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Abstract: The intraseasonal oscillation (ISO) of the atmosphere is closely related to weather and climate systems and is
also an important aspect of extended numerical weather forecast research. This phenomenon is significant in tropical
regions and is one of the key indices for assessing the simulation capability of a climate model. To better evaluate
numerical model simulations of the tropical ISO using the 10-year historic data calculated by the POEM2 climate
system model developed by the University of Hawaii in the U.S., we utilized the methods of variance and power
spectral analysis to compare and assess the simulation ability of this model for the ISO in tropical regions. Our results
showed that the simulated variance results for the 850 hPa zonal wind and outgoing long-wave radiation (OLR) by
POEM2 are overall consistent with the observed distribution pattern, and the simulated variance is relatively larger than
the observed in the North Indian Ocean and West Pacific regions. With respect to the summer model, the winter model
can better simulate the eastward propagation motion of the Madden-Julian oscillation (MJO) and the 850 hPa zonal
wind. In comparison, the summer model can better simulate the northward propagation motion of MJO and atmospheric
precipitation than the winter model. The eastward propagation speed of the simulated MJO signal is faster in the model
than in the observation, and the high frequency region for the power spectra of meteorological element anomalies are
concentrated in wavenumber 2 -3 in the simulation and in wavenumber 1 -2 in the observation. The multivariate
combined empirical orthogonal function (EOF) results showed that this model can simulate the relationship between
high-low level wind distributions and precipitation over the East Indian Ocean and the West Pacific, but the simulated
signal is weaker than the observed. The lagging correlation of time coefficients between the first two EOFs from
observation and simulation shows a similar cycle. Thus, these results indicate that in the future, the POEM2 climate
system model needs to optimize the involved physical processes and parameterization scheme, strengthen the dynamic
description of the mixed Rossby gravity wave, and improve the simulated ability of wavenumber 1.
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1 INTRODUCTION

Atmospheric intraseasonal oscillation (ISO) has
been the focus of meteorologists since its discovery
(Madden and Julian)™ . In addition to filling a gap
between the weather and climate for the atmosphere, it
can also provide a more scientific explanation for
atmospheric interactions on multiple scales (Li ¥; Shi
and Chen "; Lian et al. ¥'). The formation and
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development of ISO are a result of non-linear
interactions in the atmospheric interior, and they reflect
the low-frequency remote response of atmosphere to the
forcings of external boundary conditions (Li et al.'; Li
and Xiao ). Regarding the temporal and spatial scales
of atmospheric ISO, the kinetic propagation of ISO is a
crucial atmospheric low-frequency signal on the
extended scale, thus acting as one of the predictable
sources for the 10 -30 day extended range weather
forecast (Hendon et al.®l; Wang et al.”). Therefore, ISO
is closely related to studies on weather predictability
(Ding et al. "; Zheng et al. ™, Wang et al. '),
interactions between atmospheric subcomponents on
varying scales '™, and extended forecast improvement
(Ding et al.'; Feng et al.l'; Wang et al.l'¥).

In tropical regions, the main ISO mode is the
Madden-Julian oscillation (MJO), which is characterized
by a distinct eastward propagation and strong convective
activities ™. A typical MJO event starts with the
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convection-convergence ascending motion over the
West Indian Ocean, which then horizontally moves
eastward to the West Pacific along the zonal axis;
during  this  period, convective  precipitation
concomitantly occurs, and the whole process lasts for
approximately 40-50 days Y. Regarding the dynamic
mechanism, multi-scale (weather scale, intraseasonal
scale, seasonal scale and even interannual scale)
non-linear interaction is a basic factor in determining
the formation and maintenance of MJO, while the
temporal and spatial characteristics of MJO are
influenced by the interactive effect of Rossby and wet
Kelvin wave coupling ®%. Because the MJO populated
region is located in the tropical Indian Ocean and
Pacific, the formation and development of MJO are
sensitive to the underlying ocean surface and are also
closely related to tropical cyclones (TCs) and extreme
precipitation™ . In addition, the northward propagation
wave induced by MIJO significantly affects the
precipitation in South Asia and East Asia monsoon
regions, which are two of the most important monsoon
regions around the globe, and in turn, this subject is an
important component in the study of monsoon
precipitation ® 1 and is closely related to the
precipitation in China ). Consequently, assessment
studies of relevant models have also been a focus. For
instance, utilizing the 20th century simulated
experimental result from the coupled model provided by
IPCC AR4, Li and Yu B assessed model errors in
simulating  tropical cloud-climate feedback and
compared the interannual feedback characteristics. In
addition, on the basis of the simulated results of 24
IPCC AR4 models for the thermal controlling factors of
TCs, Yu et al.P! found that the sea surface temperature
(SST) values simulated by most of the models are lower
than the corresponding observations and that different
models yielded increasing trends of varying magnitudes
for the extended reconstructed SST (ERSST), which are
distinctively  different  from  the  observations.
Furthermore, Li et al. ®@ introduced the analytic
hierarchy process to assess the effect of TCs, and by
adopting this method, the original observation data are
directly calculated based on the corresponding weights
and sorted from a comprehensive perspective, which
avoids the problem of information overlap between
different influencing factors.

Although the tropical ISO plays a key role in the
weather and climate systems, strictly speaking, there is
no single numerical model that can accurately reflect
the observed main characteristics of the tropical ISO,
mainly because of insufficient understanding of the
latent heating process along the planet boundary layer™),
relatively low resolution in the General Circulation
Model (GCM) model PY, and inaccurate cumulus
parameterization scheme [ according to previous
studies. Moreover, the description of the MJO physical
process requires further clarification, e.g., the dry Kelvin

wave caused by non-linear heating and interactive
coupling between wet Kelvin-Rossby waves, which
causes difficulties for accurate model simulations P67,
To solve these problems, the International Pacific
Research Center (IPRC) at the University of Hawaii in
the U.S. developed a new climate model, the
POP/CICE-OASIS-ECHAM model (POEM), which has
been further developed and improved to POEM?2 B,
Xiang et al.P”! adopted this model for the SST forcing
test and identified the main physical process of the
feedback mechanism for the marine thermocline in the
context of El Nifio-Southern Oscillation. To assess the
ability of the state-of-the-art numerical model in
simulating the tropical ISO and to determine the
possible cause of associated simulation errors, we will
compare the simulated POEM2 model result on MJO
with the corresponding observational result. The goal is
to illustrate the pros and cons of this model for
simulating the tropical ISO and to provide a reference
for improving the ISO simulation ability of this climate
model.

2 DATA AND METHODS

The outgoing long-wave radiation (OLR) data used
in this study are the daily means of interpolated OLR
data from 1979 to 2008 published by the National
Oceanic and Atmospheric Administration (NOAA) ),
The zonal wind data are the daily means of NCEP-DOE
AMIP-II reanalysis zonal wind data published by the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) ™,
which have 17 wvertical layers and a horizontal
resolution of 2.5°x 2.5°. The precipitation data are the
daily data published by the Global Precipitation
Climatology Project (GPCP) 2,

The POEM2 model is an ocean-atmosphere
coupled climate model developed by the International
Pacific Research Center (IPRC) at the University of
Hawaii. The updated POEM is further improved by
coupling the POP ocean module developed by the U.S.
Los Alamos National Laboratory ™! with the ECHAM
atmosphere module developed by the Max Plank
Meteorology Research Center in Germany I, and with
these updates, the POEM2 model becomes a climate
system model including multi-sphere interactive
processes between sea-land-ice-air and is capable of
predicting climate for the atmosphere, land surface,
ocean and sea ice on monthly, seasonal, and annual
scales. The simulated data in this study are controlled
experimental results: the aerosol and solar constants
were fixed during the simulation process; the CO, level
corresponds to the level in 1990; we chose 10-year data
for comparison and analysis, and the observational data
are from 1997 to 2006.

In this study, using the skill assessment criterion
for weather forecast given by the World Meteorological
Organization (WMO), we calculated the spatial anomaly
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correlation of OLR  (represented by the pattern
correlation coefficient, PCC) to assess the forecast skill
of the model. The equation is written as:

> (XXM, (X,-X,-M,,); cose,
i1

n 2 n 2
DL (XX~M,), cosg; =\ X (X~X.~M,,), cose,
i=1 i=1

where X,, X,, and X, are the predicted value, observed
value, and climate mean, respectively; M, and M,
represent the deviation means of X, and X, from X,
respectively; n represents the number of grids in the
chosen area; and cosg; is the latitude of grid i.

In addition, the methods adopted in this study
include variance analysis, power spectral analysis and
multi-variant EOF  analysis for comparison and
assessment of the observed and simulated data. To
extract intraseasonal variables, some of the data in a
period of 20-100 days were filtered via the Lanczos
band pass.

3 RESULTS

3.1 Total variance of the model
The variance reflects the deviation degree of the
data relative to the mean on average and is thus an
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important aspect for model assessment. In this study, we
will first analyze the difference in the variance
distribution between the observation and the simulation;
then, we calculate the corresponding variances of
intraseasonal subcomponents to study the percentages
and contributions of the variances of intraseasonal
variables to the original field. Fig.1 shows the observed
and simulated variance distributions of the summer 850
hPa zonal wind. Compared to the corresponding
variance in the observed original field, the simulated
tropical summer 850 hPa zonal wind agrees with the
observation that the wind field is higher in the south
and north and lower in the center. Over the North
Indian Ocean and the Bay of Bengal, the simulated
variance values are slightly larger than the observations;
after filtration, this phenomenon still exists, and the
simulated 850 hPa zonal wind variance becomes
stronger and more widely spread over the North Indian
Ocean-West Pacific. A comparison of the variance
values in the filtered field and the original field in Fig.1
(c and f) clearly illustrates that the simulated result is
stronger in the North Indian Ocean compared to the
observational result, which indicates a significant
contribution from the variance of ISO in this region; in
contrast, the simulated variance in the South Pacific is
slightly weaker than the observed variance.
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Figure 1. Observed summer 850 hPa zonal wind: (a) original field variance; (b) filtered field variance; (c) ratio of the variance of
the filtered field to that of the original field. Simulated summer 850 hPa zonal wind (d, the same as (a)); (e, the same as (b)); (f, the

same as (c)).

Figure 2 shows the observed and simulated
variance distributions of summer OLR. Similar to Fig.1,
the simulated variance is larger in magnitude and scale
than the one from observation. For instance, in

equatorial regions, the simulation is approximately 400—
500 higher than the observed, especially in the tropical
Atlantic Ocean where the simulation is twice the value
from the observation. Additionally, the simulated
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variance field after filtration is still stronger than that of
the observation in magnitude and scale, and there is a
high-value zone in the East Pacific that is almost
negligible in the observed variance field and is thus
worth attention. A comparison of the variance
distributions between summer 850 hPa zonal wind and
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OLR in Figs.l and 2 reveals that the magnitude and
scale of the simulation are both larger than those of the
observation, especially in regions from the North Indian
Ocean and the Bay of Bengal to the West Pacific along
the equator.
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Figure 2. (a) to (f) are the same as (a) to (f) in Fig.1, but corresponding to OLR fields.

We also further compared the variance field
distribution of the winter 850 hPa zonal wind (figures
not shown) and found that the simulated result for the
original field in marine regions between 20 -40°N is
higher than the observed field. In addition, after
filtration, the simulated 850 hPa zonal wind becomes
stronger over the Central and East Indian Ocean and
West Pacific along the equator. Conversely, the
observed winter original field for the OLR variance
shows a similar strength distribution compared to the
corresponding summer field (figures not shown), but it
is slightly larger over the East Indian Ocean and West
Pacific along the equator. In comparison, the simulated
result for the OLR variance is quite different in winter
and summer, and the simulation amplifies the strength
and scale mainly over the West Pacific at approximately
15°S in the Southern Hemisphere, which becomes more
significant after filtration. The observed high values for
the winter OLR variance ratio are mainly concentrated
in the central-northern part of the Indian Ocean, while
the simulated high values for the OLR variance ratio are
distributed in most parts of the tropical Indian Ocean
and a small part of the West Pacific. These facts
illustrate that the model simulated variance is larger in
strength and scale compared to the observed variance,

which could result from the model’s over-response to
ocean-atmosphere coupling.

To directly assess the ability of the model in
simulating meteorological elements on the tropical ISO
scale, we filtered the precipitation field and 850 hPa
wind field via the Lanczos band pass and compared
their variance distribution patterns. Figs.3 and 4 mirror
the observed and simulated variance fields for the
filtered precipitation and 850 hPa zonal wind. A
comparison of Fig.3a with Fig.4a reveals that the
simulated precipitation distribution pattern is similar to
the observed pattern, but the simulated strength is
clearly higher than the observed on average.
Specifically, the simulation value is approximately twice
the observation value over the northern part of the
Indian Ocean and the West Pacific, and the
corresponding calculated PCC value is 0.69. The
simulated winter 850 hPa zonal wind field is generally
in agreement with the observation, but it is still
relatively higher in high-value regions of the equatorial
Indian Ocean and West Pacific; the corresponding
calculated PCC value is 0.87. The summer model result
is similar to the winter model result, but the PCC values
for the summer precipitation and 850 hPa zonal wind
are 0.76 and 0.85, respectively. Thus, based on our
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comparison and assessment analysis on the tropical ISO
scale and the calculated PCC values, we conclude that
the POEM2 model better simulates precipitation in
summer than in winter and better simulates the 850 hPa
zonal field in winter than in summer. The tropical
regions that have variance fields of varying strengths
mainly include the Indian Ocean and the West Pacific,

(a) NDJFMA

both of which are also key areas for the formation and
development of MJO. In addition, Fig.4 shows that the
simulated result is quite different from the observed
result in this region. Thus, in the following sections, we
will choose the tropical Indian Ocean as a key region to
compare physical processes involved in the simulation
with the corresponding observation.
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Figure 3. Observed variance fields of filtered precipitation and the 850 hPa zonal wind in (a) winter and (b) summer. The shade
corresponds to precipitation, and the isolines represent 850 hPa zonal wind.
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Figure 4. Same as Fig.3, but corresponding to the simulated result.

3.2 Physical process in the key region

To target the key region mentioned above, our
discussion will focus on the Indian Ocean region (10°N-
10°S, 80-100°E). Fig.5 shows the mean meridional and
zonal distributions for the annual intraseasonal
precipitation anomaly, 850 hPa zonal wind anomaly,
and the lagging correlation of the intraseasonal
precipitation. Fig.5a represents the observed distribution
pattern of the mean meridional time lagging correlation
between 10°N and 10°S. This figure clearly shows the

MJO propagation characteristics at 30 —150° E, MJO
propagates eastward with a significant phase speed, and
the zonal wind anomaly appears approximately 5 -7
days later than the precipitation anomaly. The simulated
result in Fig.5c also shows the eastward propagation
characteristics, but the shades and isolines are “steeper”
than those in the observation, implying that the
simulated MJO propagates with a faster phase speed
approximately 1.5-2 times the actual value.
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Figure 5. (a) Relationship between the observed annual mean time lagging-meridional intraseasonal precipitation anomaly and the
850 hPa zonal wind anomaly at 10°N -10°S with intraseasonal precipitation over the Indian Ocean; (b) same as (a), but
corresponding to the observed mean time lagging-zonal correlation at 80°E—-100°E; (c) same as (a), but corresponding to the
simulated result; (d) same as (b), but corresponding to the simulated result. The shaded areas represent the correlation with the
precipitation anomaly, and the isolines represent the correlation with the 850 hPa zonal wind anomaly.

In addition to propagating eastward, MJO also
propagates northward. Thus, we adopted the same
method and analyzed the northward propagation
characteristics of MJO and the associated simulation
ability of the model. Fig.5b shows the zonal correlation
distribution of the observed mean time lagging at 80—
100 °E. In this figure, MJO clearly propagates
northward, and precipitation occurs approximately 5-7
days prior to the 850 hPa zonal wind. The simulated
distribution pattern and phase speed in Fig.5 are similar
to the observed pattern, which demonstrates the
soundness of the model’s simulation ability.

According to Fig.5, we found that the simulated
annual MJO propagates eastward more quickly than the
observation, while the simulated northward propagation
agrees well with the observed. We also further
simulated the MJO propagation characteristics in
summer and winter using the POEM2 model, which
were then compared with the observation (figures not
shown). The results show that the simulated length of
the eastward MJO propagation in summer related to the
precipitation anomaly is shorter than the observed; the

simulated result reflects the eastward propagation
tendency of MJO in winter, but the simulated eastward
propagation lasts longer than that of the observed and
occurs at a higher speed. In contrast, the simulated MJO
northward propagation in summer agrees well with the
observed. Although the simulated result in winter also
reflects the northward propagation of MJO, the
simulated phase speed is slower than the observed, and
the simulated 850 hPa zonal wind distribution does not
correlate well with the observed. In general, the model
can better simulate the eastward propagation of MJO in
winter and the northward propagation of MJO in
summer.
3.3 Cause of model errors

To analyze the internal characteristics of MJO in
detail and determine the possible cause of model errors,
we conducted a wavenumber frequency power spectral
analysis of OLR and 850 hPa zonal wind anomalies to
compare their differences in summer and winter. Fig.6
represents the wavenumber frequency power spectral
analysis results for the OLR anomalies. This figure
shows that the observed high-value regions on a 30-80
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day scale in summer and winter are mainly composed
of wavenumber 1 and wavenumber 1-2, respectively. In
contrast, the simulated red high-value region is mainly
composed of wavenumber 2 -3; additionally, the
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Figure 6. The mean OLR anomaly wavenumber-frequency diagrams at 10°N-10°S: (a) observed summer; (b) observed winter; (c)

simulated summer; (d) simulated winter.

Similarly, we also conducted the wavenumber
frequency power spectral analysis for the 850 hPa zonal
wind anomalies in summer and winter as shown in Fig.7.
On the scale of 30-80 days, the observation is mainly
composed of wavenumber 1, and the corresponding
POEM2 simulation result in summer agrees well with
the observation, thus generally representing the overall
observed pattern. Conversely, the simulated winter 850
hPa zonal wind anomaly is mainly represented by
wavenumber 2-3, while the observed is wavenumber 1—
2. Thus, the mismatch between the simulation and the
observation shows one of the main reasons for the
model inaccuracy. In summary, the simulated result for
the 850 hPa zonal wind anomaly by the POEM2 model
is better than the simulated result for the OLR anomaly.
3.4 Mutual configuration of model elements

The multi-variable EOF analysis of OLR, the 850
hPa zonal wind and the 200 hPa zonal wind
characterize the features of MJO ™ and verify whether
these meteorological elements are mutually correlated.

Fig.8 shows that over the East Indian Ocean and the
West Pacific (70-130°E), there are clear convective
activities corresponding to the high and low air flow. In
addition, the simulated result overall shows relatively
weak oscillations in all the subcomponents, and the
simulated variation trends of the 850 hPa and 200 hPa
zonal winds are consistent with those from observations.
However, the simulated OLR is different from the
observed, which requires further improvement in the
future. Inspection of the time lagging correlations of the
EOF1 and EOF2 time coefficients shows that PCl1
reaches the maximum  correlation  coefficient
approximately 10 days ahead of PC2, while PC2
reaches the minimum  correlation  coefficient
approximately 10 days ahead of PC1 with comparable
magnitudes, indicating that the first two EOF modes are
mutually inseparable. The POEM2 model also shows
similar periodic variations, and the simulated wave
peaks and wavelengths generally agree with the
observation.
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Figure 7. Same as Fig.6, but corresponding to the 850 hPa zonal wind anomaly (color bar unit: m%s?).
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and (f) simulation. The short dashed line represents 200 hPa zonal wind, the long dashed line 850 hPa zonal wind, and the solid

line OLR. All the data were processed via filtration.

4 RESULTS AND DISCUSSION

In this study, by using the methods of variance
analysis, band pass filtration, power spectral analysis,
and multi-variable EOF, we assessed the ability of the
POEM2 model to simulate the tropical ISO and found
that this model can handle the overall distribution
patterns of the 850 hPa zonal wind and OLR, but the
simulated variance is larger than the observed in some
regions, which might be related to over-coupling in the
numerical model. The comparison and assessment
analysis on different tropical intraseasonal scales
showed that the model is relatively better at simulating
the precipitation in summer and the 850 hPa zonal wind
in winter compared to the observation results. We
further targeted the Indian Ocean to analyze the
physical processes that result in model deviations and
found that the simulated eastward propagation speed of
the MJO signal is approximately 1.5 -2 times higher
than the observed, implying that one possible reason for
the overall simulation deviation is an inaccurate
estimate of the MJO propagation. Relatively speaking,
the model can better simulate the eastward propagation
of MJO and the corresponding 850 hPa zonal wind in
winter is better than that in summer. Conversely, the
simulated northward MJO propagation and the
corresponding precipitation in summer are better than
those in winter.

The wavenumber frequency power spectra of OLR
and the 850 hPa zonal wind illustrate that the simulated
high-value region of the power spectra is concentrated
at wavenumber 2-3 while the observed power spectra
correspond to wavenumber 1 -2, which demonstrates
that the main frequency of the simulated result is higher
than that of the observed result. Thus, this verifies that
the simulated speed of the eastward MJO propagation is
faster than the observed result. The multi-variable
combined EOF result further illustrates that the model
can best simulate the relationship between the high-low
level wind and precipitation over the East Indian Ocean

and the West Pacific. Although the variation trends of
the simulated 850 hPa and 200 hPa zonal winds agree
with the observed results, the simulation of OLR
requires further improvement. The time lagging
correlations of the time coefficients between the first
two EOF modes in the POEM2 model also show similar
periodic variations compared with the observation, and
the simulated wave peaks and wavelengths generally
agree with the observation results.

The University of Hawaii coupled the advanced
atmosphere and ocean subcomponent models for the
development of the POEM2 model. The results from
this study show that the simulated variances of the
tropical meteorological elements using this model are
generally larger than the observed, and the simulated
castward propagation travels faster. To objectively
match the observational data, we need to further
optimize the involved dynamic physical processes and
the parameterization scheme, strengthen the description
of the mixed Rossby gravity wave, and further improve
the ability of the numerical model in simulating
wavenumber 1. Through the assessment of POEM2
model in this study, the knowledge of simulating ISO in
tropical regions is deepened. However, it requires
further work to reduce the main simulation errors in
model in the future.
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