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Abstract

The Madden-Julian Oscillation (MJO), as a dominant mode of tropical
intraseasonal oscillation, plays an important role in the variability of global weather
and climate. However, current state of the art atmospheric circulation models have
difficulty in reproducing observed MJO characteristics when forced by observed daily
sea surface temperature alone. An important practical question is how much data a
model needs in assimilation in order to reproduce real MJO events? By analyzing
ERA-20C and NOAA-20CR reanalysis data, the authors tried to figure out whether a
model could reproduce observed MJO events by assimilating the observed surface

signal alone.

The phase propagation and vertical structure associated with MJO were
compared between the reanalysis data and observations during 1979-2010. A total
skill score considering both temporal correlation and spatial standard deviation were
defined. The result showed that both ERA-20C and NOAA-20CR could reproduce the
observed MJO characteristics very well, with the former superior to the latter,
regardless of MJO intensity. Thus, a minimum requirement for an operational
atmospheric model for MJO prediction is the assimilation of the observed surface

signals.
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1 Introduction

The Madden-Julian Oscillation (MJO) is the dominant mode of intraseasonal
variability in the tropics (Madden and Julian, 1972; Zhang, 2005; see a recent book
chapter review by Li and Hsu 2017). This intraseasonal oscillation with a period of
10-90 days and planetary zonal scale (Li and Zhou, 2009) is initiated over the western
equatorial Indian Ocean (Zhao et al., 2013) and is characterized by large-scale
convective system propagating slowly eastward along the equator. The MJO has great
seasonality and modulates not only tropical but also mid-latitude circulation on
various spatial and temporal scales (Li, 2014; Wang et al., 2013). For example, it can
affect the intensity, onsets and breaks of the Indian and Australian monsoons
(Yasunari, 1979; Li and Wang 2005; Wheeler and McBride, 2005; Hsu and Yang,
2016), the onsets of El Nifio events (Kessler and Kleeman, 2000; Chen et al., 20164, b;

Liu et al., 2016), and tropical cyclone genesis (Liebmann et al., 1994; Li et al., 2018).

The vertical structure of anomalous vertical motion associated with MJO exhibits
a westward tilting structure (Hendon and Salby, 1994; Wang and Li, 1994). While a
first baroclinic mode vertical structure appears over the MJO convective center, a
second baroclinic mode structure appears to the east and west of the deep convection
(e.g., Majda and Biello, 2004; Mapes et al., 2006; Wang et al., 2017). The tilting is
caused by the phase leading of boundary layer convergence (Li and Wang, 1994;
Maloney and Hartmann, 1998; Liu and Wang, 2012,2017). In addition, anomalous
moisture also exhibits a westward tilting structure with height (Hsu and Li, 2012). A
moisture budget analysis indicated that this moisture phase leading results from
advection of mean moisture by anomalous ascent motion associated with boundary
layer convergence (Hsu and Li, 2012). The horizontal pattern of MJO low-level

circulation exhibits a Kelvin-Rossby wave couplet (e.g., Hendon and Salby, 1994;
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Wang and Li, 1994; Wang et al. 2018), with two cyclonic gyres residing at both sides
of the equator to the west of the MJO convective center, and pronounced easterlies to

the east of the convective center.

Numerous researchers have endeavored to obtain good simulations of the MJOs,
but faced a big challenge (Slingo et al., 1996; Lin et al., 2006; Kim et al., 2009;
Weaver et al., 2011; Hung et al., 2013; Jiang et al., 2015). Even a perfect atmospheric
general circulation model (AGCM) could not reproduce the observed MJO events if it
were forced by the observed daily sea surface temperature (SST) alone. This is
because the MJO is in between synoptic time scale and seasonal time scale, and both
the boundary layer condition and the initial condition are important to yield a real
MJO (e.g., Ulate Medrano, 2015; Yang and Wang, 2018). To generate a long-term
dataset comparable to the observed MJO, a data assimilation system is needed which
could assimilate atmospheric observations into an AGCM frequently. The generated
dataset is considered accurate enough to be applied in the MJO forecast experiments
as the initial field. Previous studies have shown that the quality of the initial field
plays a critical role in MJO forecast by dynamical models (e.g., Fu et al., 2013; Fu et
al., 2015). With the diversifying of methods for observation, more and more
observational data are available in data assimilation. However, it has been pointed out
that the simulated results may not be improved with the increase of the amount of
assimilated observations (Huntley et al., 2010). Moreover, the more fields to be
assimilated would cost more computing resources and need more complicated
assimilation methods. Therefore, a question with great value is how much data, at

least, does a model need in assimilation to produce the real MJO events?

Reanalysis datasets, which are aimed to provide long-term datasets comparable

to observations for studying the climate system variabilities, are generated by data
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assimilation systems. Some atmospheric reanalysis datasets began to assimilate
station-observations since 1950s, such as the 40-year European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) (Uppala et al.,
2005), the Japanese 55-year Re-Analysis (JRA-55) (Kobayashi et al., 2015; Harada et
al., 2016) developed by the Japan Meteorological Agency (JMA), and the National
Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis-I (Kalnay et al., 1996), in which the station-observations
include the surface pressure, temperature and humidity, wind snow depth and so on
from land- and ship-stations. Since satellite observations could be obtained after 1979,
updated data assimilation systems were developed and reanalysis datasets such as the
Interim European Centre for Medium-Range Weather Forecasts Re-Analysis
(ERA-Interim) (Dee et al., 2011), Japanese 25-year Re-Analysis (JRA-25) (Onogi et
al., 2007) and NCEP/NCAR Reanalysis-II (Kanamitsu et al., 2002) were released.
The new observations, including temperature-sensitive microwave radiances, total O
from the Total Ozone Mapping Spectrometer (TOMS) and O; from the Solar
Backscattered Ultra Violet (SBUV), total column water vapor and surface wind-speed
over ocean from the Special Sensor Microwave/lmager (SSM/I) and so on were
employed. It has been recognized that ERA-Interim dataset is the best reanalysis
dataset for representing the MJO phenomenon (e.g., Tian et al., 2010; Jiang et al.,
2011; Kim et al., 2014) and therefore it is often used as the observation. In recent
years, in order to study the climate variability for a longer period, the National
Oceanic and Atmospheric Administration (NOAA) and the ECMWF released
reanalysis datasets covering the whole 20™ century, which are named NOAA-20CR
and ERA-20C respectively. Since the observations are few in early 20" century, only
the observed daily surface pressure field was assimilated to produce NOAA-20CR

and surface marine winds was additionally assimilated in ERA-20C. It provides a
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good opportunity to investigate the question that whether the atmospheric surface data
is enough for assimilation to generate the observed MJO. To address this question, we
may compare the MJO characteristics derived from observation and the two

20C-reanalysis datasets.

By now, few researchers have carefully evaluated the MJO performances in
NOAA-20CR and ERA-20C. Gao et al. (2016) compared the evolution of sea surface
latent heat flux anomalies associated with two MJO events during DYNAMO period,
when an international field campaign took place over the Indian Ocean during late
2011 to early 2012, between NOAA-20CR and buoy-observation. It is found that the
observational MJO propagation phase in one event can be captured in the reanalysis
data, while it cannot be captured in the other. As the samples were too few, this
conclusion is not enough to verify whether only assimilating atmospheric surface data

can succeed or fail to generate the observed MJOs.

In this paper, we will evaluate the MJO characteristics, especially their phase
propagation and vertical structure generated by the NOAA-20CR and ERA-20C. The
results are expected to provide a reference for future assimilation experiments. The
rest of this paper is organized as follows. In Section 2, data and methods are
introduced. The comprehensive comparison of the MJO propagation phases and other
characteristics of the MJO vertical structure in different type of MJO events derived
from the two reanalysis products is described in Section 3. Finally, a brief summary

and discussions are given in the last section.

2 Data and Method

This study employed reanalysis data of NOAA-20CR (Compo et al., 2011),
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ERA-20C (Poli et al., 2016) and ERA-Interim during the period of 1979-2010, with
variables such as zonal wind field, vertical velocity, temperature and specific humidity.
The NOAA Interpolated Outgoing Longwave Radiation (OLR) data product is also
used for the same period. All the datasets are archived on 2.5°x2.5° grid points, with a

daily interval.

For ERA-Interim, the assimilated data includes regular observations such as
surface pressure, 2-meter temperature, and 2-meter relative humidity from ships,
drifting buoys, and land stations, and scatterometer ambiguous wind vectors, the
satellite brightness temperature radiance observations, the satellite ozone retrievals
and atmospheric motion state retrievals and observations collected by means of the
GPS radio occultation (GPSRO) technique (Dee et al., 2011). For NOAA-20CR and
ERA-20C, the station-observed surface pressure from the Locations of Stations in
International Surface Pressure Databank (ISPD) version 3 is assimilated and
additionally surface marine wind field from The International Comprehensive
Ocean-Atmosphere Data Set (ICOADS) version 2.5.1 is assimilated in ERA-20C, so
we can roughly consider that the observational information contained in the two sets
of 20C-reanalysis data is only from the surface of atmosphere. In the following
evaluation, ERA-Interim data will be used as the true observation value and the base

for events selection.

It is mentioned that the latest version of NOAA-20CR (version2c) is used in this
study, which contains 56 reanalysis members and their ensemble product. The
position of the MJO convection simulated by 56 members cannot be completely
consistent at any given time, so the method of ensemble-mean may smooth out some
MJO-related signals and affect the analysis of convection position. Therefore, instead

of using the ensemble-mean product, we randomly select a member of the
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NOAA-20CR V2c to make an analysis on the features of the MJO.

To evaluate the capability of 20C-reanalysis datasets in MJO simulation, the
Lanczos band-pass filter (Duchon, 1979), multi-variate Empirical Orthogonal
Function (EOF) analysis, the Real-time Multivariate MJO (RMM) index (Wheeler
and Hendon, 2004) and correlation analysis are employed. The RMM index was
developed to show the whole process of the MJO eastward propagation starting from
the Western Indian Ocean and dying out in the Central Pacific (near the date line). It is
based on a leading pair of EOFs obtained by applying a multi-variable-EOF
(MV-EOF) analysis to 20-100-day bandpass filtered OLR and 850hPa and 200hPa
zonal wind anomalies (U850 and U200) averaged over the equatorial region
(15°N-15°S). This index can be used to describe the intensity and longitudinal

position of the MJO at a given time.

Although the traditional RMM index was obtained by MV-EOF of three
variables (i.e., OLR, U200 and U850), we find that the MV-EOF results of only two
variables (i.e., U200 and U850) resemble the three-variable result very well (figures
not shown). This is because the MV-EOF result is mostly explained by the circulation
instead of the convection (Straub, 2013). Therefore, in this study we calculate RMM
indices by MV-EOF of only U200 and U850. The observational RMM index is
calculated by ERA-Interim data.

Since model simulations may have different performance in the strong and weak
MJO signals, we investigate the results for the extremely strong MJO events and the
ordinary MJO events respectively. The extremely strong MJO event is defined as
when the observational RMM index derived from ERA-Interim dataset is greater than
2.5 standard deviation for 5 consecutive days, and the maximum value is greater than

3 standard deviation. The ordinary MJO event is defined as when the observational
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RMM index is greater than 1 for continuous 5 days. Based on this criterion, 8
extremely strong MJO events and 98 ordinary MJO events were selected. All the
selected events are the common parts satisfying the criterion derived from 2-variable
and 3-variable RMM indices. The length of each event is taken as 62 days. The

extremely strong MJO events are listed in Table 1.

To evaluate the MJO representation in the two 20C-reanalysis sets, in terms of
the horizontal propagation and vertical structure, various metrics are employed in this
study. It includes spatial correlation coefficients, standard deviation and root mean
square error (RMSE). We also define skill scores, considering both pattern correlation
coefficient and the spatial standard deviation, to measure the MJO convective

intensity and the westward-tilting structure.

3 Results

3.1 Characteristics in strong MJO events

We first examined the phase propagation features of the 8 extremely strong MJO
events. Figures 1 and 2 show the Hovmueller-diagrams of U850 and U200 averaged
over 20°S-20°N for each of the extremely strong MJO events respectively. In the 8
MJO events, the zonal wind fields of the two sets of 20C-reanalysis look very similar
to the observation. The correlation coefficient in U850 between NOAA-20CR and the
observation is above 0.83, and the maximum is as high as 0.94. The correlations based
on U200 are not as good as those of U850, but they are still higher than 0.7. The
spatial correlations of U850 between ERA-20C and the observation are greater than
0.97, while those of U200 are above 0.87. Then, we define a propagation skill score

(PSS) by the average of correlation coefficients obtained by U200 and U850, as
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shown in Table 2. It is found that the averaged propagation skill of 8 events for

ERA-20C is 0.96, while that for NOAA-20CR is 0.87.

To further investigate how accurate the two 20C-reanalysis data could reproduce
the phase evolution of the MJOs, we compared the RMM indices directly. Figure 3
shows the propagation phase of each extremely strong MJO event in the
two-dimensional phase space defined by RMM1 and RMMZ2 derived from ERA-20C
and the observation. In each phase space, the anticlockwise line represents
propagation process of the MJO, while the distance from the point on the line to
original point represents the MJO intensity at that time. The line for ERA-20C is
almost identical with the one for observation in any event. The results of
NOAA-20CR are similar, and are not shown here. It can be seen intuitively that the
20C-reanalysis data has a good representation on the MJO propagation phase. In the
whole process of convection development, the reanalysis and observational results are
basically the same whether it is at the initial or ending position or during the
propagation. Then, we quantitatively examined the correlation of the two-dimensional
spatial phase in the eight events and the RMSE of the intensity between
20C-reanalysis and the observation, and the results are shown in Figure 4. As the
figure shows, the correlation coefficients between ERA-20C and observation are high,
with the minimum 0.67, which proves the good representation of the MJO
propagation phase in statistics. The correlations of NOAA-20CR are not so high as
those of ERA-20C, but are still higher than the 5% significant level. Significant
spatial phase correlation and the small RMSE are seen in all events in ERA-20C and
NOAA-20CR, indicating that both the 20C-reanalysis data are good at simulating the
phase propagation and intensity of the extremely strong MJOs. The performance of
ERA-20C is better than that of NOAA-20CR, which may be due to the additional
surface marine winds assimilated in ERA-20C or due to the fact that ERA-20C and

11
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ERA-Interim products were generated using similar atmospheric models and

assimilation approaches (4-dimensional variational analysis).

Then, we examined how well do the two 20C-reanalysis sets reproduce the
vertical structure of the observed MJOs, because it is of interest to know if a model
could capture the MJO structures throughout the column by assimilating observed
surface signals alone (i.e., only the surface pressure for the two 20C-reanalysis and
additional surface marine winds for ERA-20C). The fields we assess below include
water vapor anomalies, zonal wind anomalies, vertical velocity anomalies, divergence
anomalies, equivalent potential temperature (EPT) anomalies, diabatic heating
anomalies and available potential energy (APE) generation associated with the MJO
convection. The last three metrics were based on the newly proposed
dynamics-oriented diagnostics of the MJO by Wang et al. (2018). To compare the
MJO vertical structures between the reanalysis and the observation, in the following
we show the longitude-vertical cross-sections of each evaluated field averaged over
15°S-15°N composite for the 8 extremely strong MJO events, in which 0° in the x-

axis denotes where the MJO convection maximum center is located.

Figures 5a and 5b display the composite results of zonal-vertical cross sections
of specific humidity, zonal wind, divergence and vertical velocity anomalies for the
observation, ERA-20C and NOAA-20CR. In observation, the maximum moisture
center is at 700-500hPa, with a westward-tilting structure with height, accompanied
by low-level convergence and high-level divergence. The maximum ascending motion
center is at 300-400hPa, and a phase-leading horizontal convergence is shown in the
mid- and low-level. As one can see, the gross features of the observed vertical
structure of each field are well captured by the 20C-reanalysis. In order to

quantitatively measure the performance of the 20C-reanalysis in reproducing the

12
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vertical structures of the MJOs, we calculated the spatial correlation coefficients of
each field between the observation and the 20C-reanalysis based on plots of the
longitude-vertical cross sections (result shown in Table 3). It is found that the
correlations of the water vapor anomalies, vertical velocity anomalies and divergence
anomalies are all above 0.7, indicating that both 20C-reanalysis could well capture the
gross features of the vertical structures of MJOs. Furthermore, ERA-20C has better
performance than NOAA-20CR, with the former showing correlations more than 0.9

while the latter showing correlations less than 0.9.

Then, we compared the intensity of each field near the MJO convective center
between 20C-reanalysis and the observation. As is seen, although the typical
westward tilting structure with advanced low-level water vapor can be found in the
two sets of 20C-reanalysis, the intensity obtained by 20C-reanalysis is weaker than
the observation, and the convection develops slightly lower in NOAA-20CR. We
defined the intensity score by the mean value of 700-500hPa field averaged on five
longitudes to the east and west of the convective center. As shown in Table 4, the
intensity scores of specific humidity for ERA-20C and NOAA-20CR are 0.76g/kg and
0.67g/kg respectively, which are less than the observed 1.03g/kg. But the intensity
scores of vertical velocity for ERA-20C and NOAA-20CR are a bit more than the
observed value. We also defined a score to measure the tilting structure in the
observation and the 20C-reanalysis. It is calculated by the integral field at the low
atmosphere (850-500hPa) between 5 to 40 longitudes at the east side of the
convection (see results in Table 4). The results obtained from the water vapor and
vertical velocity all show that the score is less in ERA-20C and NOAA-20CR than the
observation, indicating that there is a deficiency in the representation of phase-leading

structure in 20C-reanalysis.
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The results illustrate that the atmospheric surface signals can restrain the vertical
structure of the MJO to some extent, but the details are still inaccurate, such as the
obvious less moisture associated with the MJO convection. Moreover, the higher
scores in ERA-20C also demonstrate that the surface marine wind field is a useful
variable in the assimilation to reproduce the real MJO rather the observed surface

pressure alone.

Figures 6a and 6b display the zonal-vertical distributions of EPT anomalies,
diabatic heating anomalies and APE generation associated with MJOs for the
observation, ERA-20C and NOAA-20CR respectively. Wang et al. (2018) suggested
that the distributions of these fields are the critical metrics for evaluating the fidelity
of the simulated MJOs. In observation, the MJO EPT anomaly exhibits a
rearward-tilted structure in the lower troposphere (below the 400hPa level) (Figure
6a), reflecting the gradual deepening of the moisture layer toward the west on the east
side of the convective center. Such feature is well-reflected in ERA-20C while is not
so clear in NOAA-20CR. It is salient that, both ERA-20C and NOAA-20CR exhibit a
weaker EPT maximum overlaying the convective center, which exists at 500hPa in
observation (but lower in NOAA-20CR). The MJO-related diabatic heating anomaly
is calculated using the temperature budget equation. In observation, the diabatic
heating anomaly has a lead in the lower troposphere, suggesting the existence of
shallow and congestus clouds; meanwhile, it tends to expand westward from the deep
convective center in the upper-tropospheric heating between 500 and 300hPa,
suggesting that stratiform clouds may follow deep convection (Wang et al., 2018).
This tilting structure can be captured by both the two 20C-reanalysis to some extent.
But the leading structure on the east side are not so clear in the 20C-reanalysis and the
heating is stronger in NOAA-20CR (according with the stronger simulated vertical

motion) (Fig. 6b contour). The MJO APE generation, which is the energy source for
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MJO development and is determined by the phase overlapping (covariance) of the
diabatic heating and temperature anomalies, maximizes near the major convective
center (about 450hPa-300hPa) and extends eastward in low level on the east side due
to the positive temperature anomalies and heating occurring to the east (figure not
shown). To quantify the performance of the 20C-reanalysis in reproducing the vertical
distributions of these physical quantities, we calculated the spatial pattern correlations
of each field based on the zonal-vertical cross sections, and the results are listed in

Table 3.

In order to obtain an overall evaluation of the performance of the 20C-reanalysis
in reproducing the MJO vertical structure, we define a skill score considering both the
magnitude and spatial pattern in reference to the previous skill score formula (Taylor,

2001; Hirota et al., 2011; Chen et al., 2013). It is given by the following formula:

(1+R)?

1 2
(SDR+SDR)

skill score =

1)

where R denotes spatial pattern correlation coefficient between the observation and
20C-reanalysis and SDR is the ratio of spatial standard deviation of the
20C-reanalysis against that of the observation. Figure 7 presents the skill scores
obtained from each field, including water vapor, vertical velocity, divergence, EPT,
diabatic heating and APE generation. The total skill score (TSS), which is estimated
by the average of the score for each variable, is 0.91 for ERA-20C and is 0.76 for
NOAA-20CR. It indicates that ERA-20C performs better than NOAA-20CR in

reproducing the zonal-vertical structure of extremely strong MJO events.

3.2 Characteristic in ordinary MJO events

15
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Apart from the extremely strong events, we also examined the performance of
the 20C-reanalysis in reproducing the horizontal propagation and vertical structure of
the ordinary MJO events. Figure 8 presents scatter plots of PSSs of the MJO
convection in extremely strong and ordinary events for ERA-20C and NOAA-20CR
respectively. It shows higher skill scores in the extremely strong events (groupl) than
that in the ordinary events (group2), with the mean (median) of skill scores in the

latter about 0.92 (0.93) for ERA-20C and 0.82 (0.83) for NOAA-20CR.

Figure 9 presents the TSSs, which is the average of skill scores calculated from
the six assessed fields of MJO vertical structure, for the extremely strong and ordinary
MJO events respectively. Interestingly, higher skill scores are found in the ordinary
MJO events rather than the extremely strong events in both sets of 20C-reanalysis. It
is possibly caused by the relatively poor representation of the MJO intensity, since the
most fields we examined show weaker amplitude in the 20C-reanalysis than the
observation. This error is magnified in the events with extremely strong convections
while it is relatively small in the events with weak MJO convections. Overall, the

results of ERA-20C are always better than that of NOAA-20CR.

From the discussion above, it is concluded that regardless of the horizontal
propagation or the MJO vertical structure, the capability for MJO representation in
ERA-20C is significantly stronger than that in NOAA-20CR. What’s more, regardless
of the type of event, the skill scores in ERA-20C are higher than that in NOAA-20CR.
However, even if the representation ability is relatively weak in NOAA-20CR, the
skill can still reach 0.82 (for ordinary events) for MJO propagation and 0.76 (for
extremely strong events) for MJO vertical structure. Therefore, in general, the
20C-reanalysis that only assimilate the observed atmospheric surface signals has

excellent ability for describing the MJO features and have a good performance in both
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phase propagation and vertical structure.

4 Summary

Data assimilation is necessary to generate a long-term dataset with high-quality
for the MJO study. But whether the atmospheric surface data is enough for
assimilation to generate the MJOs close to reality is unknown. To address this
question, this study analyzed two reanalysis data (i.e., NOAA-20CR and ERA-20C)
which were produced by only assimilating daily observed surface pressure and
surface marine winds and compared the results with the observation represented by
ERA-Interim reanalysis, which were recognized as the best data to study the MJO.
The details of phase propagations and vertical structures associated with the MJOs

during the period of 1979 to 2010 were examined carefully.

Eight extremely strong MJO events were screened out after the RMM analysis
for the observation. By comparing the horizontal propagation characteristics in these
events in 20C-reanalysis with the observational results, it is found that the MJO
propagation processes in both two 20C-reanalysis sets are described well. The PSS in
ERA-20C is as high as 0.96, while it is 0.87 in NOAA-20CR, which indicates that the
ability of ERA-20C is superior to NOAA-20CR in terms of horizontal propagation.
The correlation in propagation phase and RMSE in convective intensity also proved

that the 20C-reanalysis is good for the representation of the MJO phase and intensity.

By examining the vertical structures of moisture anomalies, zonal wind
anomalies, vertical velocity anomalies, divergence anomalies, EPT anomalies,
diabatic heating anomalies and APE generation associated with the MJOs, we found

that the 20C-reanalysis datasets that only assimilate the observational atmospheric
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surface signals (i.e., only the surface pressure for the two 20C-reanalysis and
additional surface marine winds for ERA-20C) could depict the MJO vertical
structure reasonably. For each field, the correlation of vertical distribution between
the 20C-reanalysis and the observation is significantly positive, with a TSS of 0.91
in ERA-20C and 0.76 in NOAA-20CR. However, the representations in the

convection intensity and the phase-leading structure in low level are not so good.

We also analyzed the MJO features in ordinary events. After comparing the skill
scores of the two groups of events, it can be illustrated that the 20C-reanalysis is
excellent for describing all types of the MJO processes. In terms of horizontal
propagation, the performance in strong events is superior to that in ordinary events in
20C-reanalysis. In terms of vertical structure, the representation of ordinary events is
better, possibly due to the overall weaker representation in the MJO intensity that

results in relative greater error existing in the strong events.

Both sets of 20C data can characterize the MJO very well, although ERA-20C is
superior to NOAA-20CR, regardless of horizontal propagation or vertical structure,
the extremely strong events or ordinary events. This may be due to the fact that the
additional surface marine wind field is also assimilated in ERA-20C while only
observed surface pressure is in NOAA-20CR. Beyond that, ERA-20C and the verified
data (i.e., ERA-Interim) were produced by the same organization using similar models

may also be the possible reason.

The results from this study indicate that the observed surface signals are good in
data assimilation to generate high-quality data for the MJO study. It serves as a
reference for the future study. In future assimilation experiment related to the MJO the
assimilation of atmospheric low-level signals may be given priority. Meanwhile, it is

admitted that adding the upper-air information such as the one from radiosondes into
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the assimilation system together with surface observations could further improve the

quality of the data and reduce the variability biases (Hersbach et al. 2017).

One may note that a previous study (i.e., Gao et al. (2016)) has indicated that
NOAA-20CR is not good at reproducing the MJO phase evolution, which seems
contrary to our results. However, it should be mentioned that their evaluation was
only based on a very limited period (i.e., winter of 2011, when an international field
experiment took place over the central equatorial Indian Ocean) wth only two MJO
events, while this study employed a much longer period from 1979 to 2010 with more
than one hundred MJO events. Furthermore, we also examined the long-term
variation (1900-2010) of MJO-related fields based on the two 20C-reanalysis. They
both show an obvious increase trend of precipitation intensity with global warming
while a much weaker trend of wind intensity (figures not shown). This result is
consistent with the recently published paper by Maloney (2019), who analyzed the
MJO change under global warming using CMIP5 experiments of RCP4.5.

MJO prediction based on dynamic model is a difficult task. This study suggests
that atmospheric component of the dynamic model can be accurately initialized
through assimilating observed surface signals. Comparing with assimilations of
diverse observations with vertical structures, this approach may have following two
advantages. Firstly, it can keep the preferred vertical dynamic/thermodynamic
structures of the model and thus reduce initial shocks in forecasts. Secondly, it can
greatly reduce the difficulty of the development of initialization system, as well as its

computation cost.
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Fig.

Fig.

Figure Captions

1 Zonal propagation of the MJO convection measured by 850hPa zonal wind
(upper) and 200hPa zonal wind (lower) field averaged over 20°S-20°N in 8
extremely strong events during the period of 1979-2010 in ERA-20C (shading)
and observation (contour). Unit: m/s.

2 Zonal propagation of the MJO convection measured by 850hPa zonal wind
(upper) and 200hPa zonal wind (lower) field averaged over 20°S-20°N in 8
extremely strong events during the period of 1979-2010 in NOAA-20CR

(shading) and observation (contour). Unit: m/s.

Fig. 3 Propagation phase lines in two-dimensional phase space defined by RMM1 and

RMM2 in 8 extremely strong events for observation (green) and for ERA-20C
(blue). Results for NOAA-20CR not shown.

Fig. 4 Correlations (green circles, with values in the left y axis) of propagation phase

Fig.

Fig.

lines and root mean square errors (purple triangles, with values in the right y axis)
of convective intensity in extremely strong events between observation-derived
and ERA-20C-derived (upper) and NOAA-20CR-derived (lower), with dash-line
representing 5% significant level.

5 Composite for zonal-vertical cross section of (a) specific humidity (shading,
unit: g/kg) and zonal wind field (contour, unit: m/s) and (b) divergence (shading,
unit: 10°%™) and vertical velocity (contour, unit: 10?Pa/s) on the day with
strongest convection (day0) of 8 MJO events in observation and 20C-reanalysis
datasets. The solid (dash) line indicating positive (negative) value.

6 Composite for zonal-vertical cross section of (a) equivalent potential
temperature (unit: K) and (b) diabatic heating (shading, unit: K/day) and vertical
velocity (contour, unit: 10%Pa/s) on the day with strongest convection (day0) of 8

MJO events in observation and 20C-reanalysis datasets. The solid (dash) line
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indicating positive (negative) value.

Fig. 7 Skill scores, calculated according to Eq. (1), for vertical distribution of specific
humidity (“hus”), vertical velocity (“wap”), divergence (“div”), equivalent
potential temperature (“EPT”), diabatic heating (“Q”) and available potential
energy generation (“APE”) on the day with strongest convection (dayO) of 8
MJO events for ERA-20C (solid-fill) and NOAA-20CR (grid-fill).

Fig. 8 Propagation skill scores (PSSs) of the MJO convection in extremely strong
(Groupl) and ordinary (Group2) events for ERA-20C (upper) and NOAA-20CR
(lower), with yellow line representing the mean and green line representing the
median.

Fig. 9 Skill scores for vertical structure (i.e., TSS) of the composite MJO convection
in extremely strong (red) and ordinary (blue) events for ERA-20C (left) and
NOAA-20CR (right).
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Table Captions

Table 1 The periods for 8 extremely strong MJO events during 1979-2010.

Table 2 Propagation skill scores (PSSs) of the MJO convection in extremely strong
events.

Table 3 Spatial pattern correlation coefficients for vertical distribution of specific
humidity (“hus™), vertical velocity (“wap”), divergence (“div”), equivalent
potential temperature (“EPT”), diabatic heating (“Q”) and available potential
energy generation (“APE”) on the day with strongest convection (dayO) of 8
MJO events between observation and 20C-reanalysis datasets.

Table 4 Intensity scores of composite vertical structure and the leading structure ahead
of convection in observation and 20C-reanalysis datasets (Q for specific
humidity with unit of g/kg, W and DIV for vertical velocity and divergence with

units of 10 Pa/s and 10°s™, respectively).
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(b) Divergence & Vertical velocity

(a) Specific humidity & Zonal wind
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Graphic abstract

Can reanalysis products with only surface variables assimilated capture MJO

characteristics?

Jingxuan Cui, Lu Wang, Tim Li and Bo Wu

o horizontal propagation 10 vertical structure
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Both ERA-20C and NOAA-20CR with only the observed surface signal assimilated,
could reproduce the observed MJO characteristics very well, with the former superior

to the latter, regardless of MJO intensity.
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Event Period

1 19790901-19791101

19810315-19810515

19850115-19850317

19880301-19880501

19921221-19930220

19961115-19970115

19970201-19970403

RN AW N

20050315-20050515

Table 1 The periods for 8 extremely strong MJO events during 1979-2010.
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1 2 3 4 5 6 7 8 Avg

ERA-
20C

20CR 0.825 0921 0.8 09105 0.8525 0.856 0.861 0.9135 0.87

0.937 0.949 0.9455 0.953 0.9605 0.959 0963 0972 0.95

Table 2 Skill scores for horizontal propagation of the MJO convection in extremely

strong events.
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Table 3 Spatial pattern correlation coefficients for vertical distribution of specific
humidity (“hus”), vertical velocity (“wap”), divergence (“div”’), equivalent
potential temperature (“EPT”), diabatic heating (“Q”) and available potential
energy generation (“APE”) on the day with strongest convection (day0) of 8 MJO

events between observation and 20C-reanalysis datasets.

ERA-20C NOAA-20CR
hus 0.93 0.81
wap 0.94 0.81
Div 0.88 0.73
EPT 0.95 0.88

Q 0.94 0.83
APE 0.92 0.85

This article is protected by copyright. All rights reserved.



Table 4 Intensity scores of composite vertical structure and the leading structure ahead
of convection in observation and 20C-reanalysis datasets (Q for specific humidity
with unit of g/kg, W and DIV for vertical velocity and divergence with units of 10

2Pa/s and 107%™}, respectively).

Observation ERA-20C NOAA-20CR

Q 1.03 0.76 0.67
Intensity score
W 4.60 4.63 4.96
Q 0.62 0.48 0.31
Leading structure
DIV 0.36 0.24 0.21
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