 
Hayashi and Golder 1993), there have remained some 
substantial deficiencies. In particular, the periodicity of 
the simulated oscillation tends to be too short, nearer 
25-30 days than 40-50 days. The purpose of this study 
is to assess the current skill of GCMs in representing 
the intraseasonal oscillation and to identify possible 
factors that might offer scope for improvement in the 
future. 

Since the acquisition and quality control of the com- 
plete AMIP history data is a lengthy process, those 
groups who had expressed interest in participating in 
the subproject were approached directly and asked to 
supply the following two fields: 

Time series of daily 200 hPa velocity potential (X), 
averaged between 10°N and 10°S. 
Time series of daily 200 hPa zonal wind (u), 
averaged between 10°N and 10°S. 

From these data a preliminary assessment of the si- 
mulated intraseasonal oscillation by each model was 
made. This paper will describe the results of this aspect 
of the subproject. More detailed analysis, possibly re- 
stricted to fewer models, will be the focus of subse- 

quent research since a complete study of intraseasonal 
activity and any investigation of synoptic variability 
will require the full history of specific fields (e.g., 
winds, OLR). 

Section 2 provides information on the participating 
models and the data used for validation, and Section 3, 
the basic methodology used to analyze the time series. 
Section 4 gives the background for the subequent anal- 
ysis; the results from each model, including aspects of 
their basic climatology, are presented in Section 5. Sec- 
tion 6 summarizes and discusses the results, and briefly 
presents plans for future work, including assessment of 
the synoptic variability. 

2 Models  and validation 

The response by the participating modelling groups to 
the request for the time/longitude data described was 
very encouraging and 15 groups were able to send the 
necessary data. Table 1 shows the models and their 
acronyms whose results will be presented in this study. 
Note that CCC were only able to supply data at 300 
hPa. Since the amplitude of the intraseasonal oscilla- 
tion is observed to be greatest near 150 hPa (Slingo 
and Madden 1991; their Fig. 11), then the amplitude in 
the CCC results is likely to be less than the other mod- 
els whose results were diagnosed at 200 hPa. 

Two realizations were analyzed with the ECMWF 
model, based on different initial conditions but other- 
wise integrated with the same code. Included in Table 
1 are some of the basic characteristics of the participat- 
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Table 1. List of models that participated in this study 

Model Resolution Deep/shallow convection Comments relevant 
to subproject 

Bureau of Meteorology Research R31L9 Kuo/Tiedtke 
Centre (BMRC) 
Canadian Climate Centre (CCC) T32L10 

Centre National de Recherches 
M6t6orologiques (CNRM) 
Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) 
Colorado State University (CSU) 
European Centre for Medium-range Weather 
Forecasts (ECMWF) 
Goddard Laboratory for Atmospheres (GLA) 
Goddard Space Flight Center (GSFC) 
Laboratoire de M6tdorologie Dynamique (LMD) 

Meteorological Research Institute (MRI) 
National Center for Atmospheric Research 
(NCAR) 
National Meteorological Center (NMC) 
Recherche en Pr6vision Num6rique (RPN) 
UK Universities Global Atmospheric Modelling 
Programme (UGAMP) 
United Kingdom Meteorological Office (UKMO) 

Moist convective adjustment 
(MCA) 

T42L30 Bougeault (moisture conver- 
gence closure)/Oeleyn 

R21L9 Moist convective adjustment 
(MCA)/Oeleyn 

4 o x 5 °, L17 Arakawa-Schubert + MCA 
T42L19 Mass flux (Tiedtke; moisture 2 realizations 

convergence closure) 
Arakawa-Schubert 
Relaxed Arakawa-Schubert 
Kuo + MCA 

4°x5 °, L17 
4°x5 °, L20 
50 sinlat x 64 lon, 
Lll  
4°x5 °, L15 
T42L18 

Arakawa-Schubert 
Mass flux (Hack) 

T40L18 Kuo/Tiedtke 
T63L23 Kuo 
T42L19 Betts/Miller time lagged 

convective adjustment 
2.5 o x3.75 °, L17 Mass flux (Gregory) 

300 hPa data only, 
truncated at wave # 10 
'Emeraude' version 

Data truncated to T32 

ing models. Fuller details on the formulation of each 
model are available in Phillips (1994). In assessing the 
preliminary results, the basic climatology of each mod- 
el has also been considered by making use of the 
AMIP standard output  which has been prepared and 
quality controlled at the Program for Climate Model  
Diagnosis and Intercomparison (PCMDI).  

Verification is an essential part of this subproject. 
Various datasets are being acquired, such as NWP ana- 
lyses and satellite observations of outgoing longwave 
radiation (OLR).  It is anticipated that the reanalysis 
projects in progress at ECMWF and the National Me- 
teorological Center  (NMC) will be invaluable. In this 
report,  data from the Joint Diagnostics Project (JDP; 
Hoskins et al. 1989) have been used to provide similar 
diagnostics to those obtained from the models. The 
JDP represents an extensive programme of research 
carried out at the Depar tment  of Meteorology,  Read- 
ing University, as part of U G A M P ,  to investigate many 
aspects of the atmospheric global circulation using 
ECM WF analyses. As part  of the JDP, time series of 
daily velocity potential  and zonal wind at 150 hPa, av- 
eraged between 10°N and 10°S, have been compiled by 
Matthews (1994) from E C M W F  analyses for the years 
1982-1990. These data were archived on a 5 ° grid and 
have been processed in the same way as the model  re- 
sults. The choice of level for the JDP was made prior 
to the design of the subproject, and the use of 150 hPa 
probably means that the amplitude of the oscillation in 
the JDP may be slightly larger than at 200 hPa. Howev- 
er, 200 hPa was chosen for the models as being more 
representative of outflow levels for cumulus convec- 
tion for a range of convective parameterizations. 

3 Methodology 

The intraseasonal oscillation (IO) in the models and 
JDP data has been identified using the upper  tropos- 
pheric velocity potential  (X), since the oscillation is 
seen most readily in this field, due to its planetary scale 
structure. The dynamical characteristics of the IO are 
elucidated further through evaluation of the upper tro- 
pospheric zonal wind (u), given the current paradigm 
that the IO consists of a Kelvin wave, modified by 
forced Rossby waves (e.g., Knutson and Weickmann 
1987; Rui and Wang 1990; Hendon  and Salby 1994). 
Since the seasonal cycle dominates the fields, the data 
for X and u have been seasonally detrended. This was 
achieved by creating the 10-year mean for each day of 
the annual cycle and then computing the annual mean 
and first two harmonics from this time series. This 
mean and first two harmonics were then removed from 
the complete time series. 

Each model  has differing degrees of high frequency 
variability and intraseasonal time scales are not always 
readily apparent  from the complete time series. For 
this reason various time filters have been applied to 
the data for differing purpose, to isolate intraseasonal, 
seasonal and interannual variability. For  intraseasonal 
time scales, a 20-100 day bandpass filter is used; for 
seasonal and interannual time scales, a low pass filter 
with a 100 days cutoff is applied. Both are 100 point 
Lanczos filters; Fig. 2 shows the response curves for 
both filters. 

A variety of spectral analysis techniques have been 
applied to the data to identify the dominant  intrasea- 
sonal periodicities. Following Slingo and Madden 
(1991), the spectrum of the mean (SOM) has been 
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Fig. 2. Response curves of the low pass (> 100 days) and band 
pass (20-100 days) filters used in this study 

computed for area averages covering 45 ° in longitude. 
These SOMs have been found to be appropriate for 
identifying intraseasonal periodicities which have a 
planetary scale structure. The red noise spectrum was 
also calculated to give some idea of significant spectral 
peaks. Also following Slingo and Madden (1991), the 
dominant temporal and spatial scales of the distur- 
bances have been determined through calculations of 
the cross-spectra and phase between pairs of time se- 
ries from all possible combinations of longitude sepa- 
rations. Since the intraseasonal oscillation is observed 
to be an eastward moving phenomenon, space-time 
spectra have also been computed, following Hayashi 
(1982), in which the periodicities associated with east- 
ward and westward travelling waves are identified sep- 
arately. In this study only the results from the space- 
time spectral analysis will be shown, but these are en- 
tirely consistent with the results from the other spectral 
techniques applied to the data. 

4 Background 

To put the following discussion in context, and to sup- 
port the approach used in the analysis of the model re- 
sults, a rdsum6 of the basic seasonal climate and the 
characteristics of the intraseasonal oscillation, as they 
might relate to that climate, will be given. Figure 3 
shows the climatological upper tropospheric zonal 
wind for December, January, February (DJF) and 
June, July, August (JJA), based on ECMWF analyses. 
In the tropics, the zonal flow is predominantly easterly, 
but with some important seasonal variations, such as 
the stronger summer monsoon easterlies in the eastern 
hemisphere and the winter westerlies of the Pacific and 
Atlantic wave guides in the western hemisphere. These 
seasonal changes are sufficiently large that the zonal 
mean of the zonal wind for the equatorial belt (10°N - 
10°S) varies from mean westerlies in DJF to mean 

easterlies in JJA, thus contributing to the seasonal cy- 
cle observed in the total angular momentum and 
length of day (Rosen and Salstein 1983). A study of the 
intraseasonal, seasonal and interannual variation in the 
total angular momentum, as simulated by the partici- 
pating models, is the topic of another AMIP diagnostic 
subproject (Gates 1992). 

Also shown in Fig. 3 are the large scale divergent 
and rotational components of the upper tropospheric 
flow, as expressed by the velocity potential and the 
eddy streamfunction at 200 hPa. During the transition 
from DJF to JJA the main area of divergence moves 
off the equator with strong implied divergent (cross- 
gradient) flow westwards and southwards. The main 
implied polewards branch of the Hadley circulation 
moves from the Northern to the Southern Hemisphere. 
As shown from idealized model studies of the response 
of the rotational flow to equatorial heating (e.g., Sar- 
deshmukh and Hoskins 1988), the eddy streamfunction 
shows the twin anticyclones near or to the west of the 
main centers of planetary scale divergent (i.e., heating) 
in the velocity potential. In DJF a strong pattern of 
Rossby waves is seen with twin cyclones forming to the 
east of the main area of equatorial heating. Much of 
the seasonal variation in the zonal wind can be related 
to the changes in the rotational flow in response to the 
diabatic heating. 

The importance of the rotational flow in determin- 
ing the response to an equatorial heating anomaly ap- 
plies also to the E1 Nifio/Southern Oscillation (ENSO) 
and to the intraseasonal oscillation. During an E1 Nifio, 
the heating in the central and East Pacific increases; 
the winter upper tropospheric equatorial westerlies are 
weakened or disrupted and the zonal mean wind tends 
to easterly rather than westerly. Although some of the 
change in the zonal wind pattern can be attributed to 
the eastwards displacement of the main area of diver- 
gence, substantial changes in the pattern of the forced 
Rossby waves occur. The twin anticyclones move east- 
wards with the heating and the twin cyclones are dis- 
rupted. As with the seasonal cycle, these changes in the 
large scale circulation are reflected in interannual var- 
iations in the angular momentum and length of day. 
However the strength and pattern of these forced 
Rossby waves are sensitive to the basic state in which 
the anomalous heating exists. This can be seen in Fig. 
4, where typical streamfunction difference patterns 
from ECMWF analyses for the warm (1987) versus 
cold (1988,89) phases of ENSO are shown for northern 
winter (January, February, March: JFM) and summer 
(JJA), following Rasmusson and Mo (1993). The heat- 
ing anomalies associated with ENSO can be inferred 
from the outgoing longwave radiation (OLR) derived 
from measurements by the advanced very high resolu- 
tion radiometer (AVHRR).  These are also shown in 
Fig. 4 together with the response by the divergent part 
of the flow, implied by the upper tropospheric velocity 
potential. Although the anomalous heating pattern is 
similar in both JFM and JJA, the response of the rota- 
tional flow is very different and is much weaker during 
northern summer. It is important to appreciate this 
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Fig. 3. Climatologies for DJF and JJA of zonal wind (u), velocity 
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seasonality in the Rossby wave response to equatorial 
heating anomalies. 

At  intraseasonal time scales, a substantial modula- 
tion of the diabatic heating occurs over the Indian 
Ocean and West Pacific. As  noted by several authors 
(e.g., Knutson and Weickmann 1987; Rui and Wang 
1990), the active (i.e., heating phase) of the IO over the 

eastern hemisphere produces a forced Rossby wave re- 
sponse as well as changes in the divergent component  
of the flow. Figure 5 shows the first EOF of the 150 
hPa velocity potential and eddy streamfunction for 
DJF and JJA computed from ECMWF analyses which 
have been filtered to isolate intraseasonal time scales 
(Matthews 1994). The first EOF shows the dominant 
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circulation anomalies  produced when  the active phase 
of  the intraseasonal oscil lation is located over the east- 
ern Indian Ocean and marit ime continent.  The main 
heating anomaly  is coincident with the increased pla- 
netary scale divergence,  and as already noted both in 
the seasonal  circulation patterns and the response  to 
ENSO,  twin anticyclones form near or to the west  of  
the heating anomaly,  with twin cyclones to the east, the 
phase difference being about  90 ° . These  patterns are 
much more  pronounced  during DJF than in JJA, partly 

because the heating anomaly  also tends to be stronger 
in DJF. The importance of  the rotational f low response 
to the anomalous  heating has led to the basic descrip- 
tion of  the IO as a circulation that involves both Kelvin 
and Rossby  wave  structures in the eastern hemisphere,  
where  there are convect ive  heating anomalies.  In the 
western hemisphere,  the upper tropospheric Kelvin 
wave alone is left which radiates away from the con- 
vective heating anomaly  in the eastern hemisphere 
(e.g., H e n d o n  and Salby 1994). This separate behavior 
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EOF-I" 30-60 day filtered ECMWF analyses 
150hPa Eddy Velocity P o t e n t i a l  

J J A  

D J F  

Fig. 5. The first EOFs of the 30-60 day filtered eddy velocity po- 
tential (X*) and eddy streamfunction (qs*) at 150 hPa for DJF and 
JJA based on ECMWF analyses. The contour interval is 0.5 x 106 

150hPa Eddy Streamfunction 
J J A  

. . . . . . . . . . .  = 

m 2 s 1 for X*, and ] x l 0  ~ m 2 s -~ for +*. Negative values of X* 
and +* are shaded 

in each hemisphere is dependent on the convective in- 
stability and can be seen in the propagation speeds for 
the intraseasonal oscillation which tend to be faster in 
the western hemisphere, and nearer those expected for 
a dry Kelvin wave (Weickmann and Khalsa 1990). 

The intraseasonal oscillation was first detected in 
the wind field (Madden and Julian 1972), and substan- 
tial wind anomalies exist in relation to the IO, as would 
be expected from the velocity potential and eddy 
streamfunction patterns seen in Fig. 5. As in the sea- 
sonal and interannual response to heating anomalies, 
these changes in the wind field are sufficiently large to 
be seen in the zonal mean wind. At  intraseasonal time 
scales, modulation of the upper tropospheric zonal 
mean wind exceeds -+2 ms - l ,  with the transition be- 
tween westerly and easterly being associated with the 
longitudinal position of the active phase of the oscilla- 
tion. The modulation of the zonal mean wind by the 
intraseasonal oscillation arises primarily from the posi- 
tion of the forced Rossby modes with respect to the 
mean flow. The variations in the zonal wind translate 
into intraseasonal variability in the angular momentum 
and thence in the length of day (e.g., Magafia 1993), 
although the mechanisms by which this is achieved are 
still unclear (Madden and Julian 1994). 

5 Results 

5.1 Ana lys i s  o f  intraseasonal characteristics 

The basic diagnostic for identifying the intraseasonal 
oscillation is the time-longitude diagram of velocity po- 
tential (X), after seasonal detrending and temporal fil- 
tering with the 20-100 day filter. Figure 6 shows the 
time-longitude diagrams from the ECMWF analyses 
(hereafter referred to as JDP). The JDP results show a 
number of eastward moving disturbances which are 
sporadic in occurrence, but often make two or three 
apparent circuits of the equator. They are clearly more 
prevalent in northern winter and spring. Typical peri- 
odicities are between 40 days (e.g., early 1988) and 65 
days (e.g., early 1985). The phase speed often appears 
to be faster over the western hemisphere, consistent 
with the results of Weickmann and Khalsa (1990). The 
apparent discontinuity in phase speed (e.g., early 1985) 
occurs near the dateline and represents a change in 
phase speed from near 6 ms -1 to 16 ms -1. The latter is 
equivalent to a periodicity of just less than 30 days 
which is often the simulated periodicity of the intrasea- 
sonal oscillation in GCMs (e.g., Slingo and Madden 
1991). The typical amplitude of the oscillation is 
+ 6 × 106 m2/s ~, which represents a substantial modula- 
tion of the climatic mean X field shown in Fig. 3. The 
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Fig. 6. Time-longitude diagrams of the 20-100 day filtered velocity potential at 150 hPa, averaged between 10°N and 10°S, from ECMWF 
analyses (JDP). The contour interval is 2 x 106 m 2 s-z  and negative values are shaded 
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Fig. 7. Time-longitude diagrams for 1987 
of the 20-100 day filtered velocity po- 
tential at 200 hPa (300 hPa for CCC), 
averaged between 10°N and 10°S, from 
the participating models. The contour 
interval is 1 x l 0 6  m 2 s -1 for all models 
except GLA,  NCAR,  RPN and U K M O  
where it is 2 × 106 m z s ~. Negative val- 
ues are shaded 



Slingo et al.: Intraseasonal oscillation in 15 atmospheric general circulation models 335 

amplitude tends to be strongest in the eastern hemis- 
phere where the convective activity is greatest. 

The results from the participating models, including 
two realizations by the ECMWF model, are shown in 
Fig. 7. For brevity only the time-longitude diagrams for 
1987 are given, but the behavior indicated by the re- 
sults for that year is typical for each model. Fuller re- 
sults are available in Slingo et al. (1995; WCRP). As 
Fig. 7 demonstrates, the models display a wide range of 
skill in simulating the intraseasonal oscillation. Note 
that the contour interval is half that used in the JDP, 
apart from the GLA, NCAR, RPN and UKMO results; 
thus the majority underestimate the strength of the in- 
traseasonal variability. Most models show evidence of 
an eastward propagating anomaly although in some 
models there is a greater tendency for a standing oscil- 
lation, and in one or two the field is rather chaotic with 
no preferred direction of propagation. Where a model 
has a clear eastward propagating signal, typical period- 
icities seem quite reasonable although there is a ten- 
dency for the models to simulate shorter periods than 
in the JDP. 

None of the model simulations of the IO show a sys- 
tematic change in phase speed between eastern and 
western hemispheres, as observed in the JDP data. 
However, in several models there is a suggestion of 
two distinct disturbances with different phase speeds, 
one in which the disturbance propagates quite rapidly 
with speeds near 15 ms -1, and another where the 
movement is much slower, near 6 or 7 ms-  1. There is 
also a suggestion in the JDP data of faster moving, but 
weaker, disturbances, for example in 1985 and 1987. 
Recently Hayashi and Golder (1993) identified two 
distinct disturbances, equivalent to periodicities of 50- 
60 days and 25-30 days in ECMWF analyses with the 
longer period being dominant, and noted that the 
GFDL model tended to prefer the faster moving (i.e., 
shorter period) waves. 

When all the years are considered (Slingo et al. 
1995; their Fig. 7), the clear seasonality of the intrasea- 
sonal oscillation in the JDP data is not seen in the 
model results, apart from GLA, RPN and UKMO in 
which the simulated amplitude is near that observed. 
Although NCAR has also simulated oscillations with a 
realistic amplitude, no preferred season is evident. 
Some models (e.g., CCC, CSIRO) appear to have 
more activity during northern summer and autumn. 
The two realizations with the ECMWF model have 
produced essentially the same result with regard to the 
amplitude and coherence of the simulated oscillation, 
but not with respect to the timing of each event, sup- 
porting the notion of an oscillation which is chaotic in 
nature. This result suggests that the basic ability of a 
GCM to simulate the intraseasonal oscillation can be 
identified from a single integration and does not de- 
pend on the initial conditions. 

With all the models, the time-longitude diagrams 
are much less coherent than the JDP results, despite 
having been temporally filtered in the same way. The 
rather noisy character of the model results may be due 
to more activity at higher frequencies in the models 

than in the JDP data. The results of the space-time 
spectral analysis suggest that this is indeed the case. 
Since the intraseasonal oscillation is predominantly a 
wave-number one phenomenon (e.g., Slingo and Mad- 
den 1991), the complete space-time spectra are not 
shown. Instead the power spectra for the wave-number 
1 of the X field (seasonally detrended but otherwise un- 
filtered) have been computed for each year (June- 
May) of the data and the mean of the spectra calcu- 
lated. The results are shown in Fig. 8. For convenience 
the frequencies corresponding to eastward travelling 
waves with periods of 70 and 30 days are highlighted. 
The JDP spectrum displays the dominance of the east- 
ward travelling waves with preferred periodicities at 
intraseasonal time scales. It is clear from Fig. 8 that 
none of the models produce spectra which compare 
well with the JDP results. Several models have peaks 
at intraseasonal time scales, [e.g., CSIRO (40 days), 
GLA (60 days), RPN (30 days)], but nearly all have 
relatively more power at higher frequencies (<30 
days) than the JDP. This is the case even for those 
models for which the X time-longitude diagrams (Fig. 
7) displayed a reasonable amplitude (i.e., GLA, 
NCAR, RPN, UKMO). Apart from these models, all 
the others underestimate the power associated with in- 
traseasonal variability. 

Whilst the velocity potential is a useful parameter 
for identifying the intraseasonal oscillation because of 
its planetary scale nature, the notion of eastward prop- 
agation, implied by such a field, can be misleading. Be- 
cause it represents a potential, a negative anomaly at 
one location can arise purely from a positive anomaly 
at a remote location. The intraseasonal oscillation is 
considered to be an upper tropospheric Kelvin wave 
which propagates around the equatorial belt, with its 
structure modified by an associated forced Rossby 
wave in the eastern hemisphere. As a Kelvin wave, the 
oscillation should be identifiable as an anomalous zon- 
al wind in the upper troposphere, with westerlies to the 
east of the divergence centre. This structure has been 
identified from radiosonde data (e.g., Madden and Ju- 
lian 1972; Slingo and Madden 1991) and can be seen in 
the time-longitude diagram of the anomalous zonal 
wind (u) at 150 hPa from the JDP (Fig. 9a). The winds 
have been filtered with the same 20-100 day filter as 
used for the X field. The agreement between the u and 
X time-longitude diagrams is very good when the oscil- 
lation is strong, but note that for some occasions where 
a fully propagating signal is identified in X (e.g., late 
1985), no such signal exists in the u-wind. Again, the 
clear preference for the IO to occur during northern 
winter and spring is evident. The anomalies in u are 
substantial, reaching at least + 6 ms-1 when the oscil- 
lation is strong (e.g., early 1985). As with X, there ap- 
pears to be a different character to the oscillation in 
the eastern hemisphere compared with the western 
hemisphere. East of the dateline the phase speed of the 
anomalies is much faster (e.g., 1988), and there is also a 
suggestion of a discontinuity in the propagation over 
the West Pacific (e.g., 1985). 

The zonal wind time-longitude diagrams from the 
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ECMWF/JDP Analyses: 150hPa u-wind 
(20-100 day bandpass filtered, 10°N-10°S average) 
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Fig. 9a, b. Time-longitude diagrams of the 20-100 day filtered 
zonal wind, averaged between 10°N and 10°S, from a ECMWF 
analyses (JDP) at 150 hPa, and b for 1987 from three models with 

1987 
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(20-100 day bandpass filtered, 10°N-10°S average) 
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a strong oscillation and three models with a weak oscillation. The 
contour interval is 2 ms -~, and positive (westerly) values are 
shaded 

models are very noisy, consistent with the results using 
X. This can be seen in the examples of the zonal wind 
time-longitude diagrams for a single year, 1987, from 
three models with a strong intraseasonal oscillation 
and three with a weak oscillation in terms of X (Fig. 
9b). There is little evidence in any of the models of a 
coherent propagating signal in the u-wind, particularly 
over Indonesian and West Pacific longitudes. In fact 
the UKMO results show a discontinuity near the date- 
line and then some suggestion of an amplification of 
the oscillation in the East Pacific, perhaps associated 
with extratropical disturbances penetrating into the 
deep tropics in the Pacific waveguide (e.g., Kiladis and 
Weickmann 1992). In several instances these zonal 
wind anomalies propagate quite rapidly across the 

Fig. 8. Space-time spectra for the eas tward and wes tward  moving 
waves of the w a v e - n u m b e r  1 seasonally det rended velocity poten-  
tial. The d a s h e d  ver t i ca l  l ines  indicate periodicities of  70 and 30 
days 

Greenwich Meridian, into the Indian Ocean. A similar 
behavior is also seen in the GLA results. 

The space-time spectra for the JDP u-wind show 
that the spatial scale of the eastward moving waves is 
predominantly wave-number i but still with some pow- 
er at wave-number 2. This result is consistent with the 
hypothesis that the intraseasonal oscillation consists of 
a wave-number 1 Kelvin wave modified by a wave- 
number 2 Rossby wave in the eastern hemisphere (e.g., 
Rui and Wang 1990). Since the power associated with 
wave-numbers greater than 2 is relatively small, only 
the spectra for wave-numbers 1 and 2 of the u-wind are 
shown in Fig. 10. Again, the JDP data have strong 
spectral peaks at intraseasonal time scales with the 
dominant periodicity near 50 days and a secondary 
peak near 30 days. This result is in general agreement 
with a similar diagnosis of ECMWF analyses by Haya- 
shi and Golder (1993). However, their result suggests a 
slightly longer dominant period in excess of 50 days 
and little evidence of the shorter period near 30 days. 
It is noteworthy that their data cover a slightly differ- 
ent period (1979-87) than the JDP (1982-90) and that 
they comment on the considerable interannual varia- 
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bility in the spectra. This variability in the period of the 
intraseasonal oscillation can also extend over a number 
of years as was noted by Slingo and Madden (1991) 
and Madden and Julian (1994). 

As with X, the model zonal wind spectra show poor 
correspondence with the JDP spectra both in terms of 
dominant periodicities and in the associated power 
(Fig. 10). The JDP spectrum has an actual peak in the 
30-70 day time scale with the decreasing power at low- 
er frequencies, whereas the models display approxi- 
mately red noise spectra with increasing power at low- 
er frequencies, all the way to the longest resolved time 
scales. Apart from GLA, NCAR, RPN and UKMO, 
the overall power simulated by the models is consider- 
ably less than in the JDP, but with relatively more at 
higher frequencies. None of the models have repro- 
duced the dominant wave-number i intraseasonal peri- 
odicities of the JDP, and several models also have ex- 
cessive power at intraseasonal time scales associated 
with westward moving waves (e.g., GSFC, UGAMP). 
Thus the noisy appearance of the time-longitude dia- 
grams may also be associated with improper partition- 
ing of the variance between eastward and westward 
moving waves. If the variance of the zonal wind is ap- 
proximately equipartitioned between eastward and 
westward propagating modes, then the dominance of 
one or other is governed by their amplitude and rela- 
tive phasing, possibly giving rise to the irregular struc- 
ture of the time-longitude diagrams based on filtered 
data. The partitioning of power between wave-num- 
bers 1 and 2 in the models is similar to the JDP results, 
suggesting that some aspects of the models' intrasea- 
sonal behavior may be consistent with the paradigm of 
a Kelvin wave modified by a forced Rossby wave. 
However, the generally poor agreement between the 
JDP and model spectra suggests that even when the in- 
traseasonal oscillation is reasonably represented in 
terms of the X time-longitude (Fig. 7), those models 
may be simulating intraseasonal activity whose charac- 
teristics do not resemble the observations. 

The wide range of skill displayed by the various 
models is an interesting although not altogether a sur- 
prising result, bearing in mind previous problems in si- 
mulating the intraseasonal oscillation. It is disappoint- 
ing that none of the models seem to simulate reasona- 
ble space-time spectra, since both the NCAR Commu- 
nity Climate Model (CCM1) run in perpetual January 
mode (Slingo and Madden 1991) and the GFDL mod- 
el, run in seasonal cycle mode (Hayashi and Golder 
1993) showed some skill in simulating various aspects 
of the observed oscillation. In the following sections 
some attempt will be made to relate a model's intrasea- 
sonal variability to its seasonal and interannual charac- 
teristics, as well as aspects of its basic climate, as given 

Fig. 10. Space-time spectra for the eastward and westward mov- 
ing waves of the wave-numbers 1 (solid) and 2 (dashed) for the 
seasonally detrended zonal wind. The dashed vertical lines indi- 
cate periodicities of 70 and 30 days 
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in the AMIP standard output. In this study the analysis 
has necessarily been limited by the lack of comprehen- 
sive history data and so as much as possible has been 
gleaned from the time-longitude datasets. 

5.2 Relationship to seasonal variability 

In Section 4 the planetary scale response to changes in 
diabatic heating, whether they be interannual, seasonal 
or intraseasonal, was discussed, and the similarity of 
the tropical response was noted. Therefore, it may be 
useful to consider a model's intraseasonal variability in 
the context of its seasonal behavior. As already noted, 
the planetary scale response to diabatic heating gives 
systematic changes in the upper tropospheric zonal 
mean u-wind (a), particularly at seasonal time scales. 
In Fig. 11 the evolution of a, averaged between 10°N 
and 10°S, has been plotted for the JDP and, for brevi- 
ty, from two participating models, which are represent- 
ative examples of models with weak and strong oscilla- 
tions. The seasonal and intraseasonal characteristics of 
the zonal wind have been identified by filtering the 
data with low pass (> 100 days) and band pass (20-100 
days) filters. Full results for all the participating mod- 
els are given in Slingo et al. (1995). 

The response of ~ to the seasonal cycle can be seen 
in the JDP data with the annual transition from mean 
westerlies in northern winter to mean easterlies in 
summer, associated with the Asian summer monsoon. 
A semi-annual modulation of the zonal wind is also 
evident, with the westerlies having two distinct maxima 
near mid winter and in late May, before the onset of 
the monsoon. Although the seasonal cycle dominates 
the evolution of a, there is also substantial modulation 
at intraseasonal time scales. On some occasions, when 
the intraseasonal oscillation is particularly strong (e.g., 
1988, see Fig. 6), the effect on ~ is sufficiently large to 
change the seasonal mean westerlies to strong easter- 
lies. 

The same diagnostics from the models again show a 
wide range of skill. Several models have an overall 
easterly bias, but, if that is taken into account, most 
show the seasonal transition from winter westerlies to 
summer easterlies, and the semi-annual behavior of the 
westerlies. Several models underestimate the ampli- 
tude of the seasonal cycle, an exception being the 
UKMO where it is overly strong (note change in 
scale). In general there is considerable interannual var- 
iability in a, although one or two models (e.g., LMD 
and MRI) have simulated a very regular annual and 
semi-annual oscillation. 

At intraseasonal time scales, the modulation of a si- 
mulated by the models is in general agreement with 
the relative strengths of the intraseasonal oscillations 
seen in Fig. 7. Those models with a very weak or ill- 
defined oscillation in terms of X, are also those with 
weak modulation of the zonal mean u-wind. The re- 
sults also suggest that strong intraseasonal variability is 
correlated with strong seasonal variability. Those mod- 
els with a weak intraseasonal oscillation tend also to 
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Fig. 12. Scatter plot of the mean amplitude of the seasonal cycle 
in the zonal mean u-wind versus the mean amplitude of the intra- 
seasonal variations in the zonal mean u-wind 

Table 2. Mean amplitude of the intraseasonal and seasonal varia- 
bility in the zonal mean u-wind at 200 hPa from the participating 
models and from the ECMWF analyses (JDP) 

Model (number) 20-100 days > 100 days 

BMRC (9) 1.11 4.57 
CCC (300 hPa) 0.68 1.54 
CNRM (6) 0.80 1.97 
c s m o  (5) 0.78 1.62 
CSU (1) 0.45 1.35 
ECMWF (2) 0.48 1.47 
GLA (13) 1.71 2.17 
GSFC (11) 1.24 2.90 
LMD (3) 0.51 1.46 
MRI (4) 0.62 3.21 
NCAR (12) 1.55 3.55 
NMC (7) 0.82 1.74 
RPN (10) 1.18 1.51 
UGAMP (8) 1.09 2.50 
UKMO (14) 1.81 4.71 
JDP (150 hPa) 1.23 3.21 

have weak or poorly simulated seasonal variability. 
Conversely, those with a very strong seasonal cycle 
tend to have a strong oscillation. If the intraseasonal 
and seasonal activity of each model is quantified in 
terms of the mean amplitude of the bandpass and low- 
pass a, respectively, then the relationship between 
them is shown in the scatter diagram given in Fig. 12. 
A positive correlat ion with a coefficient of 0.64 is evi- 
dent between the seasonal and intraseasonal variabili- 
ty, suggesting that if the simulated strength of the sea- 
sonal cycle is improved in a model, then the intrasea- 
sonal variation may be also. 

The mean amplitude of the bandpass filtered a ap- 
pears to be a useful parameter  for quantifying the in- 
traseasonal activity in each model  and in the JDP data. 
Its magnitude is consistent with the time-longitude dia- 
grams shown in Fig. 7; it also represents a synthesis of 
how intraseasonal variability in the heating translates 
into modification of the planetary scale circulation pat- 
terns. In Table 2, the models are ranked in terms of 
their intraseasonal activity by using the mean ampli- 
tude of the bandpass filtered t/. The model number  will 
be used later when various aspects of a model 's  formu- 
lation and performance are studied and related to that 
model 's  ability to simulate intraseasonal variability. 
Note that the CCC has not been numbered since the 
zonal wind was supplied at a different pressure level 
(300 hPa). 

At the beginning of Section 4 it was argued that the 
seasonal evolution of the zonal wind field was related 
to the response of the planetary scale divergent and to- 

Fig. l l .  Time series of the upper tropospheric zonal mean u- 
winds from ECMWF analyses (JDP): total (left panel, thin line) 
and low pass filtered (> 100 days; left panel, thick line), and band 
pass filtered (20-100 days; right panel). Data for two participating 
models, ECMWF and UKMO, are also given 

tational flow to changes in the diabatic heating. If we 
consider that X represents a reasonable indicator of 
changes in deep tropospheric heating, primarily asso- 
ciated with cumulus convection, then we can see that 
those models with strong modulation of the heating 
field at intraseasonal time scales are also models with a 
strong dynamical response in terms of the zonal wind 
field. There  is a tendency for this to be the case at sea- 
sonal time scales also. In Fig. 13, the mean seasonal 
evolution of the equatorial  (10°N-10°S) X field is 
shown, based on the annual mean and first two har- 
monics of the 10 year mean daily time series. As noted 
in Section 3, this was used to detrend the data before 
analyzing intraseasonal variability. In the absence of 
any other data, this field provides a very basic descrip- 
tion of the seasonal evolution of the large scale heating 
pattern in terms of its strength and longitudinal posi- 
tion. The JDP data show the shift westwards of the 
main area of heating and intensification of the upper 
level divergence associated with the Asian summer 
monsoon. The models again display a large range in 
skill with the seasonal evolution in the large scale heat- 
ing, implied by X, being highly variable between mod- 
els. Not all show the westward movement  of the heat- 
ing in northern summer and some models have sub- 
stantial errors in the pattern. Those models with a 
weak seasonal cycle in ~/ tend also to have generally 
weak amplitude in their large scale heating patterns, 
implied by Fig. 13. 

The inference from these results is that those mod- 
els with a strong intraseasonal activity are also those 
whose diabatic heating processes respond strongly to 
the seasonal cycle. They probably represent  models 
that have an active cumulus convection scheme which 
responds well to the forcing, be it seasonal, related to 
the insolation; interannual, related to ENSO; or other  
higher frequency perturbations such as the influence of 
the extratropics. They may also be models whose con- 
vection schemes produce more activity at synoptic fie- 
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quencies (<20 days). For example, results from a 
study of convective parameterization in the UGAMP 
model have shown that a convection scheme which 
gives more organization at synoptic scales also pro- 
duces more realistic intraseasonal variability (Slingo et 
al. 1994). A recent study by Hendon and Liebmann 
(1994) of the organization of convection within the in- 
traseasoual oscillation has shown that synoptic activity 
is substantially enhanced during the active phase of the 
oscillation. The realtionship between these two time 
scales will be investigated further in the next phase of 
research in this subproject when more detailed history 
data are available. 

5.3 Interannual variability and response to El Ni~o 

The sporadic appearance of the observed intraseasonal 
oscillation and its substantial interannual variability in 
intensity (e.g., Salby and Hendon 1994) have not been 
adequately explained. The possibility that the oscilla- 
tion might be sensitive to the phase of E1 Nifio has not 
been addressed, apart from the suggestion by Gray 
(1988) and Kuhnel (1989) that the oscillation tends to 
have a higher frequency during E1 Nifio. With regard 
to the level of activity of the oscillation, the results of 
Salby and Hendon (1994) and Hendon and Liebmann 
(1994) suggest that any relationship with E1 Nifio is 
rather tenuous, although it is interesting to note that 
during the very strong E1 Nifio of 1982/83 the oscilla- 
tion was extremely weak. 

As noted earlier, the projection of the IO on to the 
zonal mean u-wind (a) appears to provide a useful 
measure of intraseasonal activity. In Fig. 14 the var- 
iance of the bandpass (20-100 day) filtered a from the 
JDP data has been plotted after applying a running 
mean of 100 days in length. This essentially shows how 
the intraseasonal activity is modulated at lower fre- 
quencies associated with seasonal and interannual time 
scales. Also shown in Fig. 14 are the SST anomalies for 
the Nifio 3 (5°N-5°S, 90°W-150°W) region of the cen- 
tral and East Pacific. The preference for the IO to form 
during northern winter and spring is clearly evident. 
There is also a suggestion that the oscillation tends to 
be suppressed during the warm phase of E1 Nifio, al- 
though the relationship is far from robust from such a 
limited sample and may depend on the phase of the E1 
Nifio with respect to the seasonal cycle. 

When a similar diagnostic is computed for the three 
models with the strongest intraseasonal activity 
(UKMO, GLA, NCAR; see Table 2), there is little 
consensus on the seasonal and interannual variability 
of the intraseasonal activity (Fig. 15). During the very 
strong E1 Nifio of 1982/83 all three models show re- 
duced activity at intraseasonal time scales, in agree- 
ment with observations. However, for the rest of the 
AMIP decade, the influence of the SSTs seems to be 
minimal. For example, GLA has its strongest intrasea- 
sonal activity during the 1987 E1 Nifio but weak activi- 
ty during the 1982/83 E1 Nifio. 
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Fig. 14. Time series of the variance of the intraseasonal activity 
(20-100 days) in the zonal mean u-wind at 150 hPa from 
ECMWF analyses. A 100-day running mean has been applied to 
the variance time series. The lower, shaded curve is the sea sur- 
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5.4 Relationship to characteristics o f  the basic climate 

The basic climate of each model has been studied using 
the monthly mean standard output available at 
PCMDI. A limited number of results will be presented 
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here based on the 9-year mean climate for December, 
January and February (DJF; 1979/80-1987/88). The 
fields chosen for presentation are the total precipita- 
tion (Fig. 16), the zonal cross-section of the mean mer- 
idional circulation (Fig. 20), and the 200 hPa zonal 
wind (Fig. 21). Verification for the precipitation is tak- 
en from the climatology derived from observations 
made by the microwave sounding unit (MSU, Spencer 
1993) for the same period. No verification for the mean 
meridional circulation is shown since the various clima- 
tologies derived from NWP analyses depend on the 
characteristics of the forecast model. For the zonal 
wind field, the climatology from ECMWF analyses is 
shown for comparison. 

As Fig. 16 demonstrates, the model simulations of 
precipitation can differ dramatically. Some models 
show a tendency to produce a split Inter-Tropical Con- 
vergence Zone (ITCZ) in the West Pacific which 
seems to be related to the use of moisture convergence 
closure in the convection scheme (e.g., BMRC, 
ECMWF). As Hess et al. (1993) noted in their study of 
the formation of ITCZs in an aquaplanet model, a 
Kuo-type convection scheme tends to produce a split 
ITCZ associated with the formation of mixed Rossby- 
gravity waves. However, the development of a split 
ITCZ may also be require the horizontal resolution to 
be sufficiently high (say T42) for these tropical synop- 
tic systems to be resolved. Sumi (1992) found that a 
Kuo scheme used in an aquaplanet model at T21 reso- 
lution tended to produce a single ITCZ whereas the 
same model run at T42 resolution produced symmetric 
ITCZs located at about 10 ° latitude off the equator, 
similar to those noted by Hess et al. (1993). 

It has long been recognized that convective activity 
over the tropical oceans is strongly correlated with SST 
(e.g., Riehl 1954), with convection most likely to occur 
for SSTs in excess of 28°C (e.g., Webster and Lukas 
1992). If the precipitation distribution from each model 
(Fig. 16) is compared with the mean SSTs for DJF (Fig. 
17a), then it is clear that the relationship with SST is 
demonstrably weak in some models. The observed re- 
lationship between rainfall, as estimated from the mi- 
crowave sounding unit (MSU, Spencer 1993), and SST 
during the AMIP decade is shown in Fig. 17b for the 
region 140°E-120°W, 20°S-0 °, denoted by the box in 
Fig. 17a. A linear least-squared fit to the data indicates 
that, in this region, precipitation increases by 3.1 (mm/ 
day)/°C. (Note: the dependence between the MSU 
rainfall estimates and the SST is not established a pri- 
ori since the MSU channel 1 observes "the cloud water 
thermal emission, and to a lesser extent rainwater" and 
the retrieval formulation corrects for airmass tempera- 
ture, Spencer 1993). Analysis of the precipitation/SST 
relation for each of the models indicates that there are 
substantial differences in the strength of their response 
to the imposed boundary forcing (Fig. 18). For exam- 
ple, models with the strongest IO (UKMO, GLA, 
NCAR, see Table 2) exhibit a dependence that is as 
strong as, or stronger than observed, while models with 
a weak IO (MRI, LMD, ECMWF) are much less sensi- 
tive to the SSTs. Also, the scatter of the model data 

suggests that the models generally exhibit greater var- 
iability than that in the MSU data, which is consistent 
with their lower rainfall/SST pattern correlations than 
observed (r=0.87). In the case of the models consid- 
ered in Fig. 18, those with a strong IO have higher 
rainfall/SST pattern correlations (r = 0.73 to 0.83) com- 
pared with the models that have a weak IO (r = 0.50 to 
0.62). 

As a result of the variable sensitivity to SST exhi- 
bited by the models, the precipitation along the South 
Pacific Convergence Zone (SPCZ), an important cli- 
matological feature extending over the central Pacific 
and related to the warm SSTs, is not well represented 
in some of the models (Fig. 16). This may have implica- 
tions for the development and maintenance of intra- 
seasonal oscillations. If the intraseasonal oscillation is 
viewed as a moist Kelvin wave maintained by diabatic 
heating, then, in very simple terms, those models with 
reduced precipitation in the central Pacific will have 
conditions in which the wave is more quickly dissi- 
pated and thus less likely to maintain eastward propa- 
gation. This behavior is seen in idealized model studies 
(e.g., Bladd and Hartmann 1993) where a longitudinal 
variation in the heating intensity from marginally un- 
stable to stable or neutral conditions gives rise to dif- 
fering degrees of dissipation for the eastward propa- 
gating, equatorially trapped CISK/moist Kelvin wave 
mode. 

It is interesting to note that those models with a rea- 
sonable simulation of intraseasonal activity (e.g., 
UKMO, GLA, NCAR) have extensive precipitation 
along the SPCZ. In contrast, those models with a poor 
simulation of the SPCZ (e.g., ECMWF, MRI) have 
weaker intraseasonal behavior and less evidence of a 
coherent eastward propagating signal. The exception 
to this is the CSU model which has a reasonable simu- 
lation of the SPCZ but a very weak IO. If the longitu- 
dinal distribution of precipitation, averaged between 
the equator and 20 °S, is plotted for three models with 
a weak IO (MRI, LMD, ECMWF) and for three mod- 
els with a strong IO (UKMO, GLA, NCAR: Fig. 19), 
then there is an indication that a reasonable simulation 
of the IO is related to stronger heating in the West and 
Central Pacific. However, there is clearly no simple re- 
lationship between these two parameters since many 
other factors are likely to be involved. The results nev- 
ertheless suggest that the ability of a GCM to repro- 
duce the observed correlation between convective ac- 
tivity and SST may be one prerequisite for giving a rea- 
sonable simulation of the intraseasonal oscillation. 

As well as a wide range of patterns in the precipita- 
tion distributions shown in Fig. 16, the mean meridion- 
al circulation simulated by each model also suggests 
very differing representations of the vertical profiles of 
heating primarily associated with cumulus convection 
(Fig. 20). Studies of the intraseasonal oscillation using 
idealized models have shown that the phase speed may 
be dependent on the vertical scale of the heating (e.g., 
Lau et al. 1988) with the implication that lower phase 
speeds are associated with increased heating in the 
lower troposphere. In this study there does not appear 
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to be a consistent relationship be tween  the phase 
speed of  the simulated oscillations and the depth of  the 
heating implied by the mean  meridional  circulation. 
However ,  as already noted,  those  models  with strong, 
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deep heating appear to give the most  realistic oscilla- 
tions in terms of amplitude and propagation character- 
istics. Consistent with the suggestion that a reasonable  
simulation of the SPCZ may be important, those  mod-  
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els with most skill at intraseasonal time scales tend to 
have the main ascending branch of the Hadley circula- 
tion located south of the equator. 

The variation between the models in the depth of 
the diabatic heating, implied by the mean meridional 
circulation (Fig. 20), may have implications for the re- 
sponse of the upper tropospheric flow to perturbations 

in the diabatic heating associated with seasonal and in- 
traseasonal time scales. GLA, NCAR and UKMO, 
which have high activity at these time scales, all simu- 
late very strong, deep, time-mean Hadley circulations. 
Consistent with the arguments presented in Section 4, 
the 200 hPa zonal wind distributions (Fig. 21) show 
that these models also produce strong westerlies in the 
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equatorial central and East Pacific associated with both 
the divergent and rotational components of the flow. 
The simulation of these equatorial westerlies may have 
implications for interactions with the extratropics (Ki- 
ladis and Weickmann 1992), and thus may be impor- 
tant for the maintenance and eastwards propagation of 
the IO if it is viewed in terms of an interaction with the 
extratropics as proposed by Hsu et al. (1990). In con- 
trast, the mean meridional circulation from the NMC 
model, for example, suggests that the vertical extent of 
the heating is not very deep or strong. The response of 
the upper tropospheric rotational flow is to produce 
weaker downstream twin cyclones over the central and 
East Pacific with consequently an easterly bias in the 
zonal wind in this region (Fig. 21). 

A relationship between intraseasonal activity and 
the upper tropospheric zonal flow is unclear from these 
results. The importance of the longitudinal variation in 
the basic state with respect to the dynamical response 
to ENSO and to the intraseasonal oscillation was al- 
luded to in Section 4 with regard to the seasonality of 
the response. The transition from upper level easterlies 
to westerlies across the equatorial Pacific implies a 
substantial longitudinal variation in the vertical wind 
shear, since the lower tropospheric flow is predomi- 

nantly easterly. If the assumption is made that the IO 
consists of a Kelvin wave, modified by a forced Rossby 
wave, then, since the propagation of a Kelvin wave ap- 
pears to be inhibited in regions of westerly shear (e.g., 
Lim et al. 1991), this might suggest that the IO would 
be less coherent in those models with strong longitudi- 
nal variation in the equatorial zonal wind. This does 
not seem to be the case from the results shown here. In 
fact, as already noted, a strong longitudinal variation in 
the zonal wind is a consequence of strong heating in 
the central and West Pacific which appears to be a nec- 
essary condition for producing intraseasonal variability 
of reasonable amplitude. 

6 Discussion 

This study has presented the results of the preliminary 
assessment of the intraseasonal oscillation simulated 
by 15 atmospheric GCMs as part of AMIP. The analy- 
sis has been necessarily limited by the availability of 
data, but nevertheless, the results suggest that not only 
is there a wide range of skill, but also that so far no 
model appears to simulate the dominant aspects of the 
observed intraseasonal oscillation. There is evidence of 
an eastward propagating, large-scale disturbance in a 
number of models and future analysis will concentrate 
on identifying the structures associated with it, proba- 
bly through the use of EOF techniques. 

Interactions between multiple time scales of varia- 
bility in the tropics have been the subject of several 
papers (e.g., Nakazawa 1988; Lau et al. 1991), suggest- 
ing that the synoptic scale, higher frequency modes of 
convective activity are modulated by the intraseasonal 
oscillation. How much the synoptic and mesoscale ac- 
tivity embedded within the intraseasonal oscillation is 
responsible for the evolution of the oscillation itself re- 
mains an open question (e.g., Hendon and Liebmann 
1994). This study has shown that although the majority 
of models underestimate the activity at intraseasonal 
time scales, those models which do have adequate 
power at these frequencies, appear, however, to over- 
estimate the variance at higher frequencies. Thus the 
relationship between these time scales clearly needs to 
be understood. Once the full history data for OLR be- 
come available, a subsequent phase of this subproject 
will assess the organization of convection in GCMs at 
all time scales. Recently Takayabu (1994), using geo- 
stationary satellite data, has shown that large-scale fea- 
tures of cloud systems can be identified with particular 
equatorial waves. Whether such a relationship exists in 
a GCM and whether these waves are adequately repre- 
sented needs to be assessed. 

The results of this study suggest that the hierarchi- 
cal structure of convective activity also extends to the 
longer time scales with an inferred relationship be- 
tween intraseasonal activity and the strength of the 
seasonal cycle. This may be saying nothing more than 
that a particular model is more active at all time scales, 
but it does point to a possible basic requirement that a 
GCM should be able to represent the seasonal cycle 
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with some fidelity. The seasonal cycle involves changes 
in the heating pattern forced primarily by the solar sea- 
sonal cycle and continentality. However, since these 
changes in the heating distribution force the planetary 
scale waves and hence modulate the general circula- 
tion, as discussed in Section 4, it indicates how well the 
model is able to respond to a modulation of the heat- 
ing pattern at other time scales. 

The seasonality of the observed intraseasonal oscil- 
lation is pronounced, with its maximum activity near 
the vernal equinox, but yet no GCM was able to repro- 
duce it adequately. This seasonality appears to be 
closely related to the semiannual migration of the cli- 
matological convection across the equator which is it- 
self driven by the SSTs. As idealized modelling studies 
have shown (e.g., Salby et al. 1994), greatest amplifica- 
tion of the equatorial Kelvin wave and associated sub- 
tropical Rossby gyres occurs when the atmospheric 
heating is maximized at the equator. This occurs pre- 
ferentially during the vernal equinox when the SST 
maximum is on the equator over the entire eastern 
hemisphere. In contrast, at the autumnal equinox the 
warmest SSTs in the Pacific still lie in the Northern 
Hemisphere, and the migration of the mean ITCZ 
southwards into the Southern Hemisphere does not oc- 
cur until almost the end of the year. The fact that no 
GCM was able to simulate the correct seasonality of 
the IO corroborates the need for an accurate represen- 
tation of the seasonal cycle. 

From the limited sample provided by the JDP, there 
appears to be substantial interannual variability in the 
occurrence and strength of the IO. It is not clear how 
or whether this is related to ENSO, despite the sugges- 
tion from idealized models (e.g., Blad~ and Hartmann 
1993) that the longitudinal variation in SST may have a 
considerable impact on the development and propaga- 
tion of an equatorial Kelvin wave. However, it is in- 
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triguing that in those models with strong intraseasonal 
activity, the oscillation appears to be suppressed dur- 
ing the intense E1 Nifio of 1982/83. Analysis of ex- 
tended GCM integrations with observed SSTs, cover- 
ing several decades, may provide further clues, as may 
the reanalysis project in progress at NMC. 

Although only a limited number of mean climatic 
fields have been studied, the general conclusion can be 
reached that a good simulation of the basic time mean 
climate is important for simulating the intraseasonal 
oscillation. A particular aspect that was noted was the 
correlation between tropical SST and convective activi- 
ty. This basic relationship is not always well simulated, 
particularly in those models where the intraseasonal 
activity is weak. This link between SST and convection 
is important also in the evolution of the seasonal cycle, 
as discussed above, and may go some way to explaining 
both the apparent relationship between activity at sea- 
sonal and intraseasonal time scales (Fig. 12), and the 
problems with simulating the seasonality of the intra- 
seasonal oscillation. 

How well a model simulates the mean heating dis- 
tribution also has implications for the circulation. Er- 
rors in the basic equatorial zonal flow may affect the 
propagation characteristics of equatorial waves. They 
may also influence the interaction between the extra- 
tropics and the tropics which may be important as a 
forcing mechanism for the intraseasonal oscillation 
(Hsu et al. 1990). Similarly the vertical profile of the 
heating may influence the basic flow through the 
strength of the forced Rossby waves, as discussed in 
Section 4, and may also affect the phase speed of the 
intraseasonal oscillation. 

Certainly, other factors than those studied in this re- 
port may be relevant, but data availability has been a 
limiting factor. For example, idealized model studies 
(e.g., Salby et al. 1994) have suggested that static stabil- 
ity may play a key role in the IO since the Kelvin wave 
depends fundamentally on the Brunt-V~iis~il~i frequen- 
cy. If the static stability of the troposphere is increased 
then this opposes vertical motion and suppresses the 
feedback between the circulation and the convection 
so stabilizing the disturbance. The AMIP standard out- 
put does not have sufficient detail to determine the 
static stability over the equatorial oceans in the various 
models, although the zonal mean temperatures and hu- 
midities suggest a wide range of 0e profiles when aver- 
aged between 10°N and 10°S (Fig. 22). 

The dependence of intraseasonal activity on three 
basic aspects of a model's formulation (horizontal re- 
solution, numerics, convective closure) have been sum- 
marized in Fig. 23. The distinction between 'high' and 
'low' horizontal resolution has been based on whether 
a model would resolve a tropical synoptic scale system 
or not. Typically, T42 ( - 3  ° grid) would be sufficient, 
but not T21 ( -  5 ° grid). There are some concerns with 
spectral models about how the tendencies due to dia- 
batic processes, which are computed in gridpoint 
space, project on to the dynamics, integrated in spec- 
tral space (Lander 1994). The models have also been 
classified in terms of the closure of the convection 
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Fig. 20. As  Fig. 16, but for the mean meridional circulation (109 kg s -1). The contour interval is 30 x 109 kg s -1 and negative values are 
shaded 

scheme. The sensitivity to the closure has been quantif- 
ied in terms of the intraseasonal activity (Fig. 23c), and 
in terms of the relationship between precipitation and 
SST (Fig. 23d). In Fig. 23d, the slope of the linear fit 

between the precipitation and SST (Figs. 17 and 18) is 
used as a measure of  the sensitivity of the convection 
to the SST. 

The bar charts shown in Fig. 23 suggest that neither 
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horizontal resolution nor numerics play an important 
role in determining a model's intraseasonal activity. 
However, the dependence of convective activity on 
moisture convergence does seem to be a factor. This 
result is consistent with the findings of Slingo et al. 
(1994), where they compared the transient activity pro- 

duced by two very different convection schemes in the 
UGAMP GCM, and identified moisture convergence 
closure as being inappropriate. A recent study by 
Nordeng (personal communication), in which the 
moisture convergence dependence of the ECMWF 
convection scheme was replaced by a buoyancy criteri- 
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Fig. 21. As Fig. 16, but for the zonal wind at 200 hPa. The contour interval is 10 ms -~. Easterlies, and westerlies in excess of 20 ms -~, are 
shaded. The last panel is verification data from ECMWF/JDP analyses 

on, showed  a marked improvement  (i.e., increase) in 
transient activity in the tropics of  the E C M W F  model .  
The  results of  this study (Fig. 23c) also suggest  that 
those  models  with a reasonable  level  of  intraseasonal 

activity have used convect ion  schemes  which are closed 
on buoyancy  rather than moisture  supply. In addition, 
the three models  with the strongest IO not  only  have 
convect ion  schemes  which are c losed on buoyancy,  
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but, as Fig. 23d shows, are also the only models in 
which the relationship between precipitation and SST 
is as strong, or stronger than that inferred from the 
MSU precipitation climatology (Fig. 17b). 

Although the results shown in Fig. 23 do not suggest 
any particular dependence on horizontal resolution, 
additional diagnosis from an ensemble of AMIP inte- 

grations made with the CNRM Arp6ge model suggest 
that there may be a high degree of sensitivity. Figure 
24 shows the space time spectra for the wave-number 1 
component of the 200 hPa velocity potential for each 
of the three resolution simulations (T21, T42 and T79). 
The spectra change substantially with an increase in re- 
solution from T21 to T42, with a marked reduction in 
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power at all frequencies. The model has some peaks in 
activity at intraseasonal time scales with periods be- 
tween 20 and 30 days when run at T21, but these are 
lost at higher resolutions. Whether other models show 
such a sensitivity to resolution is an interesting ques- 
tion. 

Whilst the above analysis has concentrated on only 
three aspects of a model's formulation, other factors 
are undoubtedly important but may be difficult to 
quantify. Idealized model studies may well play a cru- 
cial role here by providing important clues concerning 
processes which may be influential in the simulation of 
the intraseasonal oscillation. For example, a recent 
study by Salby et al. (1994) has suggested that the os- 
cillation may be very sensitive to boundary layer fric- 
tion. They suggest that the sympathetic interaction be- 
tween the convection and the large scale circulation, 
through the process termed 'frictional wave-CISK', can 
explain many aspects of the observed behavior of the 
IO in the eastern hemisphere. Due to frictional effects 
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Fig. 23a-d. Bar charts showing the dependence of the participating models' intraseasonal activity on a horizontal resolution, b numerics 
and c convective parameterization closure, d shows the dependence of the slope of the precipitation/SST relationship (as shown in Fig. 
18) on convective parameterization closure. The model number refers to those given in Table 2 
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7 Conclusions 

An analysis of the ability of 15 atmospheric  GCMs to 
simulate the tropical intraseasonal  oscillation has 
shown that a wide range of skill exists. No model  has 
successfully captured the dominance of the intrasea- 
sonal oscillation in the observations.  The results sug- 
gest that  an accurate simulation of the intraseasonal 
oscillation may be a demanding test of a GCM, be- 
cause it has so many  requirements.  These may  include 
good simulations of the basic climate, the seasonal cy- 
cle, higher f requency modes  of tropical variability, and 
interactions with the extratropics. With regard to the 
basic climate, the results of this study suggest that  an 
important  aspect may  be the relationship be tween con- 
vective activity and SST. 
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