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Abstract

In this study, satellite derived outgoing longwave radiation (OLR) and the reanalysis from the National
Centersfor Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) are
used as verification datain a study of intraseasonal variability in the Goddard Laboratory for
Atmospheres (GLA) and the United Kingdom Meteorological Office (UKMO) atmospheric general
circulation models. These models simulated the most realistic intraseasonal oscillations (10) of the 15
Atmospheric Model Intercomparison Project models examined by Slingo et al. (1995, 1996). During the
active phase of the intraseasonal oscillation, convection is observed to migrate from the Indian Ocean to
the western/central Pacific Ocean, and into the South Pacific Convergence Zone (SPCZ). The simulated
convection, particularly in the GLA model, is most realistic over the western/central Pacific Ocean and
the SPCZ. In the reanalysis, the baroclinic structure of the IO is evident in the eddy-streamfunction, and
eastward migration of the anticyclone/cyclone pairs occurs in conjunction with the eastward devel opment
of convection. Both the GLA and UKMO models exhibit a baroclinic structure on intraseasonal time
scales. The GLA model is more redlistic than the UKMO model at simulating the eastward migration of
the anticyclone/cyclone pairs when the convection is active over the western/central Pacific. In the
UKMO model, the main heating is located off the equator, which contributes to the irregular structures
seen in thismodel on intraseasonal time scales.

The maintenance and initiation of the intraseasonal oscillation has also been investigated. Analysis of the
latent heat flux indicates that evaporative wind feedback and frictional wave-CISK (conditional
instability of the second-kind) are not the dominant mechanisms for promoting the eastward propagation
of the intraseasonal oscillation since evaporation to the west of the convection dominants. In the GLA
model, enhanced evaporation tends to devel op in-place over the west Pacific warm pool, while in the
UKMO simulation westward propagation of enhanced evaporation is evident. It is suggested that lack of
an interactive ocean may be associated with the models systematic failure to simulate the eastward
transition of convection from the Indian Ocean into the western Pacific Ocean since examination of
observed sea surface temperature (SST) and its relationship to the active phase of the intraseasonal
oscillation indicates that the intraseasonal oscillation may evolve as a coupled ocean-atmosphere mode.
Above normal SST to the east of the convection may play arole in maintaining the eastward evolution of
convection, while decreasing SSTs near the western portion of the convective envelope are associated
with the cessation of convection.

Return to Table of Contents

1. INTRODUCTION

The Madden-Julian (Intraseasonal) Oscillation is a dominant mode of variability in the tropics (Madden
and Julian 1971, 1972). It has long been recognized that it is manifested on a time scale of ~30-60 days
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through large-scale circulation anomalies, which occur in conjunction with eastward evolving convective
anomalies. These features are strongest and most coherent during the boreal winter/spring when the
western Pacific warm pool is centered at or near the equator. The intraseasonal oscillation (10) tends to
move most slowly over the Eastern Hemisphere where the convective signature is most readily apparent.
The current paradigm suggests that while convection is active, the propagation is slow because the 1O
behaves like amoist Kelvin wave. Once the convection subsides, usualy in the vicinity of the dateline,
the O behaves much like adry Kelvin wave which has afaster phase speed. The response to the
convection is aforced Rossby wave which is characterized by upper-tropospheric cyclones
(anticyclones) that lead (trail) the convection. These characteristics of the life cycle of intraseasonal
oscillations have been described by many authors (e.g., Knutson and Weickmann 1987, Rui and Wang
1990, Matthews 1993, Hendon and Salby 1994). Given the dominance of this mode of variability, and
the fact that suppressed convection tends to precede and follow the active phase of the oscillation, the IO
isauseful tool for medium- and long-range weather forecasting in the tropics.

The 10 aso influences the extratropics. Asthe tropical convective heating makes it way into the
western/central Pacific, teleconnections into the extratropics have been noted (Ferranti et al. 1990, Lau
and Chang 1992, Higgins and Schubert 1995, Higgins and Mo 1996). Ferranti et a. (1990) demonstrated
that the tropical intraseasonal oscillation projects on to the Pacific/North American and North Atlantic
oscillation patterns. Their numerical experiments indicated that Northern Hemisphere forecast skill
scores were improved when tropical heating due to strong intraseasonal oscillations was captured.
Similar results were found by Lau and Chang (1992). Thus, the IO is also important for medium- and
extended-range weather forecasts in the extratropics.

The signature of the 10 has also been observed in the ocean. Sea surface temperature (SST) variations of
~0.5°K have been observed in conjunction with the passage of intraseasonal oscillations (Krishnamurti et
al. 1988, Gutzler et al. 1994, Zhang and M cPhaden 1995). Also, during the Tropical Ocean Global
Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA-COARE), intraseasonal
oscillations were observed to initiate downwelling oceanic Kelvin waves in the equatorial Pacific Ocean,
which had the effect of shifting the warm pool dlightly eastward (Weickmann et al. 1994). Thus, thelO is
truly aglobal scale phenomenon, affecting both the atmosphere and ocean, and even the length of day via
modulation of the Earth's angular momentum (Rosen and Salstein 1983). The 1O merits much additional
observational, modelling and theoretical investigation especially since theories regarding itsinitiation
and maintenance are the subject of much debate (e.g., Hayashi and Golder 1993, Chao and Lin 1994).

The simulation of intraseasonal oscillations by general circulation models has been problematic. Models
typically fail to capture the dominant periodicity of the intraseasonal oscillation, simulating oscillations
that are usually weaker and not as spatially coherent as observed, and with the correct seasonality not
well reproduced (Hayashi and Golder 1986, 1988, Lau and Lau 1986, Pitcher and Geidler 1987, von
Storch et al. 1988, Park et a. 1990, and Slingo and Madden 1991). All of these shortcomings were
manifested to one degree or another in the suite of 15 atmospheric general circulation models (GCMs)
analyzed by Slingo et al. (1995, 1996). Their analysis used daily time-longitude output of 10°N-10°S
averaged upper-tropospheric velocity potential and zonal wind from 10-year simulations of the period
1979-88. These simulations were performed as part of the Atmospheric Model |ntercomparison Project
(AMIP) in which the models were integrated using the same monthly mean SST data (Gates 1992, WMO
1995). The amplitude of 20-100 day bandpass filtered zonal mean u-wind was found to be useful for
guantifying the ability of the models to simulate the 10. Based on this stratification, it was found that
models with weak seasonal cycles underestimated the strength of the 10. Also, the models with the
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strongest 10's were best at simulating the observed rainfall/SST relationship over the warm pool during
northern winter. This may be important from the point of view of the current paradigm of the 10, which
hypothesizes that it is amoist Kelvin wave maintained by diabatic heating. Models with weak convection
over the warm pool would be less likely to maintain eastward propagation of the wave since it would
dissipate more quickly due to insufficient heating. Additional results from that study also suggest that
improved simulation of the climatology and the seasonal cycle by GCMs may result in better 10's,
Stratification according to physical parameterization strongly suggested that the quality of the IO
variability islinked to the type of closure used in the convective parameterization, with buoyancy closure
being preferable to moisture convergence.

While the afore-mentioned difficulties are somewhat discouraging, the purpose of this paper isto
evaluate the spatial and temporal evolution of intraseasonal oscillations in the Goddard Laboratory for
Atmospheres (GLA) and the United Kingdom Meteorologica Office (UKMO) GCMs, two of the models
with the most realistic IO's from Slingo et al. (1995, 1996). These models were most realistic in that they
simulated 20-100 day bandpass filtered 200hPa velocity potential and zonal wind anomalies of similar
magnitude to the European Centre for Medium-Range Weather Forecasts /Joint Diagnostics Project
(ECMWF/JDP) analyses. Even so, these models failed to reproduce the observed broad spectral peak in
the 40-60 day interval based on the average power spectrum of all years of data. However, there were
limited periods when these two models produced intraseasonal oscillations that were well defined, and
with the correct periodicity. For such periods the life cycle of the 10 will be studied through the analysis
of streamfunction, outgoing longwave radiation (OLR), and other dynamical/physical quantities. In
Section 2 the models and verification data are described, and in Section 3 the climatological base stateis
presented. In Section 4 the convective evolution and vertical structure of the IO is analyzed using EOF
and correlation analysis, and in Section 5 various mai ntenance mechanisms are evaluated. The role of
SST and the possibility that the 10 is a coupled ocean-atmosphere mode is discussed in Section 6, and
genera discussion and conclusions are presented in Section 7.

Return to Table of Contents

2. THE MODELSAND DATA

The National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (Kalhay and Jenne 1991, Kalnay et al. 1996) and satellite derived OLR
(Gruber and Winston 1978, Gruber and Krueger 1984) from the National Oceanic and Atmospheric
Administration (NOAA) are the main data sets used for verification of the simulations. Subsequently, the
NCEP/NCAR reanalysisis simply referred to as the reanalysis, while other analysis products are referred
to explicitty ECMWF/JDP analysis, National Meteorological Center [NMC] analysis). The reanalysis
data set is generated using a "frozen" state of the art data assimilation scheme and model. As such, this
data set is based on a homogeneous system, and hence does not suffer from inconsistencies introduced by
changing models and assimilation schemes which characterize the previous ECMWF/JDP and NMC
analyses. Although the satellite derived OLR and reanalysis datais available for alonger record, we
concentrate on 1979-88 (unless otherwise specifically mentioned) since this corresponds to the period
over which the AMIP integrations were performed.

The GLA model analyzed hereisversion GCM 01.0 AMIP-1, circa1992. It isagridpoint model with 4°
latitude x 5° longitude resolution and 17 sigma levelsin the vertical. Of particular relevance to this study,
the convective parametrization is a modified version of Arakawa and Schubert (1974), in which different
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values of the "critical cloud work function" are prescribed for different cloud types, including a
parameterization of evaporation of falling rain applied to both large-scale and convective precipitation
(Sud and Walker 1992, 1993).

The UKMO UM-Climate 1, circa 1993, is also analyzed. Thisis agridpoint model with 2.5° |atitude x
3.75° longitude resolution and 19 vertical sigma levels. The convection scheme is a modified version of
the Yana et a. (1973) mass-flux scheme. Both updrafts and downdrafts are represented, and specific
details of the buoyancy closure are described in Gregory and Rowntree (1990). Comprehensive details of
the lineage, physics, and numerics of these models (and all of the AMIP models) may be found in
Phillips (1994).

In some cases, the data analyzed are bandpass filtered using a 20-100 day Lanczos filter to isolate more
clearly intraseasonal variations. Thisfilter was used extensively in Slingo et al. (1995, 1996), where its
response function is given. Henceforth, data processed with thisfilter are referred to as the "filtered”
data.

Return to Table of Contents

3. CLIMATOLOGICAL STRUCTURES
a. OLR: Time-mean and Variability

The time-mean OLR during northern winter, when the 1O is most active, isshown in Fig. 1 from NOAA
satellite observations, and for the models for the period of the AMIP integrations. The modelsdo a
reasonable job of representing the basic structures of the OLR. They capture the locations of the high
OLR associated with the subsidence of the subtropical highs. In the western Pacific, where the reservoir
of SST >28°C is substantial, the models generate deep convection. However, there are several noticeable
differences that are particularly relevant to this study. Both models erroneously simulate convective
maxima over the central Indian Ocean, while failing to produce low OLR in the vicinity of the Maritime
continent. In the case of the UKMO model, the convective maximain the Indian Ocean is displaced near
10°S. Also, in both models the minimum values of OLR over the western Pacific Ocean are not aslow as
observed.

Figure 2 shows the standard deviation of the OLR (based on 9-year average of the variance during each

four month boreal winter period). As demonstrated in previous studies (e.g., Slingo et al. 1992), regions
of the lowest average OLR are typically coincident with the largest variationsin OLR as seen for the
observations. While thisis the case for the GLA model, the UKMO model tends to exhibit the largest
OLR variations along the periphery of thelow OLR vauesin the time mean (Fig. 1) Thisis particularly
apparent over the Indian Ocean and western Pacific where the largest variations are |ocated poleward of
the OLR minima. The models also exhibit larger variations than observed. This was also noted by Slingo
et al. (1995, 1996) with regard to the amplitude of the zonal wind on seasonal and intraseasonal time
scales.

In observations the dominant heating on intraseasonal time scales occurs in the vicinity of the eastern
Indian Ocean and the Maritime continent. Thisis shown in Fig. 2 where >20%percent of the total
variance of OLR is associated with intraseasonal time scales (30-70 days). During individual winters
(e.g., 1987/88) intraseasonal time scales can account for upwards of 50-60% of the total variancein OLR
over the eastern Indian Ocean. Substantial intraseasonal modulation of convection over Southeast Asia,
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Australia and in the South Pacific Convergence Zone (SPCZ) is aso observed. For the GLA model, the
fraction of total variance explained by intraseasonal time scalesis smaller and less coherent than
observed. A local maximais located over the central Indian Ocean coincident with the OLR minima seen
in Fig. 1. Also, thereis a pronounced underestimate of intraseasonal variability near Indonesia. Thisis
also the case for the UKMO model, which simulates bimodal off-equatorial intraseasonal variability over
the western Pacific Ocean.

b. Rotational Flow Response

In this section we describe the current paradigm of the intraseasonal oscillation using EOF analysis of
filtered eddy-streamfunction and show the dominant rotational wind structures. For the reanalysis and
models, the filtered data is generated on their respective longitude/latitude grids. Prior to the calculation
of the EOF's, the datais area-weight interpolated to an 8° x 10° latitude/longitude grid. Cosine latitude
weighting has been used in the calculation of the EOF's.

The current paradigm of the intraseasonal oscillation isthat it is a Kelvin wave/Rossby wave interaction.
The Kelvin wave signature of the intraseasonal oscillation is most readily identified in
upper-tropospheric velocity potential (not shown). Time-longitude plots of upper tropospheric filtered
ECMWF/JDP analyses (Hoskins et a. 1989) have been presented in Slingo et al. (1995, 1996).
Space-time decomposition of this unfiltered data demonstrate the dominance of the eastward propagating
wave-1 10 signature with a periodicity of ~50 days (not shown). The response of the rotational flow to
the convective heating anomalies is a Rossby wave pattern (Knutson and Weickmann 1987, Rui and
Wang 1990). Matthews (1993) showed this response pattern in an EOF analysis of ECMWF/JDP 150hPa
eddy-streamfunction that was filtered to isolate intraseasonal time scales. This patternisshownin Fig. 3
for DJF for the period 1982/83-1989/90. As indicated by the schematic diagram in Fig. 3, during the
active phase of the 10O, cyclones lead the heating anomalies associated with the increased planetary scale
divergence over the Maritime continent, and an anticyclone pair trails. EOF analysis of the reanalysis
data set for the same period demonstrates these same features with minor modification. The older
ECMWF/JDP and NMC analyses were subject to uncertainties introduced by changing assimilation
schemes and models. Even so, from ~1985 onward, the time-longitude filtered upper tropospheric
velocity potential from the ECMWF/JDP analyses and the reanalysis are typically consistent in
magnitude and phase. These results confirm the robustness of the dominant patterns of the rotational and
divergent flow associated with the | O. In the remainder of the paper the reanalysis data set is used for
verification.

During the AMIP decade, nine winter/spring periods (November-May 1979/80-1987/88) are available
from which we generate the first two EOF's of the 200hPa eddy-streamfunction from the reanalysis, and
the GLA and UKMO simulations (Fig. 4). Asin Fig. 3, EOF-1 from the reanalysis is the forced Rossby
wave response to the divergent outflow. EOF-2 corresponds to an eastward displacement of the trailing
anticyclones. EOF-1 in conjunction with EOF-2 describe the eastward tranglation of the 200hPa
eddy-streamfunction anticyclone/cyclone complex as the intraseasonal convective heating migrates to the
east. EOF-1 from the GLA model is similar to that from the reanalysis, although the eddy-streamfunction
complex is displaced to the west, being centered over the Indian Ocean near the OLR minimaseen in
Fig. 1. In EOF-2 an eastward displacement of the trailing anticyclonesis seen, particularly in the
Southern Hemisphere. Asfor the reanalysis, these two EOF's in combination represent the eastward
propagation of the Rossby wave response. However, the GLA model simulates a more distinctive
extratropical wave train pattern in the Northern Hemisphere than suggested by the reanalysis. For the
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UKMO model, EOF-2 more closely represents EOF-1 from the reanalysis based on the location of the
trailing anticyclones. The leading cyclones over the Maritime continent are weak, and an extratropical
wave-train pattern dominates. EOF-1 is an eastward displacement of the trailing anticyclones akin to that
observed from EOF-2 of the reanalysis. In the reanalysis, these | O related eddy-streamfunction loadings
account for 23% of the variance of periods between 20 and 100 days. However, the percent variance
explained by these modes is lower in the models than for the reanalysis, indicating that the ssmulated 10
time scales are noisier. Thisis consistent with the results presented in Slingo et al. (1995, 1996).

Return to Table of Contents

4. INTRASEASONAL OSCILLATION CASE STUDIES

Many previous studies have used various technigues (regression, EOF analysis, etc.) to generate
composite life cycles of the 10 based on many years of data (e.g., Knutson and Weickmann 1987, Rui
and Wang 1990, Hendon and Salby 1994). While using many years of data retains the large scale
characteristics of the mode in question, it is desirable to analyze case studies in an effort to address
specific (and perhaps localized) processes/mechanisms which may be operative and otherwise obscured
from compositing over many years (e.g., Matthews et al. 1996). Also, more importantly from a
modelling point of view, the GCMs exhibit difficulty at ssmulating coherent intraseasonal oscillations.
Space-time spectra and time-longitude plots of 10°N-10°S averaged filtered 200hPa velocity potential
presented in Slingo et al. (1995, 1996) indicated that no model was able to capture the dominance of the
intraseasonal oscillation found in the ECMWF/JDP analyses. However, in the case of the GLA and
UKMO models, when a clear eastward propagating signal is evident, the period of the oscillation is
realistic. (The NCAR CCM2 AMIP model also showed similar realistic intraseasonal variations on
occasion, but high frequency (daily) longitude-latitude data were not available with which to perform an
analysisfor this paper.) Therefore, in order to show the modelsin their best light, we examine the
winter/spring period during which these models exhibited their strongest and most coherent intraseasonal
oscillations. In the case of the GLA model, the winter of 1986/87 exhibited the best intraseasonal
oscillations, while the winter 1980/81 from UKMO will be analyzed. These will be compared with the
winter of 1987/88 from observations and the reanalysis.

1987/1988 was observed to be a period of particularly active intraseasonal variability (Matthews et al.
1996), which can be seen in the time-longitude plot of 10°N-10°S averaged filtered 200hPa vel ocity
potential from the reanalysis (Fig. 5). Coherent eastward propagation is evident, with the intraseasonal
oscillation making several apparent circuits of the globe from November through May with a period of
~45 days. Aswe are interested in the convection associated with the passage of the active phase of the 10
in the vicinity of the Austral monsoon, and as noted earlier thisis also the region where the heating
associated with the intraseasonal oscillation tends to be strongest, we average the filtered vel ocity
potential between 100°-140°E. The resulting pentad averaged | O index, also presented in Fig. 5, has been
standardized by removal of the mean and dividing by the standard deviation (based on 17 years of
reanalysis 1979-1995). Aswe can see, the amplitude of the intraseasonal oscillation exceeds +/-3
standard deviations during February and March 1988. This 10 index, and those generated from the model
case studies, are used in the correlation analyses presented throughout this paper in which we examine
the relationship of the 10 to convection, filtered streamfunction, filtered latent heat flux, and filtered
SST.

a. Convective Evolution
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In order to examine the convection associated with the intraseasonal oscillation, we correlate the
observed IO index from Fig. 5 with pentad averaged NOAA OLR. It isimportant to note that the OLR

data has not been filtered in an other way. In Fig. 6 the correlations of the 10 index and OLR at various

time lags are shown for the 1987/88 seven-month case study period. These panels show the
spatio-temporal evolution of the convection associated with the intraseasonal oscillation. The convention
is such that anegative IO index (the active phase of the intraseasonal oscillation) is associated with
reduced OLR. Thus, positive correlations indicate enhanced convection. Enhanced convection
(suppressed convection) significant at >95% confidence level is shaded grey (black). At day -15, asmall
region of enhanced convection is located over the tropical western Indian Ocean. Over the western
Pacific Ocean alarge region of suppressed convection is observed. At day -10 enhanced convection
extends over most of the tropical Indian Ocean, and the suppressed convection is now dominant near the
SPCZ. The development of convection over the eastern Indian Ocean is readily apparent by day -5. At a
lag of O days, enhanced convection covers the eastern Indian Ocean and Maritime continent, from 10°N
extending southward over Australia. The convection is most developed at thistime in the vicinity of the
region from which we generated the 10 index (100°-140°E, 10°N-10°S, the box in the day -15 panel). At
positive time lags, the convection associated with the intraseasonal oscillation is found further east.
Enhanced convection near the SPCZ is noted at lags of +10 and +15 days as the convection weakens and
diminishesin spatial extent. At this time suppressed convection develops over the Indian Ocean
subsequent to passage of the active phase of the oscillation (day +10 and day +15). While the spatia
extent of the convective envelope varies from year to year, it consistently exhibits the contiguous
eastward transition from the Indian Ocean through to the western Pacific. Eastward development of
convective anomalies over this region were noted by Kousky (1985) during the winter 1984/85 in a
time-longitude plot of NOAA OLR. The spatio-temporal evolution of the intraseasonal convective
anomaliesin Fig. 6 is consistent with the one-point correlations of broadband OLR presented by Lau and
Chan (1985), the devel opment described in Weickmann et al. (1985), the convective life-cycle of the
intraseasonal oscillation presented in Hendon and Salby (1994), and the extended EOF analysis of Lau
and Chan (1985) and Murakami et al. (1986).

To represent concisely the spatio-temporal evolution of the enhanced convection seen in Fig. 6, we plot
in Fig. 7 the time lag at which the positive correlation between the 10 index and the OLR is a maximum.
Datais plotted only at those gridpoints for which the correlation coefficient is significant at >95%
confidence level. (At each gridpoint there are 7 correlation coefficients corresponding to the different lag
correlations, as seen in Fig. 6. We then only consider positive correlations significant at >95%
confidence level [shaded grey in Fig. 6], plotting in Fig. 7 the time lag at which the positive correlation is
amaximum. This indicates the time when the convection is most enhanced with respect to the IO index).
The associated maximum correlations are contoured over the time lags to provide information regarding
the strength of the relationship. Results from the GLA and UKMO cases studies are also presented in

Fig. 7.

Serial correlation may reduce the effective degrees of freedom used to estimate the 95% confidence level
(currently 41 degrees of freedom are assumed based on correlating 43 pentads of data). However, the
coherent spatial signature of the correlation coefficients and the lag structure seen in Fig. 6 and Fig. 7
indicate the 10 index/OLR association is physically based. Also, while a more stringent estimate of the
degrees of freedom would reduce the area of the convective signature, the associated eastward translation
of the convection would remain intact.
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Clearly, at negative time lags the observed convection is enhanced west of region from which we
obtained our 1O index. From day -15 through day -5 the convective envelope expands eastward into the
eastern Indian Ocean. Both models fail to capture this eastward transition of enhanced convection over
the Indian Ocean. This shortcoming also occurs in other years of the smulations, and is also seenin the
seasonal variance statistics on 10 time scales (Fig. 2). On day 0 through day +5 the observed convection
Is enhanced over the Maritime continent, extending southward over Australia. Thisisthe time when the
modelsfirst generate realistic 10 related convection, although the spatial extent of the simulated
convective envelopes are not as extensive as observed. At subsequent time lags, the observed convection
extends further east and into the SPCZ. The GLA model is most realistic in this regard, while the
correlations from the UKMO model are particularly weak and not well defined (even in the mean state
[Fig. 1] OLR <210w m2 in the SPCZ is not produced by this model).

The strength and extent of the SPCZ OLR anomaliesis interpretable in terms of the mechanism proposed
by Matthews et al. (1996) by which ascent is excited over this region. Their mechanism was devel oped
based on diagnostic analysis of the strong 1O that occurred during late March 1988, and through the use
of an idealized model to ascertain cause and effect. They concluded that ascent over the SPCZ, and hence
enhanced convection, could be excited in response to the incursion of high potential vorticity air from the
southern extratropics on the eastern flank of the upper-tropospheric anticyclone that is established as the
forced Rossby model response to convection over Indonesia. Their idealized modelling studies indicated
that the strength of the SPCZ excitation was sensitive to the latitude of the heating over Indonesia. The
weak SPCZ signature in the UKMO case study presented in Fig. 7 is consistent with the heating near

Indonesia being mainly confined north of the equator.

While the eastward propagation of the convective signature in these models shows some improvement
relative to previous studies (e.g., Lau and Lau 1986, Pitcher and Geisler 1987, von Storch et al. 1988,
Park et a. 1990, Slingo and Madden 1991), our results indicate that the models fail to ssimulate the close
association of the 200hPa velocity potential 10 index and convection (primarily over the Indian Ocean)
seen on the observations. Where eastward migration of the OLR signature is found in the models, the
gpatial extent of the convective envelope is more confined than observed. Dynamica phenomena
associated with these shortcomings will be discussed shortly.

b. Vertical Sructure of the Rotational Flow

In Section 3b we presented evidence that the models simulated a Rossby-wave pattern at 200hPa on
intraseasonal time scales. However, the anticyclone/cyclone pairs tended to be displaced from the
locations seen in the reanalysis. We now present asimilar analysis for the case studies discussed in
Section 4a, and also include an analysis at 850hPa to evaluate the vertical structure of the 10. Also, the
principal component time series are presented to provide information on the phase variations of the
Rossby gyres, and their relationship to the 1O indices used for the OLR correlations (Fig. 7).

Note: For the reanalysis and the models, the streamfunction (and velocity potential) were calculated from
the u- and v-wind components. For the GLA model, there were missing data where the 850hPa pressure
surface was below the orography. This occurred principally over the Tibetan Plateau, Antarctica, a
portion of Greenland, and afew gridpoints over the Rockies and Andes. Since the sigma surface data
were not available for vertical extrapolation over these locations, missing values of the zonal wind were
interpolated as a function of longitude along each latitude circle. The missing values of meridional wind
were interpolated as a function of latitude at each longitude. Where missing data existed around a
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complete latitude circle (Antarctica), data from the previous (more equatorward) latitude circle was used.
In order to test the utility of thisinterpolation procedure, a similar missing data mask was applied to the
u- and v-wind data from the reanalysis at 850hPa, and the interpolation procedure applied to the daily
data. The streamfunction calculation, bandpass filtering etc. were then applied to thisfilled data set as
usual, with the result that the EOF'S/PC's and streamfunction lag correlations with the 10 index (Sections
4b and 4c) were virtually identical to those from the raw reanalysis. Thus, we conclude that thisfilling
procedure does not detrimentally affect the diagnostics presented at 850hPa for the GLA model.

The reanalyzed and simulated EOF's of the 200hPa and 850hPa filtered eddy-streamfunction for the case
study periods are presented in Figs. 8-10. Even for this seven month period, the first EOF at 200hPafrom

the reanalysis (Fig. 8) shows a Rossby-wave pattern similar to that presented in Fig. 4 for al winters.

Thisrotational flow complex is clearly associated with the 10 since its principal component (PC-1, thick
solid black linein Fig. 8) variesin-phase with the 10 index (thick solid grey line) used for the OLR
correlations in Section 4a. During the active phase of the intraseasonal oscillation (negative 10 index) a
leading cyclone pair, and atrailing anticyclone pair are centered about the upper-level outflow regionin
the vicinity of maximum heating near the Maritime continent. The second EOF isin quadrature with the
first, with the anticyclone pair displaced to the east over the Maritime continent. The second PC at
200hPa, denoted by the thick dashed black linein Fig. 8, isout of phase with PC-1. Together these two
EOF modes describe the migration of the rotational flow associated with the eastward propagation of the
intraseasonal oscillation. That thiswas ayear of very strong intraseasonal activity isreflected in the
percent variance explained by these two EOF modes at 200hPa. In Fig.4 based on nine winter/springs,
these two modes accounted for 23% of the filtered eddy-streamfunction variance, while for the period of
this case study these modes explain 42% of the variance. Lau and Lau (1986) and Pitcher and Geidler
(1987) found similar quadrature spatial displacements and temporal phases shifts of the first two
EOF/PC's in upper-tropospheric velocity potential in GCM simulations. However, in both studies the
period of the oscillation was 25-40 days.

Asseenin Fig. 9 for the GLA case study, the first two filtered eddy-streamfunction EOF's at 200hPa are
consistent with those presented in Fig. 4. As suggested by the westward displacement of EOF-1 at
200hParelative to the reanalysis, PC-1 and afiltered velocity potential 10 index centered over the Indian
Ocean (60°-100°E, 10°N-10°S average, thin grey line) vary in-phase with each other. The 1O index used
for the OLR correlation in Fig. 7 (thick grey line) lags the Indian Ocean 10 index by 5-10 days.
Consistent with the reanalysis, PC-1 and PC-2 at 200hPa are (usually) out of phase with each other.
These modes explain 37% of the 1O time scale variance, significantly greater than noted for the nine
winter/springs presented in Fig. 4 (18%), but less than that in the reanalysis case study, indicating that
more simulated EOF's are needed to account for the same amount of observed variance.

For the UKMO case study (Fig. 10), the first 2 EOF's of 200hPa filtered eddy-streamfunction are similar
to those from the GLA simulation over the tropical eastern hemisphere, with awestward displacement of
the Rossby gyresin EOF-1. However, asin Fig. 4, the UKMO model EOF's are dominated by an
extratropical wavetrain, unlike the reanalysis and the GLA simulation. Also, the phase relationships of
the principal component time series, clearly defined in the reanalysis, are only present for limited periods
(e.g. November and January/February).

To examine the vertical structure of the 10 in the reanalysis, the first two EOF's and PC's of the rotational
flow at 850hPa are also presented in Fig. 8. Thefirst principal component at 850hPa (thin solid black
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line) variesin phase with PC-1 at 200hPa. Thus, the loadings of the 850hPa EOF-1 denote leading
anticyclones and trailing cyclones consistent with low-level convergence in the vicinity of maximum
heating during the active phase of the 10. The second principal component at 850hPa (thin dashed black
linein Fig. 8) variesin phase with PC-2 at 200hPa. Thus the first two modes are clearly baroclinic. It is
noticed that the EOF's at 850hPa are displaced slightly east of those at 200hPa, thus indicating a
westward vertical tilt. A westward tilt in the zonal wind was noticed by Murakami and Nakazawa (1984)
and Park et a. (1990) in their analysis of observed intraseasonal variations. In addition, Park et a. (1990)
demonstrated that the GLA (an earlier version) and GLAS (Goddard L aboratory for Atmospheric
Sciences) models simulated a westward vertical tilt. Also, Slingo and Madden (1991) found a westward
tilt, with precipitation leading upper-tropospheric velocity potential by 0.10 cycle for periods of 10- to
30-daysin a perpetua January ssmulation with CCM 1.

The GLA model also simulates the baroclinic structure in the rotational flow response (Fig. 9), but the
presence of awestward vertical tilt is not well defined. The baroclinic structureis only clearly evident for
alimited time period. From mid-January through May, PC-1 at 850hPa usually variesin-phase with PC-1
at 200hPa. The in-phase variation of PC-2 at 200hPa and 850hPa is more tenuous. Thus, baroclinicity of
the 10 ssimulated by this model is most evident in the first EOF. In the UKMO simulation, the baroclinic
structure is evident in both EOF's, but only when the proper phase relationships of the principal
components are reproduced. This relationship is less robust than that expressed by the GLA model, being
most evident only during November and January/February. At 850hPa approximately the same amount
of variance is explained as at 200hPain the reanalysis and models respectively.

These results indicate that the vertical structure of the eddy-streamfunction is baroclinic on intraseasonal
time scales, with the 200hPa and 850hPa out-of-phase eddy-streamfunction anomalies propagating to the
east in near unison. The models capture these relationship less effectively. The baroclinic structure of the
intraseasonal oscillation, initially noticed in the winds by Madden and Julian (1971, 1972), has also been
noted by many other authors (e.g., Krishnamurti and Subrahmanyam 1982, Lau and Lau 1986, Knutson
and Weickmann 1987, Gutzler and Madden 1989, Rui and Wang 1990, and Slingo and Madden 1991).
The symmetry of the anticyclone/cyclone pairs about the equator is consistent with the composite life
cycle presented in Rui and Wang (1990). The symmetry of the Rossby wave response, and the vertical
tilt will be explored in more detail in the next subsection.

c. Spatio-Temporal Evolution of the Rotational Flow

In the same way that we used lag correlation analysis to show the spatio-temporal evolution of enhanced
convection during the active phase of the IO (Fig. 7), we can clearly show the propagation of the filtered
eddy-streamfunction during the active phase of the O by correlation with the O indices used in Section
4a. Thisis useful because it clearly demonstrates the trans ation of the Rossby wave streamfunction
complex. Additionally, the correlation analysis provides information regarding the vertical tilt of the
oscillation.

Given the sign convention that the active phase of the 10 corresponds to a negative IO index, a positive
correlation with the filtered eddy-streamfunction in the Northern Hemisphere corresponds to a cyclone.
In the Southern Hemisphere, a positive correlation corresponds to an anticyclone. Conversely, a negative
correlation in the Northern (Southern) Hemisphere is associated with an anticyclone (cyclone). To clearly
portray the evolution of the bandpass filtered streamfunction anomalies, we have combined the lag
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information of the positive (negative) correlations in the Northern Hemisphere with the negative
(positive) correlations in the Southern Hemisphere to show the spatio-temporal evolution of the cyclone
(anticyclone) pairs. Aswith the OLR, the lags are plotted where the confidence level of the correlation
coefficient is >95%.

Note: in Fig. 11 we only plot lags for the strongest negative and positive correlations out to +/- 15 daysin
order to facilitate comparison with the OLR lags presented in Fig. 7. That the +15 day and -15 day lags
are adjacent to each other does not imply that the period of the 10 is 30 days. The actual maximum and
minimum lag correlations near this boundary interface occur at longer lag and lead times, yielding an 1O
periodicity of ~45 daysin the reanalysis case study. Extending the +/- lag window only servesto increase
the spatial resolution of the eastward propagation in the vicinity of the +15 day and -15 day boundary.

Figure 11 shows the migration of the filtered eddy-streamfunction anomalies at 200hPa and 850hPa from
the reanalysis and the models. Confining our attention to the subtropics, at 200hPafor zero time lag with
respect to the 1O index (yellow shading; recall the 10 index is based on the region 100°-140°E,
10°N-10°S), we see that the leading cyclones are situated east of the date line ahead of the enhanced
convection (Fig. 7). The trailing anticyclones are located over the western Indian Ocean to the west of
the enhanced convection. At 850hPa the baroclinic nature of the rotational anomaliesis evident, with an
anticyclone (cyclone) pair leading (trailing) the enhanced convection as depicted in the schematic
diagramsin Fig. 11. These locations are consistent with the EOF-1 patterns for 200hPa and 850hPain
Fig. 8. The GLA model readily simulates the location of the Rossby gyres at 200hPa and 850hPa for
convection over the Maritime continent, while in the UKMO simulation the lag information is less
coherent.

During the onset of convection in the western Indian Ocean (day -15), the trailing 200hPa (850hPa)
anticyclones (cyclones) in the reanalysis are not well established, and the convection tends to be located
west of the leading 200hPa (850hPa) cyclones (anticyclones). From day -10 through day +10, the
enhanced convection over the Indian Ocean and the western Pacific tends to be situated at the interface
of the cyclone/anticyclone pairs (as per the schematicsin Fig. 11). However, once the convection
approaches the dateline (day +15), it tends to be situated in-between the trailing 200hPa (850hPa)
anticyclones (cyclones). At this time the leading 200hPa (850hPa) cyclones (anticyclones) are weaker
and not well defined. In the GLA model, the western/central Indian Ocean convection on days-15 and
-10is principally associated with the leading anticyclones at 850hPa. (In the reanalysis this only occurs
at day -15). Thetrailing cyclones at 850hPa do not begin to develop in the Eastern Hemisphere until day
-5 when the convection first arises over the Maritime continent. This staggered development of the
trailing cyclonesis consistent with the failure of this model to simulate the clear eastward propagation of
convection over the Indian Ocean found in the observed data, and is associated with the westward
propagating OLR lag signature over the central/western Indian Ocean (Fig. 7) where convection over the
Indian Ocean occurs at the juncture of the trailing cyclones. In the UKMO model the eastward migration
of the filtered eddy-streamfunction complex is sporadic, and not as coherent asin the reanalysis and
GLA simulation.

In the reanalysis the establishment of the trailing anticyclones at 200hPa when convection developsin
the central Indian Ocean, and the location of the convection in-between the 200hPa trailing anticyclones
when convection nears the dateline were a'so seen in the 1O life-cycle study of Hendon and Salby (1994)
using ECMWEF and NMC analyses. Knutson and Weickmann (1987) identified asimilar spatial

http://www-pcmdi.linl.gov/sperber/report36/Rpt36.htm (12 of 25) [11/15/2000 10:15:22 AM]



PCMDI Rep[ort Series, No. 36

relationship between convective anomalies and 250hPa streamfunction using NM C analyses. However,
they found the streamfunction pattern to be asymmetrical, with the Northern Hemisphere anomalies
being "most prominent." Alternatively, Rui and Wang (1990) found the streamfunction anomaliesto be
more symmetrical about the equator, but stressed the association of the tropical convective anomalies
with the trailing "upper- (lower-) anticyclonic (cyclonic) circulation anomalies." They also indicated that
"the low-level circulation anomalies dissipate after the convection anomaly passes the western Pacific."
However, thelagsin Fig. 11 suggest that the 850hPa cyclones continue to propagate downstream in the

reanalysis. Differences between the results presented here and those of Knutson and Weickmann (1987)
and Rui and Wang (1990) are most likely due to our use of a single case study period rather than
compositing over many years of data. Also, it is possible that the different characteristics are associated
with the different prefiltering techniques applied to the dynamical fields. While we have filtered the
eddy-streamfunction data, Rui and Wang (1990) retained higher frequency time scales through pentad
averaging of data from which only the seasonal cycle was removed. Thus, higher frequency variations
probably influenced their rotational signature, particularly when the IO related convection was weak.
Also, the different data sets and analysis techniques may have contributed to the discrepancies noted
above.

In both hemispheres, the eddy-streamfunction lagsin Fig. 11 for the reanalysis are essentially

symmetrical about the equator. The symmetrical nature of the rotational flow is also reflected in the
magnitude of the correlations (not shown), typically being >|0.6| in the subtropics of each hemisphere
when convection is active over the Eastern Hemisphere. The lags indicate that the spatial structure of this
streamfunction complex remains fairly uniform as the convection migrates eastward from the Indian
Ocean into the western Pacific. The GLA model has similar characteristics, but only when the convection
Is located over the western/central Pacific Ocean.

It is of interest to note that the 850hPa cyclone/anticyclone phase lags are displaced dlightly to the east of
their 200hPa anticyclone/cyclone counterparts in the reanalysis. Thisindicates that there is awestward
vertical tilt to the eddy-streamfunction anomalies, with the low-level convergence leading the upper-level
divergence. For the GLA model, the correlation analysis establishes the presence of the westward vertical
tilt which was not evident in the EOF analysis.

The major shortcoming of the modelsis their poor performance over the Indian Ocean. Common features
between the models and observations/analyses are most apparent when convection is active over the
western/central Pacific. At such times, both models simulate eastward propagating convective anomalies
and forced Rossby wave gyres which have a baroclinic structure on intraseasonal time scales. These
properties are however better smulated by the GLA model, whereas the UKMO model is much noisier.
The 10-related Rossby wave structures are particularly poor in the latter model, and thisis probably
associated with the tendency for the main center of convection to be located north of the equator.

Return to Table of Contents

5. MAINTENANCE OF THE INTRASEASONAL OSCILLATION

Numerous theories of intraseasonal variability are prevalent in the literature (e.g., see Hayashi and
Golder 1993 for areview). In wave-CISK (conditional instability of the second kind), the eastward
propagation of the convective envelope is maintained through the selective amplification of Kelvin
waves (Lau and Peng 1987). Consistent with the observed vertical structure of the IO, this mechanism
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indicates awestward vertical tilt with height should be present. However, amajor difficulty with
wave-CISK isthat the preferred periodicity of the dominant waves is shorter than observed due to the
preferred amplification of high frequency growth rates. In frictional wave-CISK (Hendon and Salby
1994, Salby et al. 1994), meridional convergence at the surface leads to amplification of the convective
anomaly when it occurs in-phase with the convergence at 850hPa through the generation of eddy
available potential energy (EAPE). The amplification stage occurs while the convection is located over
the western/central Indian Ocean. At subsequent times the surface convergence shifts further eastward,
nearly 40-50° longitude ahead of the convection, where it is no longer in-phase with the convergence
above the boundary layer. Thisresults in decreasing EAPE, and decay of the disturbance.

The evaporative wind feedback mechanism (also known as wind-induced surface heat exchange,
WISHE), as proposed by Emanuel (1987) and Neelin et al. (1987), considers the role of evaporation in
the maintenance and propagation of the O, and it is not mutually exclusive of the wave-CISK
mechanism. Enhancement of the low-level easterlies about the equator ahead of the convection is
assumed to result in increased evaporative fluxes, which in turn maintains the eastward propagation of
convection.

In order to evaluate these mechanisms of 10O maintenance, we use alongitudinal translation scheme to
composite OLR, filtered divergence, surface winds, and latent heat flux in aframe of reference with
respect to the eastward propagation of the intraseasonal oscillation as it propagates through a given
domain. Lau et al. (1988) and Park et al. (1990) used this method in their model verification studies. As
with Lau et al. (1988) and Park et al. (1990), we use pentad averaged bandpass filtered upper-level
velocity potential to define the eastward propagation of the intraseasonal oscillation. These
time-longitude data sets were presented in Fig. 7 for the reanalysis and models. In this scheme we define
alongitudinal trandlation to isolate the active phase of the intraseasonal oscillation. Thistrandation is
denoted T- (using the notation of Park et al. 1990). For an a priori selected longitude range the following
steps are performed at each pentad:

1) We calculate the average of the 200hPafiltered velocity potential in our predefined longitude range.
This average is used as a weighting factor when the trandlation is performed on the field of interest. Thus,
periods of strong intraseasonal activity are emphasi zed.

2) If this average is negative, the longitude of the velocity potential minimain the predefined longitude
range is mapped to the zero longitude of the translation reference grid T-.

This tranglation can be applied to any field of interest (F) resulting in F-. Since the models and reanalysis
are most consistent over the western Pacific, we perform the trandation for the region 105°E-180°W. We
choose to perform the tranglation on total OLR, total surface wind, and filtered divergence to compare
with the results of Hendon and Salby (1994), and comment further on their frictional wave-CISK
hypothesis. Additionally, we trandlate the total latent heat flux to evaluate the role of evaporative wind
feedback, and to evaluate model performance.

a. OLR and Filtered Divergence

In this section translations are applied to OLR and filtered divergence (Fig. 12). There are two reasons

for this: (1) use of total OLR to show more precisely the location, magnitude and spatial extent of deep
convection about the wave center; (2) divergence isavery noisy field. For the UKMO simulation surface
data were unavailable,
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AsFig. 12 shows, the observed convection is slightly displaced to the west of the wave center. The OLR

signature extends to 15°S along the eastern flank which is consistent with the convection observed in the
SPCZ (Fig. 7). The baroclinic structure of the divergence at 850hPa and 200hPa, and the ambiguous
signal at the surface are consistent with the results of Hendon and Salby (1994). In the GLA model the
convection is more intense than observed as indicated by the lower values of OLR. The convectionis
located at the wave center, and it is more longitudinally confined than observed. This model does
simulate a southeastward extension of convection which is associated with the SPCZ. The convectionin
the GLA model is more redlistic than that of the UKMO mode!.

The presence of surface convergence (negative divergence) to the east of the convection in the reanaysis,
and to some extent in the GLA simulation, indicates that an element of frictional wave-CISK is present.
However, the importance of this convergence relative to that which is coincident with the convection has
yet to be determined. In the GLA model, convergence at the surface is dominant in the vicinity of the
convection, suggesting that convection is more closely tied to local boundary layer processes than
suggested by the reanalysis. In the UKMO integration the more irregular structure in the divergence field
Is consistent with the weaker convective signature, and agrees with the split tropical convergence zones
seenin Figs. 2 and 7 on intraseasonal time scales.

b. Latent Heat Flux, Surface Winds, and OLR

In Fig. 13, translations of the latent heat flux, surface winds (850hPafor UKMO) and OLR are presented.
The most immediate result is that strong latent heat flux occurs coincident with, and to the west of the
convection in the reanalysis and GLA simulation, where the surface winds exceed 4m s'1. The tendency
of the latent heat flux to be proportional to the windspeed is consistent with the TOGA-COARE in situ
measurements presented by Zhang and McPhaden (1995) and Lau and Sui (1996). To the east of the
convection, the latent heat flux is substantially lower (and less than the climatological mean, not shown)
in the reanalysis. This result indicates that evaporative wind feedback (WISHE) is not the dominant
mechanism for maintaining eastward propagation of the intraseasonal oscillation. This conclusionis
consistent with the finding of Lau and Sui (1996) which was based on an analysis of surface fluxes from
the Improved Meteorological Surface Mooring within the Intensive Flux Array (IFA) during the
TOGA-COARE Intensive Observation Period (I0P).

In the GLA simulation the latent heat flux to the east of the convection does not exhibit as systematic a
reduction, and in the UKMO simulation the strongest latent heat flux tends to occur coincident with the
convection. Outside of the deep-tropics to the east of the convection in the reanalysis, the latent heat flux
is larger where the meridional wind component is strong. Thisimplies that characteristics of frictional
wave-CISK are at work. In the GLA model the correspondence between the meridional wind and
evaporation is strongest in the Northern Hemisphere, while in the UKMO model the flow is more zonal
than indicated by the reanalysis.

The degree to which frictional wave-CISK is operative is an open question. Hendon and Salby (1994)
went on to examine the behavior at 1000hPa, finding an eastward displacement of 40-50° in the location
of convergence relative to that at 850hPa. This shift was ascribed to friction, and formed the basis for
their frictional wave-CISK hypothesis. We looked for such a displacement of the surface (10m) winds
from the reanalysis (since that is what is available from the model archive), and did not find evidence of
such a displacement. The reanalysis surface filtered eddy-streamfunction lags (not shown) were
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consistent with those at 850hPa (Fig. 11), and EOF analysis asin Fig. 8 (not shown) also indicated the
surface and 850hPato be in-phase with each other. This suggests that frictional wave-CISK may not be a
dominant mechanism for maintenance of the |O. However, important questions that remain to be
addressed with regard to this mechanism include: (1) How much does the large-scale atmospheric
moisture convergence to the east of the convection contribute to the net moisture supply? (2) Isit
substantial enough to override the below normal latent heat flux in this region? Answers to these
guestions are beyond the scope of the present paper, but further evidence of the regionality of the latent
heat flux for the case study periodsis explored using lagged correlation analysis in the next subsection.

c. 10 Index/Filtered Latent Heat Flux Correlations

Filtered latent heat flux correlations with the 1O index from reanalysis and the models are shown in Fig.
14. Negative correlations correspond to enhanced latent heat flux (evaporation). In the reanalysis, on day
-15, convection is located near 60°E, 5°S (Figs. 6,7, and 15). To the west, near the Somali coast, a small
region of enhanced latent heat flux is found, but its magnitude and spatial extent is quite small. However,
enhanced latent heat flux is noticed extending ~30° to the southeast of the convection. This suggests that
frictional wave-CISK may be important during initiation of 10 related convection. However, it is
conceivable that this enhanced latent heat flux is a symptom of the development of the leading
anticyclones at 850hPa on day -15, the purple shading seen in Fig. 11, which occur as a consequence of
the convection. In this latter scenario, the initiation of convection in the western Indian Ocean would be
associated with local processes. However, from day -5 through day +15, enhanced latent heat flux at and
to the west of the convection dominates. To the east of the convection, the positive correlations indicate
that below normal evaporation extends well into the subtropics. This suggests that large-scale moisture
convergence from east of the convection may not be dominant. The mechanism by which the IO
propagates to the east is not as yet understood, and a possible scenario by which this occurs will be
discussed in Section 6.

The lagged correlations for the GLA model (Fig. 14) provide avaluable qualification to the Lagrangian
trandation of the latent heat flux given in Fig. 13. The correlations clearly show that the enhanced
evaporation develops in-place over the warm pool beginning when the convection first devel ops there on
day -5. The dominant evaporation tends to remain over the warm pool, even on day +15 when convection
is located near the dateline, thus giving the appearance that enhanced evaporation occurs to the west of
the convection in the Lagrangian translation. This model appears to be more closely tied to local

behavior over the warm pool than the variations from the reanalysis that occur over most of the eastern
hemisphere as the 10 devel ops and matures.

In the UKMO model, the main center of evaporation liesto the east of the convective signal on day -5
and day 0, when convection first becomes apparent over the Maritime continent (Fig.7). This suggests a
WISHE type mechanism during onset in this model. Subsequently, when convection is near the dateline,
evaporation from the west dominates which is more consistent with the reanalysis. Thisis an important
difference relative to the GLA simulation and the reanalysis, namely that the UKMO evaporation tends
to migrate to the west, whereas the GLA evaporation developsin place, while in the reanalysis the
evaporation migrates to the east behind the convection.

The Lagrangian translation and correlation analysis indicate the importance of the latent heat flux at and
to the west of the convection. These results confirm the in situ observations over the IFA during the
TOGA-COARE IOP (Lau and Sui 1996), and indicate that these interactions are operative over the
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oceans of the eastern hemisphere during the active phase of the |O. For the case study periods analyzed,
the models do not simulate in a robust manner the enhancement of evaporation to the west to the
convection. Thus, the physical mechanism by which the convection is maintained in the reanalysisis not
well reproduced by these models. Since the reanalysis indicates that WISHE and frictional wave-CISK
are not the dominant mechanisms by which the eastward propagation and time scale of the 10 are
established, other mechanisms of 10 variability must be investigated.

Return to Table of Contents

6. THE INTRASEASONAL OSCILLATION: A COUPLED MODE?

The overall poor simulation of intraseasonal oscillationsin the AMIP simulationsis disturbing and
perhaps suggestive that a fundamental processislacking in AGCMs (Slingo et al. 1995, 1996). One such
process may be the response of the SST to changes in the surface winds and fluxes associated with the
1O. Krishnamurti et al. (1988) showed that anomal ous fluxes associated with the |O may affect the SSTs
in the West Pacific, and recent results from TOGA-COARE have suggested that SST's are modulated
coherently by the 10 (e.g. Gutzler et a. 1994; Chen et al. 1996, Lau and Sui 1996, Zhang 1996a). Using
weekly observed SST distributions, covering a number of years, Hendon and Glick (1996) showed that
intraseasonal variationsin SST (with root-mean-squared amplitude of ~0.5°K) are relatively important
for the Indian and west Pacific Oceans when compared with the seasonal and interannual variability.
Evidence of a coherent relationship between SSTs and atmospheric forcing at intraseasonal time scales
has also been provided by Zhang (1996b) using an extended time series covering several years from the
TOGA TAO (tropical atmosphere ocean) array. He notes that the intraseasonal variability of SST,
although generally weaker than the seasonal and interannual variability, is easily detectable. He also
notes that the coherence between the atmospheric forcing and the SST variationsis significant for
timescales in excess of 4-5 days, and that the atmosphere appears to force the SST.

Using atime-longitude cross-section of SST, and plotting its relation to OLR, Gutzler et al. (1994)
suggested arelationship between SSTsin the Indian Ocean and the phase of the |O. They found that just
prior to the onset of convection in the Indian Ocean, positive SST anomalies of ~0.5°K developed near
90°E, and subsequently the "positive SST anomalies appear to shift eastward ahead of the enhanced
convection associated with the OLR anomalies." Flatau and Flatau (1996) have devel oped a conceptual
model which suggests that modification of the SST by the convective system favors the devel opment of
positive SST anomalies ahead of the convection, and negative SST anomalies at and to the west of the
convection that result in conditions favorable for the eastward migration of the convective envelope. Lau
and Sui (1996) found SST warming over the IFA was associated with above normal shortwave radiation
at the surface and below normal latent heat flux when 10 related convection was located to the west.
Subsequently, when convection was located east of the IFA, SST cooling was dominated by enhanced
latent heat flux. This scenario is consistent with the west Pacific observations of Zhang (1996a), and
suggests that the |O may be a coupled phenomenon which requires an interactive ocean surface to
produce the correct organization of convection and its eastwards propagation. Investigation of the
response by the atmosphere to such changesin SST requires further attention, particularly over the Indian
Ocean.

In order to investigate the relationship between the 1O and SST in more detail, we have correlated the 1O
index with filtered observed SST (and skin temperature over land) for the 1987/88 case study. The SST
dataisthat which was used in the ECMWF (and NCEP/NCAR) reanalyses, and the skin temperature is
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that produced from the ECMWF reanalysis (it was more convenient for us to gain access to the observed
SST viathe ECMWEF reanalysis). In Fig. 15, these correlations are plotted as gridpoint data, while
correlations of the IO index with OLR are plotted as isolines (same data as used in Fig. 6) in order to
show the association between the SST and convection. As seenin Fig. 15, on day -15, the enhanced
convection (blue contours) develops over aregion of warm SST anomalies in the western Indian Ocean
just south of the equator, and in the central Indian Ocean just north of the equator. Enhanced warming is
also found along the equator extending to 90°E, which at day -10 is where the enhanced convection is
strongest. At day -10 significantly warmer SST spreads south of the Indonesian peninsula near 115°E,
15°S, which is precisely where suppressed convective activity (and presumably enhanced subsidence)
occurred during the previous pentad (day -15). Similarly, at day -5 the convection extends eastward to
New Guinea and adjacent to northwest Australia, where above normal SST and suppressed convection
were found on day -10. This cycle continues on day 0 where convection north of New Guineais
manifested. On day +5 through day +15 convection is found near 170°E, 5-20°S where warm SST
anomalies developed previously, subsequent to suppressed convection.

In the vicinity of the enhanced convection, cloud shielding and enhanced latent heat flux serve to cool the
local SST, resulting in azonal gradient of SST with warmer values to the east that may provide the
impetus for convection to develop further east. To the west of the convection evaporative cooling
dominates, particularly over the Indian Ocean from day O through day +10 where below normal SST
coincides with the enhanced latent heat flux seen in Fig. 14. Asaresult the western limit of the
convection is eroded. This cycle of suppressed convection east of the convection, leading to increased
SSTs and eastward migration of the convective envelope at subsequent pentads, with conditions in the
west that serve to decrease SSTs and convection, is consistent with the Flatau and Flatau (1996) air-sea
convective intraseasonal interaction (ASCII) mechanism for maintaining eastward propagation of the
intraseasonal oscillation and observations over the western Pacific (Lau and Sui 1996, Zhang 1996a).
Furthermore, our results suggest that it isthe local gradient of SST that is important for the eastward
migration. For example, asindicated in Fig. 15, the convection enhances eastward from the Indian Ocean
into the western Pacific from day -10 through day 0, while the convection over the Indian Ocean remains
intact on day -10 and day -5. Only on day O does the convection over the Indian Ocean begin to subside
as cold SST anomalies devel op where the evaporative cooling intensifies (Fig. 14). Thus, it appears the
local SST gradient near the eastern boundary of the convective envelope is associated with the
downstream development of convection, while the SST gradient near the western boundary is related to
the cessation of convection.

It islikely that the warm SST anomalies to the east of the convection result as a consequence of
upper-level outflow and subsidence. Such conditions would enable a shallow mixed surface layer to heat
up viashortwave radiation in the presence of light winds. As shown previously in Fig. 13, the surface
winds to the east of the convection are very weak during the active phase of the 10, thus evaporative
cooling is not dominant at thislocal. However, near the western portion of the convective envelope the
strength of the surface westerlies is such that evaporative cooling plays a dominant role in modulating the
surface energy budget. This resultsin the cooling that is observed systematically behind the convection.
The data suggest that the warm SST anomalies may be particularly important in the Indian Ocean. They
may be associated with the onset of convection in the western Indian Ocean, and they appear to the lead
the convection through to the western Pacific Ocean.

Over land, the surface skin temperature from the ECWMF reanalysis indicates that systematic cooling
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and heating occur over the continental interior. The signal is actually first manifested in the observed
SST in the vicinity of the Benguela current. The suppressed convection over the Atlantic Ocean on day
-10 through day O (red contours) suggests enhanced subsidence, which in turn implies an intensification
of the subtropical anticyclone. Thisin turn should result in enhanced coastal upwelling, which appears to
be manifested as below normal SSTsthat propagate northward along the west coast of Africa
Statistically significant below normal temperature anomalies are subsequently found over continental
Africa, which may exceed 2-3°K during individual intraseasonal episodes. Conversely, on day +5
through day +15, above normal SSTs develop over the southeastern Atlantic Ocean and continental
Africawhich is consistent with lower OLR near the anticyclone. The lower OLR implies the presence of
decreased subsidence, aweaker anticyclone, less coastal upwelling and warmer SST adjacent to the west
coast of Africa. Convection isfound over tropical Africa after the warming is established over the
continent as the active phase of the 10 establishesitself over the Eastern Hemisphere. Analysis of other
case study periods would be beneficial in determining the robustness of these large-scale temperature
fluctuations.

The results of the IO index/SST correlations indicate that large-scal e surface temperature anomalies
propagate to the east in conjunction with the passage of intraseasonal oscillations. The large-scale
structure of this temperature signal might be useful for medium-range weather forecasting, particularly
over land. However, the role the SST plays with regard to the initiation and eastward migration of
|O-related convection can only be conclusively determined by using coupled ocean-atmosphere models.

Return to Table of Contents

7. DISCUSSION AND CONCLUSIONS

The NCEP/NCAR reanalysis data set is used in a study of observed and ssimulated intraseasonal
variability. EOF analysisindicates that the large-scal e structure of the 10-related rotational flow is
consistent with the previous ECMWF/JDP and NMC analyses. Most encouraging is the regionally
consistent relationship of the reanalysis and satellite derived OLR which clearly characterize the
spatio-temporal evolution of the convectively driven forced Rossby wave response on intraseasonal time
scales. The models perform best when the |O-related convection is over the Maritime continent. At such
times the forced Rossby wave gyres are most well defined. The GLA model better simulates the eastward
propagation of the convection and streamfunction anomalies over the western/central Pacific Ocean. In
the UKMO simulation this signature is more irregular. A mgjor shortcoming of both modelsistheir
inability to properly simulate the convection over the Indian Ocean, and its progression to the Maritime
continent. Such eastward propagation over the oceans of the Eastern Hemisphere is a fundamental
property of the 1O that always occurs during the active phase of the oscillation in the correlation
statistics. Thus, determining causes for the models failure to capture this signal is of fundamental
Importance.

Intraseasonal variability in an earlier version of the GLA model has previously been documented by Park
et a. (1990). The results presented here indicate that the ssmulation of the IO hasimproved as this model
has undergone development. The modifications to this models formulation have been numerous (Sud and
Walker 1992, 1993), and therefore direct attribution to a specific modification which resulted in the
improved 10 simulation is not possible. However, it is believed that modification to the
Arakawa-Schubert convection scheme, by including a minimum entrainment parameter and different
“critical cloud work functions' and a more realistic parameterization of the physics of falling rain are the
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primary sources of improved |O simulation. This belief is supported by the study of Tokiokaet al. (1988)
in which inclusion of an entrainment parameter in an Arakawa-Schubert convection scheme improved
low-frequency eastward propagating waves in a GCM experiment. Other modifications that may have
contributed to the IO improvement include a more sophisticated planetary boundary layer treatment, and
increased vertical resolution.

While it is encouraging that documented improvement of intraseasonal oscillationsin GCM's has
occurred in recent years, there are still many problems to overcome. We have shown the GLA and
UKMO modelsin their best light by selecting the periods when their intraseasonal oscillations were
strongest and most coherent. During other years, ssmulation of the spatio-temporal evolution of the
dynamical and convective signatures tend to be less coherent.

A factor to consider is the different horizontal resolutions that these two models have employed since
simulation of the intraseasonal oscillation has been shown to be sensitive to this characteristic. In
instances when a specific model has been run at avariety of horizontal resolutions, demonstrably poorer
intraseasonal oscillations have been simulated as horizontal resolution was increased (Slingo et al. 1995,
1996; Gualdi et al. 1995). These authors found that deterioration of 10 simulation was most significant
when resolution increased from approximately T21 to T42. The GLA (4° latitude x 5° longitude) and
UKMO (2.5° latitude x 3.75° longitude) models straddle these horizontal resolution regimes, and perhaps
coincidently, the UKMO model simulated a more irregular intraseasonal oscillation than the GLA model.
It may therefore prove a challenge for the GLA model to simulate coherent intraseasonal oscillations
using increased horizontal resolution. Alternatively, the 1O in alower resolution version of the UKMO
model may become more coherent. This is not meant to suggest that low resolution is preferable, but
rather this conundrum symbolizes unknown shortcomings in our understanding of processes and scale
interactions that occur at high resolution. The apparent decrease in skill at high horizontal resolution may
be related to the closure of that convection scheme and its interaction with resolution. At approximately
T42, tropical synoptic scale disturbances begin to be realized. Thus, it is possible that classes of higher
frequency synoptic scale phenomena (e.g., cloud clusters, super-cloud clusters, westerly wind bursts etc.)
are not properly represented. Thus, poorly simulated fast modes of variability may detrimentally affect
slower modes. Proper simulation of such high frequency multi-scale phenomena may be crucial for
simulating realistic intraseasonal variability (Chao and Lin 1994).

Analysis of the reanalyzed latent heat flux suggests that evaporative wind feedback (WISHE) and
frictional wave-CISK are not the dominant mechanisms which promote the eastward migration of the 1O
during the case study period analyzed. Also, investigation of the relationship between the latent heat flux
and observed SST indicates that warming of the SST in advance of the convection is a viable mechanism
for promoting eastward migration of the convective envelope on intraseasonal time scales. Evaporative
cooling is of minimal importance for the surface energy balance ahead of the convection. Thus, SSTsin
this region warm, probably due to shortwave heating, thereby promoting eastward migration of the
convection through a change in the local SST gradient. Conversely, evaporative cooling (and possibly
cloud shielding) near the western portion of the convection is associated with decreasing SST and the
cessation of convection. The monthly mean SSTs used for the AMIP integrations do not capture these
regionally specific evolving anomalies. However, the use of weekly or daily observed SSTsas a
boundary condition would not be the ideal solution for improved IO simulation since the synoptic state of
asimulation would not be expected to agree with the observed synoptic state under which the SSTswere
manifested. Additionally, the evidence presented suggests that the 1O is a coupled air-sea mode. Thus,
investigation of the 10 using coupled ocean-atmosphere models is of paramount interest.
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Although Slingo et al. (1995, 1996) discuss reasons for the poor ssmulation of 10 variability, the overall
lack of skill exhibited by the models suggests that the IO may have to be treated as a coupled mode.
Thus, much fundamental research needs to be pursued both observationally, and in the modelling
community. It is anticipated that additional insight will be gained from further analysis of data from the
TOGA-COARE 0P during which several strong intraseasonal oscillations occurred. However, the
dearth of in situ observations over the Indian Ocean is particularly troubling, especially given the models
shortcomings over this domain. Extending the TOGA-TAO array into the Indian Ocean would be
beneficial for understanding the ocean-atmosphere interactions over this region, and for the study of
transitions between the Indian Ocean and western Pacific.

Return to Table of Contents
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Fig. 5. Time-longitude plot of 20-100 day bandpass filtered 200hPa 10°N-10°S aver aged velocity
potential for the period November-May 1987/88 from NCEP/NCAR reanalysis. Enhanced diver gent
outflow, corresponding to the active phase of the intraseasonal oscillation, is shaded. Contoursare
plotted at an interval of 2x106 m2 s1. Also shown isthe pentad averaged intraseasonal oscillation (10)
index based on the aver age of thefiltered velocity potential between 100°-140°E (the region between
the vertical barsin the time-longitude plots). To show the strength of the 1O during thisperiod, the
index has been standardized by removal of the mean and division by the standard deviation for 17
yearsof NCEP/NCAR reanalysis (1979-1995).
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Fig. 1. Mean OLR for December/January/February/March (DJFM) 1979/80-1987/88. The observed
OLR isfrom the NOAA satellite archive, and the smulated data are from the GLA and UKMO AMIP
Integrations.
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Fig. 2. Observed, GLA and UKMO standard deviations of OL R based on the average variance from
all DJFM periods from 1979/80-1987/88. Also given isthe percent of the OLR variance explained by
periods of 30-70 days.
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Fig. 3. First EOF of upper-level eddy-streamfunction (filtered to isolate intraseasonal time scales) for
DJF 1982/83-1989/90. Data from ECMWF/JDP analyses (M atthews 1993) are compar ed with
NCEP/NCAR reanalysis. The schematic diagram indicates the dynamical structure associated with
the active phase (enhanced convection) of the intraseasonal oscillation. The dominant heating
associated with the IO islocated in the vicinity of the Maritime continent.
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Fig. 4. First and second EOF's of 20-100 day bandpass filtered 200hPa eddy-str eamfunction for November-May 1979/80-1987/38
from NCEP/NCAR reanalysis, and the GLA and UKMO AMIP integrations.
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Fig. 6. Correlations of the pentad averaged NCEP/NCAR reanalysis | O index from Fig. 5 with
observed (NOAA) satellite derived outgoing longwave radiation at varioustime lags. Positive
(negative) correlations correspond to enhanced (suppressed) convection during the active phase of the
| O. Positive (negative) correlations significant at >95% confidence level are shaded grey (black). The
correlations are calculated from 43 pentads of data, and the 95% confidence level is|r|~0.3 based on
41 degrees of freedom. Since estimating the actual number of degrees of freedom is difficult, positive
correlations are contoured from 0.3 at an increment of 0.1.
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Fig. 7. Thetimelag at which a significant positive correlation between the IO index and theOLR isa
maximum is plotted. Lags from -15 daysto +15 days are considered. For the NCEP/NCAR reanalysis
case study, the results are based on significant positive (grey) correlationsin Fig. 6. The maximum
positive correlations ar e contour ed beginning from 0.3 at an increment of 0.1. Also shown arethe
time-longitude plots of 20-100 day bandpassfiltered 200hPa 10°N-10°S aver aged velocity potential for
the period November-May and the ssmulated 10 index/OLR correlation timelag plotsfor the case
study periods from the GLA and UKM O simulations. The vertical red linesindicate theregion from
which each 1O index is obtained (100°-140°E).
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Fig. 8. First and second EOF's and principal components of 20-100 day bandpass filtered 200hPa and
850hPa eddy-streamfunction for November-May 1987/88 from NCEP/NCAR reanalysis. Also plotted
iIsthe (non-standardized) 10 index time series used for the OLR correlation in Figs. 6 and 7.
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Fig. 10. AsFig. 8, but from the 1980/81 UKM O case study.
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Fig. 9. AsFig. 8, but from the 1986/87 GL A case study. An additional 10 index for theregion
60°-100°E, 10°N-10°Sisplotted.
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Fig. 11. Timelagsat which a significant positive (negative) correlation between the 1O index and
200hPa and 850hPa 20-100 day bandpassfiltered eddy-streamfunction isa maximum (minimum) are
plotted. Positive and negative cor relations provide infor mation about the eastward propagation of
cyclones and anticyclones during the active phase of the 1 O. The propagation of the cyclonic anomalies
Isbased on positive (negative) correlation between the 1O index and eddy-streamfunction in the
Northern (Southern) Hemisphere. The propagation of the anticyclonic anomaliesis based on negative
(positive) correlation between the 1 O index and eddy-streamfunction in the Northern (Souther n)
Hemisphere. Also shown are schematic diagrams of the anomalous flow relative to the location of the
enhanced convection at time-lag 0 based on data in Fig.7. Data are presented for the NCEP/NCAR
reanalysis 1987/88 case study, the GL A 1986/87 case study and the UKM O 1980/81 case study.
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Fig. 12. Total OLR and 20-100 day bandpass filtered divergence in a frame of referencerelative to the eastward propagation of the
active phase of the intraseasonal oscillation over the western Pacific Ocean (105°-180°E). OL R <210w m-2is contoured at an interval
of -10w m-2. Diver gence and conver gence (negative diver gence) are shaded at an interval of 2 x 10-6 s1 at 200hPa and the surface. At
850hPa, the shading isat an interval of 1 x 106 s1,
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Fig. 13. Total OLR, latent heat flux, and surface winds (850hPa for UKM O since surface winds were
not available) in a frame of referencerelative to the eastward propagation of the active phase of the
intraseasonal oscillation over the wester n Pacific Ocean (105°-180°E). OL R <210w m-2is contour ed at
an interval of -10w m-2. The latent heat flux (w m-2) is shaded, with the strongest evapor ation shaded
white. A vector of unit length equals 4m s1.
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Fig. 14. Correlations of the pentad averaged | O indexes from the reanalysis and the model simulations
with 20-100 day bandpassfiltered latent heat flux. Negative (positive) correlations correspond to
enhanced (suppressed) evapor ation during the active phase of the | O. Negative (positive) correlations
significant at >95% confidence level are shaded grey (black). Negative correlations are contour ed
from -0.3 at an increment of -0.1.
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Fig. 15. Correlations of the pentad averaged reanalysis 1O index with 20-100 day bandpassfiltered sea
surface temper atur e, and surface skin temper ature from the ECMWF reanalysis at varioustime lags.
Correlations significant at >95% confidence level are plotted as gridpoint data. Negative correlations
(shaded yellow-red) correspond to warm SST anomalies, positive correlations (shaded blue-purple)
correspond to cold SST anomalies during the active phase of the | O. I solines of the correlation of the
1O index with unfiltered OLR are also shown (asin Fig. 6). Positive (negative) correlationsindicate
enhanced (suppressed) convection are plotted as blue (red) isolines. Correlations significant at >95%
are contoured (Jr|>0.3; at an increment of |0.1]).
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