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Abstract Improving understanding and prediction of the initiation of the Madden-Julian Oscillation (MJO)
over the equatorial Indian Ocean (IO) was a main objective of the Dynamics of the MJO (DYNAMO) field
campaign. This study evaluates the European Centre for Medium-Range Weather Forecasts (ECMWF) and the
National Centers for Environmental Prediction Global Forecast System (GFS) operational global model
forecasts of MJO-2 in DYNAMO (November–December 2011). The model rainfall and 850 hPa zonal winds are
compared with the Tropical Rainfall Measurement Mission (TRMM) rainfall and operational analysis in the
equatorial IO. The ECMWF forecasts of the total equatorial rainfall were more consistent with TRMM
observations. The GFS did not accurately predict the onset of equatorial convection beyond 5 day lead time.
Instead, the GFS rainfall was mainly off the Equator in the Intertropical Convergence Zone (ITCZ). The GFS did
not capture synoptic scale systems that bring in dry air intrusions from the subtropics and disrupt convection
in the ITCZ which is favorable for equatorial convection associated with the MJO initiation. DYNAMO
observations suggest that multiscale interactions among convection, synoptic systems, and the MJO
large-scale circulations were important for the initiation of MJO-2. The model forecasts and analysis of
850 hPa zonal wind are decomposed into mesoscale, synoptic, and large-scale flows. Results show that (1)
both models have good initial conditions and 1–2day forecasts and (2) the ECMWF has significantly better
skill than the GFS in terms of forecasting equatorial convection, synoptic systems, and the large-scale MJO
circulation at 5–15day lead times.

1. Introduction

The Madden-Julian Oscillation (MJO) is the dominant intraseasonal (30–90 days) mode of variability in the
tropics [Madden and Julian, 1971, 1972, 1994; Zhang, 2005]. The MJO is often described as a large-scale
envelope of convection spanning thousands of kilometers, moving eastward along the equator at ~5m s�1.
Modulation of rainfall is the most significant direct impact of the MJO in the tropics. Prediction of the MJO is
important due to its influence on global weather, including heavy rain, droughts, heat waves, and tropical
cyclones [Ferranti et al., 1990; Marshall et al., 2010; Zhang, 2013]. The failure of a model to predict the
evolution of a strong MJO can lead to large forecast errors throughout the global tropics [Hendon et al., 2000;
Vitart and Molteni, 2010]. Furthermore, downstream teleconnections to the extratropics via Rossby wave
dispersion depend on near equatorial rainfall, and its associated diabatic heating [Hoskins and Karoly, 1981;
Lau and Lau, 1986]. Vitart and Molteni [2010] show that an improved MJO prediction at greater than 10 day
lead time results in better prediction of extratropical teleconnections like the North Atlantic Oscillation.

One of the most challenging aspects of MJO prediction is its initiation over the equatorial Indian Ocean (IO),
which depends on convective processes [Boyle et al., 2008; Agudelo et al., 2009; Matsueda and Endo, 2011]. The
initiation of the MJO over the IO is a process encompassing three stages: a preonset suppressed phase,
formation (onset) of a large-scale envelope of equatorial convection spanning thousands of kilometers, and
eastward propagation of the convective envelope with suppressed conditions returning to the IO [Stephens
et al., 2004; Yoneyama et al., 2013]. In this study the term “large-scale” refers to the circulation related to theMJO,
which is larger than typical synoptic weather systems. Note that MJO initiation is not considered complete until
the large-scale convective envelope moves eastward, and suppressed conditions return to the equatorial IO.
The large-scale convective envelope associated with the MJO consists of convective systems organized on
multiple scales [e.g., Chen et al., 1996; Chen and Houze, 1997; Kerns and Chen, 2014]. The importance of the
mesoscale and synoptic scale systems for rainfall, and hence, latent heat motivates us to examine how the
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model forecast error grows as a function of spatial scale. The upscale and downscale energy and momentum
transfer between the mesoscale and synoptic scale systems as well as their impact on the large-scale MJO
circulation is not well understood.

Numerical model prediction of MJO initiation can be limited by inadequate depiction of equatorial convection
[Bechtold et al., 2008; Boyle et al., 2008; Agudelo et al., 2009]. Recent observations from the Dynamics of the MJO
(DYNAMO) field campaign [Yoneyama et al., 2013] have provided new insights into the multiscale processes
during MJO initiation over the IO. Kerns and Chen [2014] show that dry air intrusions from the subtropics to
within 5° of the equator can suppress the off-equator convection in the Intertropical Convergence Zone (ITCZ).
This favors the onset of convection on the equator during the MJO initiation. Furthermore, eastward
propagation of the large-scale equatorial convection is favored when equatorward dry air advection associated
with synoptic gyre circulations suppresses convection on the west side of the MJO convective envelope.

Previous studies have shown that improved convective parameterization and its interaction with tropospheric
moisture can improve the model prediction of the MJO. For example, Agudelo et al. [2009] conclude that “the
representation of convective processes is in the heart of the lack of extended forecast skill.” Similarly, Thayer-
Calder and Randall [2009] have demonstrated that when the Community Atmosphere Model (CAM) is run in
superparameterization mode (e.g., SPCAM) using a cloud-resolving model in each model grid box, there is an
improvement in the representation of the MJO through improved tropospheric moistening. Hindcast
experiments using the European Centre for Medium-Range Weather Forecasts (ECMWF) model produce
improved moisture preconditioning and a stronger contrast between the MJO convectively suppressed and
active phases when using an entrainment rate that is sensitive to the environmentmoisture [Hirons et al., 2012a,
2012b]. The precipitation-moisture relationship is viewed as being critical to representing the MJO in models.

A major difficulty with evaluating model predictions of the MJO is how to quantify the MJO signal in
observations and models. For the global MJO signal, one commonly used approach involves deriving an index
using empirical orthogonal function analysis, such as the real-timemultivariateMJO (RMM) index ofWheeler and
Hendon [2004]. The RMM index takes into account outgoing longwave radiation and zonal winds at 850 and
200hPa. It is heavily weighted by the upper level winds, since overmost of the globe, that is, where theMJO has
the strongest signal [Madden and Julian, 1972, 1994; Zhang, 2005]. Matsueda and Endo [2011] find that the
performance of global ensemble models depends on the phase of the MJO as determined by the RMM index,
with the ECMWF performing best in phases 1–4 (Africa to the Maritime Continent, including the MJO initiation
region in the IO) and the UK Met and National Centers for Environmental Prediction Global Forecast System
(NCEP GFS) models performing better for phases 5–8 (from the West Pacific to Atlantic).

While global MJO indices such as the RMM can provide information about the global MJO signal [Wheeler and
Hendon, 2004; Fu et al., 2013; Yoneyama et al., 2013], a more direct evaluation and verificationmethod specifically
for MJO initiation over the equatorial IO is lacking. This study focuses on model forecasts of the equatorial
convection and low-level winds during the MJO initiation using a grid point-by-grid point verification technique
over the tropical IO. The technique is similar to Agudelo et al. [2009] and Janowiak et al. [2010], but it is focused on
the equatorial IO during awell-documentedMJO initiation event. The period of study is the secondMJO initiation
event (November–December 2011) observed during DYNAMO, referred to as MJO-2 [Gottschalck et al., 2013].
This time period includes the three-stage evolution of MJO initiation: the pre-MJO suppressed period, initiation
of a new MJO convective envelope in the western/central IO, and eastward propagation of the convection.

This paper is organized as follows: section 2 describes the model forecast fields and the verification data sets
used in this study. Section 3 discusses the evolution of MJO initiation in model forecasts and observations in a
time-longitude framework. Section 4 presents verifications of total area-integrated rainfall and areal coverage
for the equatorial IO. Examples of model depiction of synoptic systems and related equatorial rainfall are
presented in section 5. Section 6 shows the results of quantifying model forecast error growth of zonal wind
speed on various spatial scales. Finally, conclusions are given in section 7.

2. Models and Verification Data
2.1. NCEP GFS Model Forecasts and Analysis

The Global Forecast System (GFS) model is the operational global weather forecast model of the National
Centers for Environmental Prediction (NCEP). Henceforth, the NCEP GFS model is referred to simply as the

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020833

KERNS AND CHEN ©2014. American Geophysical Union. All Rights Reserved. 3737



GFS. GFS forecast cycles are initialized at 0000, 0600, 1200, and 1800 UTC every day. The GFS forecast fields
used in this study are archived in the Research Data Archive (RDA) at the National Center for Atmospheric
Research (NCAR). They are 6-hourly fields on a regular 1° grid (from the GFS native T574 resolution) from
initialization up to the 8 day (192 h) forecast. (Degrees refer to latitude and longitude degrees throughout this
study.) For the 8.5–16 day forecasts (204–384 h) 2.5° fields (interpolated from native T190 resolution) every
12 h are available from the RDA (see Table 1). In addition to the forecasts, the 6-hourly GFS analysis fields were
used for model forecast verification in this study. (Details regarding the GFS model can be found online at
http://www.emc.ncep.noaa.gov/GFS/doc.php). The model fields used are the 850 hPa zonal wind (U850) and
the daily accumulated rainfall.

2.2. ECMWF Model Forecasts and Analysis

The ECMWF provided 6-hourly operational analysis fields and once daily forecasts for the DYNAMO field
campaign, as well as daily ensemble forecast fields for a limited domain and at coarser resolution (Table 1).
(Details regarding the operational ECMWF model configuration during DYNAMO can be found online at
http://www.ecmwf.int/research/ifsdocs/CY37r2/). The deterministic forecast interpolated from the native
T1279 resolution to a regular 0.25° resolution grid was used (denoted ECMWF). The deterministic forecasts
were provided at 12 h increments up to day 10 (240 h).

The ECMWF Ensemble Prediction System (EPS) forecasts were also provided once daily initialized at 0000 UTC
out to 15 day lead time. For the 10 to 15 day forecast period, only EPS forecasts were available during
DYNAMO. The ensemble forecasts were provided on a 1.0° grid. In this study, only the control run of the
ECMWF ensemble, henceforth referred to as ECMWF-ctl, was used. The ECMWF-ctl is the same atmosphere
model as the ECMWF but is run at a coarser resolution (T639 up to day 10 and T319 afterward) with ocean
coupling starting on forecast day 10. Similar to the GFS, U850 and rainfall fields are used.

The ECMWF operational analysis U850 data are used as independent verification data along with the GFS
analysis. Thus, the zonal wind forecasts from GFS and ECMWF are each verified using both their own analysis
and the other analysis fields. The root-mean-square (RMS) difference in U850 between ECMWF and GFS was
1.8m s�1 for the period of study. This mainly affects the verification of the short-term (1–2 day) forecasts and
does not affect the key findings of this study which are based on forecast lead times of 5–16 days, as will be
discussed later.

For verification purpose, whichever product was available at the finer resolution was degraded to the
appropriate coarser resolution of the other product (see Table 1). For example, for verifying the GFS forecasts
at 1.0° and 2.5° resolution, the ECMWF 0.25° analysis data are first degraded to 1.0° and 2.5° resolution,
respectively. The method of degrading the resolution for U850 is to subsample the ECMWF grid points
corresponding to the appropriate model grid, without interpolation or spatial averaging. The exception is
that for degrading 1.0° GFS data to 2.5°, bilinear interpolation was used.

2.3. TRMM Rainfall

The observed rainfall rate and daily rain accumulation are determined using the Tropical Rainfall Measuring
Mission (TRMM) Multisatellite Precipitation Analysis (TMPA) [Huffman et al., 2007]. The algorithm uses rainfall
rate retrievals from the TRMM precipitation radar (PR) and the TRMM microwave imager (TMI) as well as the
Special Sensor Microwave Imager, the Advanced Microwave Scanning Radiometer-Earth Observing System,
and the Advanced Microwave Sounding Unit-B. Typically, most of the global tropics and subtropics (on
average 83% during the study period) are covered by microwave data within a 3 h period. Where there are no

Table 1. Summary of Model Forecasts Used in This Studya

Model Forecast Range Grid Initialization Output

GFS 0–96 h 1.0° 6-hourly 6-hourly
GFS 108–384 h 2.5° 6-hourly 12-hourly
ECMWF 0–240 h 0.25° Daily 12-hourly
ECMWF-ctl 0–360 h 1.0° Daily Daily

aGrid refers to the regular latitude-longitude grid on which the data were provided, not the native model resolution.
GFS refers to the operational NCEP Global Forecast System model. ECMWF refers to the operational deterministic high-
resolution ECMWF model. ECMWF-ctl refers to the control run of the reduced resolution ECMWF ensemble.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020833

KERNS AND CHEN ©2014. American Geophysical Union. All Rights Reserved. 3738

http://www.emc.ncep.noaa.gov/GFS/doc.php
http://www.ecmwf.int/research/ifsdocs/CY37r2/


microwave data available, infrared-based rain estimates are used. This study uses the Version 7 research
grade data, which are calibrated using overlapping portions of TRMM PR and the TMI swaths and are adjusted
to agree with monthly rain gage data over land. Note that the TRMM data represent rain rates averaged over
the 0.25° × 0.25° box, not rain rates at a point. Therefore, the heaviest rain rates (e.g., >100mmh�1) are not
well resolved. Another limitation of the TMPA data set is that the minimum detectable TRMM PR reflectivity is
17 dBZ, which limits the detection of very light rain rates (< 1mmh�1). Nevertheless, the merged TRMM data
product compares well with ground-based radar measurements over the ocean, especially for tropical,
nonfrontal precipitation [Huffman et al., 2007]. Henceforth, the TMPA data are referred to simply as TRMM.

The TRMM rain rate data are at 3 h temporal resolution on a 0.25° grid. Accumulated rainfall was calculated by
multiplying the rain rates by 3 to estimate the accumulation for the subsequent 3 h, and the daily rain
accumulations used the 3-hourly rain data from 0000 UTC to 2100 UTC. For comparison with the 1.0° and 2.5°
resolution model rainfall, the TRMM data were averaged over the adjacent grid cells which would be
contained within each model grid cell. The spatial resolution differences between TRMM data and the
forecast products used in this study may affect the verification of rainfall [Tustison et al., 2001]. For this reason,
the forecast and TRMM fields were degraded or resampled to the same spatial resolution before the
verification was conducted.

3. Time-Longitude Evolution of Observation and Forecasts

Time-longitude diagrams of observed fields are a useful tool for diagnosing the overall characteristics of the
MJO convection and winds. A strong MJO formed over the western IO in late November and moved east of
the region by early December, referred to as MJO-2 [Gottschalck et al., 2013; Kerns and Chen, 2014]. The onset
of persistent, eastward propagating equatorial convection during the initiation of MJO-2 occurred on 22–24
November (Figure 1a). Embedded within MJO-2 were two pronounced rainfall maxima with latitude-
averaged (5°S–5°N) rainfall >1mmh�1. The first rainfall maximum, the leading edge of the large-scale
convective envelope, reached the DYNAMO array on 23–24 November. The relative rainfall minimum
between the two maxima (over the DYNAMO array on 25 November) was related to dry air intrusions
associated with the synoptic scale Rossby gyres within MJO-2 [Kerns and Chen, 2014]. The second rainfall

Figure 1. Time-longitude evolution of (a) TRMM rain rate and (b) ECMWFanalysis of 850 hPa zonal wind during 1 November
to 20 December 2011. Data are averaged from 5°S to 5°N.
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maximum consisted of westward propagating large convective cloud systems that developed progressively
eastward within the MJO-2 convective envelope (Figure 1a). Judt and Chen [2014] provide a detailed analysis
for one of the large convective systems associated with a westward propagating low-pressure system near
the equator, which passed through the DYNAMO array on 27–28 November.

The shift in low-level zonal winds from anomalous easterlies to westerlies is a fundamental, well-observed
aspect of the MJO [Zhang, 2005]. The leading edge of the MJO-2 convection is marked by a dramatic shift
from easterlies of ~�5m s�1 to strong westerlies >10m s�1 (Figure 1b). Within the DYNAMO observation
domain (Figure 1), the wind shift occurred on 24 November, which is coincident with the leading edge of the
heavy rain (Figure 1a). Additionally, variations in the zonal wind on the time scale of 2–3 days can be seen in
association with westward moving rainfall features within the second rain maximum (Figure 1b). After the
passage of MJO-2, the westerlies over the equatorial IO remained above 10m s�1 through early December.

Figure 2. Time-longitude comparisons of TRMM and rainfall forecasts from the ECMWF forecast system. The TRMM data degraded to (a) 0.25°, 24 h and (d) 1.0°, 24 h
resolution, respectively. The (b) 2 day and (c) 5 day ECMWF forecasts at the same valid times as the TRMM data. The (e) 10 day and (f) 15 day forecasts of the ECMWF-
ctl at the same valid times as the analysis. Data are averaged from 5°S to 5°N. The vertical lines indicate the DYNAMO observation area.
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The corresponding time-longitude analysis using the forecast fields indicates qualitatively how effectively the
models predicted the evolution of the equatorial rainfall and zonal winds associated with the initiation of
MJO-2 (Figures 2 and 3). The time-longitude analyses were constructed using the forecast fields valid at the
same times as the TRMM rainfall and ECMWF analysis zonal winds. The results from the time-longitude
analyses revealed that the ECMWF and ECMWF-ctl are better than the GFS at predicting the initiation of
MJO-2, especially at lead times beyond 2–5 days.

3.1. ECMWF

The ECMWF and ECMWF-ctl were able to predict the time-longitude evolution of rain and 850 hPa zonal
winds (U850) through the 15 day forecast period remarkably well (Figures 2 and 3). The best model
performance was in the short range of 2–5 days lead time. In terms of rainfall, the intensity and timing of the
two distinct maxima in MJO-2 were captured by the ECMWF 2 day forecasts (Figure 2b) when compared with

Figure 3. Time-longitude comparison of 850 hPa zonal wind analysis and forecasts from the ECMWF forecast system. The ECMWF analysis degraded to (a) 0.25°, 24 h
and (d) 1.0°, 24 h resolution, respectively. The (b) 2 day and (c) 5 day forecasts of the ECMWF at the same valid times as the analysis. The (e) 10 day and (f) 15 day
forecasts of the ECMWF-ctl at the same valid times as the analysis. Data are averaged from 5°S to 5°N. The vertical lines indicate the DYNAMO observation area.
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the TRMM data degraded to daily temporal resolution (Figure 2a). Nevertheless, the ECMWF tends to
overpredict light rain rates (latitude average ~0.2mmh�1) during the suppressed periods both before and
after the initiation of MJO-2. At 2 day lead time, the time-longitude zonal winds from the ECMWF forecasts
(Figure 3b) closely resembled the analysis (Figure 3a). Within the longitudes of the DYNAMO array, easterlies
occurred from 15 to 22 November in both the 2 day forecasts and the analysis. Also, the westerlies>10m s�1

for ~1week after the wind shift closely resemble the analysis. Similar to the 2 day forecasts, the 5 day
forecasts predicted the two distinct rainfall maxima (Figure 2c). At 5 day lead time, the ECMWFanticipated the
zonal wind shift in easterlies to westerlies (Figure 3c), though the westerlies in the wake of MJO-2 were
generally not as strong as observed (Figure 3a).

At 10–15day lead times, the performance of ECMWF-ctl began to noticeably depart from the verification data. In
terms of the rainfall, the ECMWF-ctl predicted a general eastward progression of the heavier latitude-averaged

Figure 4. Time-longitude comparison of TRMM and rainfall forecasts from the GFS. The TRMM data degraded to (a) 1.0°, 6 h and (d) 2.5°, 12 h resolution, respectively.
The (b) 2 day and (c) 5 day GFS forecasts at the same valid times as the TRMM data. (e and f) The 240 h (360 h) GFS forecasts at the same valid times as the TRMM data.
Data are averaged from 5°S to 5°N. The vertical lines indicate the DYNAMO observation area.
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rain rates (>1mmh�1) at 10day and 15day lead times (Figures 2e and 2f). However, the two distinct rainfall
maxima were not well predicted. Also, rainfall during the suppressed periods was over predicted at these lead
times, similar to the shorter lead time forecasts. The general shift from pre-MJO easterlies to MJO equatorial
westerlies was captured by the ECMWF-ctl, though it was not as clearly delineated as in the high-resolution
deterministic forecasts at 2 and 5days (Figures 2b and 2c). In terms of the time-longitude evolution of rain and
U850, the 10day deterministic forecast performed similarly to the ECMWF-ctl (not shown).

3.2. GFS

Similar to the ECMWF, the GFS captured the evolution of rainfall and winds at the 2 day lead time (Figures 4a,
4b, 5a, and 5b). However, the two distinct rain maxima are not well captured by the GFS at 5 day lead times
and beyond (Figures 4c, 4e, and 5f). Also, at 5 day lead time and beyond, the eastward propagating zonal
wind shift is not clear (Figures 5c, 5e, and 5f). These are important differences between the GFS and the

Figure 5. Time-longitude comparisons of 850 hPa zonal wind from ECMWF analysis and GFS forecasts. The ECMWF analysis subsampled at (a) 1.0°, 6 h and (d) 2.5°,
12 h resolution, respectively. The (b) 2 day and (c) 5 day GFS forecasts at the same valid times as the analysis. The (e) 10 day and (f) 15 day GFS forecasts at the same
valid times as the analysis. Data are averaged from 5°S to 5°N.
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ECMWF forecasts of the equatorial convection and zonal winds on the synoptic scale, which may account for
the poor performance of the GFS as discussed in more detail in section 5.

At 10 day and 15 day lead times, the GFS forecasts generally lack a coherent MJO initiation signal in both rain
(Figures 4e and 4f) and winds (Figures 5e and 5f). This deficiency cannot be explained by the coarse 2.5°
resolution used for the longer range GFS forecast fields, since that resolution is still sufficient to resolve the
MJO initiation using the degraded ECMWF analysis and TRMM data at the same resolution (Figures 4a, 4d, 5a,
and 5d). Instead, it represents a distinct underproduction of equatorial rainfall in the GFS 10 and 15 day
forecasts during the initiation of MJO-2. Consistent with these results, Fu et al. [2013] note that in terms of the
RMM index, the GFS forecasts also fail to capture the intensification of the global MJO signal in the IO at
similar lead times as in this study.

4. Evolution of Rainfall Over the Equatorial Indian Ocean

The development of the large-scale convection/precipitation over the equatorial IO is a critical part of MJO
Initiation. Quantitative evaluation of the model rainfall forecasts can be difficult. Unlike dynamic fields such as
zonal wind, rainfall must be either zero or nonnegative. Furthermore, rainfall is extremely noisy with daily rain
accumulations of >50mm within 100km of areas with zero rain for the day. Due to uncertainties in satellite
rainfall retrievals and physical parameterizations in numerical models, rainfall verification is subject to significant
uncertainty. Direct grid point-by-grid point verification of rainfall can result in large errors even at short forecast
lead times, even though some important aspects of the rainfall field (e.g., large-scale spatial patterns) may have
been well predicted [Gilleland et al., 2009, 2010]. To give a first-order evaluation of the model rainfall with
respect to MJO initiation, it is useful to compare integrated, accumulated rainfall fields and rain exceedance
focused on the equatorial IO. The ECMWF-ctl and GFS volumetric (area-integrated) rainfall and daily rain
exceedance are compared with the TRMM data. Note that the lightest rain rates unresolved by TRMM (e.g.,
<1mmh�1) do not contribute significantly to the volumetric rain integrated over the entire equatorial IO and,
furthermore, the heaviest rain rates (>100mmh�1) are rare and likely not well resolved by the global models or
TRMM. Therefore, the direct comparison of the model and the TRMM volumetric rain is meaningful.

4.1. Daily Volumetric Rainfall

The equatorial daily volumetric rainfall was calculated as the total volume of rain water falling within 5°S–5°N,
45°E–105°E over the 24 h period ending at 0000 UTC each day. Volumetric rainfall was computed both from
the TRMM data (degraded to model resolutions as discussed in section 2.2) and the model forecasts.
Volumetric rain can be considered to be a proxy for the total latent heat release within the equatorial IO. As
shown in Figure 6a, the convectively suppressed phase of MJO-2 was characterized by TRMM volumetric rain
<5× 109m3 d�1. During the active phase, it was >10× 109m3 d�1 for most of 21 November to 1 December,
peaking at 15 × 109m3d�1 on 22 November.

In general, both the ECMWF-ctl and GFS captured the range of observed of volumetric rainfall (black line)
from 2 to 12× 109m3 d�1 (Figures 6a and 6b) at short lead times of 1–2 days. The blue lines in Figure 6

Figure 6. TRMM (black) and forecast (blue) volumetric rainfall in 5°S–5°N, 45°E–105°E for (a) ECMWF-ctl and (b) GFS. In
Figure 6a, TRMM data were degraded to 1.0° resolution. In Figure 6b, TRMM data were degraded to 2.5° resolution. The
beginning and end of each forecast is indicated by the red circle and blue cross markers, respectively. The vertical dashed
lines are for 24 and 26 November.
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represent consecutive daily forecasts. Themodel initial times and ending of the forecasts are indicated by red
circles and black cross marks, respectively. The spread among the blue lines on a given day indicates the
consistency (or inconsistency) the model forecasts from various lead timed for that day. The ECMWF-ctl
forecasts (Figure 6a) followed TRMM more closely than the GFS, especially at longer lead times. The
performance of the ECMWF (not shown) was similar to the ECMWF-ctl. The GFS failed to capture the
enhanced rainfall associated with MJO initiation in the equatorial IO in middle to late November (Figure 6b).

The tendency of the GFS to produce too much rain during the suppressed period of MJO-2 and too little
during the active phase (Figure 6b) is consistent with the time-longitude evolution of MJO-2 (Figures 5e and
5f), in which there is little distinction between active and suppressed phases at the 10–15 day GFS forecast
range. Toward the end of model forecast cycles, both the ECMWF and GFS tended to produce too much
rainfall during the suppressed periods in particular in early December (Figures 6a and 6b). The GFS was
significantly worse than the ECMWF. Also, the GFS forecasts were less self-consistent (i.e., larger spread
among forecasts initialized at various lead times for the same valid time) than ECMWF.

4.2. Fractional Coverage of Daily Rainfall

To evaluate the spatial coverage of themodel precipitation forecasts associated with the MJO initiation over IO,
fractional coverages of various daily rain accumulations of 1, 10, and 50mmd�1 are examined. The fractional
coverage is the fraction of grid points within 5°S–5°N, 45°E–105°E which had daily rainfall accumulations above
a threshold. During the study period, 83% of nonzero TRMMdaily rainfall accumulationswithin 5° of the equator
were>1mmd�1, 40%were>10mm, and 5%were>50mm. Therefore, the chosen daily rainfall thresholds are
well resolved by TRMM.

Despite the good performance of ECMWF-ctl in terms of volumetric rainfall, it tended to overpredict the areal
coverage of light rain (>1mmd�1) accumulations (Figure 7a) and underpredict the areal extent of heavy rain
(>50mmd�1) accumulations (Figure 7e). These discrepancies are strongly affected by model grid resolution
and physics, especially cumulus parameterizations in global models. The fractional areal coverages of
medium rain rates (>10mmd�1) is similar to TRMM (Figure 7c). These results can also be seen in the time-
longitude analysis (e.g., ECMWF-ctl in Figures 2b, 2c, and 2e, compared with TRMM in Figures 2a and 2d). The
heaviest latitude-averaged rain rates (>50mmh�1 latitude average) are not as prominent in the ECMWF-ctl
as in the TRMM observations (Figure 2). Note that degrading the native 0.25° TRMM data to 1.0° resolution
does not significantly affect the fractional coverage of 1, 10, and 50mmd�1 rainfall (Figures 7a, 7c, and 7e).
Also, the full resolution ECMWF produced fractional rainfall coverage similar to the ECMWF-ctl (not shown).

Despite the relatively poor performance of GFS in terms of volumetric rain, the GFS produced fractional
coverage of >1mm daily rainfall similar to TRMM (Figure 7b). Coverage of rainfall >1mmd�1 is around
0.4–0.6, instead of 0.7–0.8 for ECMWF-ctl. This agrees better with TRMM estimates which are on average 0.5.
For the 10mm threshold, GFS produced fractional coverages lower than TRMM during the MJO convective
active period (Figure 7d). Similar to volumetric rainfall, the contrast between suppressed and active MJO is
too weak in the GFS in terms of fractional coverage of 1 and 10mmd�1 rainfall (Figures 7b and 7d).

Both ECMWF-ctl and GFS underestimated the coverage of heavier daily rainfall >50mmd�1 (Figures 7e and
7f). Note that based on the TRMM data, this rain threshold was the most strongly modulated by the MJO
initiation, ranging from a fractional coverage of near zero during the suppressed phase to a peak of 11% in
the active phase after MJO initiation. The GFS fractional rain coverages are closer to TRMM but still too low.
Nevertheless, the GFS is better able to depict the dramatic increase in coverage of 50mmd�1 rain during the
active period, although it tends to maintain these elevated heavy rain coverages well into the suppressed
period in early December (Figure 7f).

In general, the fractional coverage of the median nonzero 10mmd�1 rainfall was more consistent between
themodels and TRMM than that of 1 and 50mmd�1. ECMWF-ctl somewhat overproduced 10mmd�1 rainfall
in the active MJO in late November, peaking at 0.6–0.7 (Figure 7c). By comparison, TRMM 10mmd�1

coverage peaked at 0.4–0.5. Meanwhile, fractional coverages of >10mmd�1 rain in the GFS forecasts
initialized during the suppressed period of mid-November gradually increased to around 0.15 but did not
reach the peak of 0.4–0.5 in TRMM (Figure 7d). Furthermore, GFS forecasts initialized during the active MJO in
late November initially produced 10mmd�1 rainfall coverage in agreement with TRMM, but the rain
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coverage decreased only to 0.2–0.4 instead of<0.1 in the early December suppressed period. Clearly, the fact
that the GFS produced fractional coverages of 1 and 50mmd�1 rainfall that is on average more similar to
TRMM does not result in an improved MJO initiation prediction (Figures 4 and 5).

5. Synoptic Variability During MJO Initiation

The most significant difference in predictive skill between ECMWFand GFS is seen at lead times of 5 days and
beyond. In particular, the difference in the representation of synoptic scale (~1000 km) features becomes
significant at longer lead times. Kerns and Chen [2014] showed that dry air intrusions associated with synoptic
systems can affect the spatial distribution of convection/precipitation in the equatorial IO—a critical
component of MJO initiation. The model representation of the synoptic systems, including gyre circulations
and related dry air intrusion, can potentially influence the model’s ability to predict MJO initiation. This
section examines how the synoptic variability and related dry air and rainfall distribution were represented in
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Figure 7. TRMM (black) and forecast (blue) fractional coverage of 24h rainfall in 5°S–5°N, 45°E–105°E for (a, c, and e) ECMWF-
ctl and (b, d, and f) GFS. The threshold daily rainfall amounts are> 1mm in Figures 7a and 7b, 10mm in Figures 7c and 7d, and
50mm in Figures 7e and 7f. Fractional coverage from the native 0.25° (black, solid), degraded 1.0° (black, dashed), and
degraded 2.5° (dot dashed) TRMM data are included for reference. The beginning and end of each forecast is indicated by the
red circle and blue cross markers, respectively. The vertical dashed lines are for 24 and 26 November.
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the models in the initial conditions and in the forecasts using two examples during the initiation of MJO-2
—equatorial convection and eastward propagation on 24 and 26 November, respectively. These cases were
during the peak equatorial rainfall observed by TRMM (marked by vertical lines in Figures 6 and 7).

5.1. Equatorial Convection

During the convectively suppressed phases of the MJO in DYNAMO, convection was often concentrated in
the double ITCZ 5–10° off of the equator in both hemispheres. The onset of equatorial convection (e.g., within
5° of the equator) associated with MJO-2 occurred along the equator between 65°E and 85°E on 22–24
November. This was after the convection in the ITCZ off the equator had been suppressed by a strong dry air
surge from the subtropical regions of Southern Hemisphere [Kerns and Chen, 2014]. On 24 November, the
leading edge MJO-2 convection/rainfall and westerly winds were near 85°E (Figure 1). Rainfall from 0000 UTC
23–24 November was concentrated on the equator from 65 to 75°E and extended farther east associated
with a gyre circulation slightly north of the equator shown by the TRMM data and the ECMWF relative
humidity (RH) and wind analysis fields (Figure 8a). The dry air on both sides of the equator is indicated by the
<60% RH associated with a distinct dry air surge penetrating to within 5° of the equator near 68–73°E
(Figure 8a). Rainfall was almost exclusively limited to where the relative humidity at 700 hPa was greater than
80%. Winds along the equator were westerly from 45 to 87°E. The GFS wind analysis is similar to the ECMWF
(Figure 8b). Although the overall pattern of the 700 hPa RH is similar in the two models, the RH in the GFS is
slightly lower on the equator and higher off the equator (i.e., there was a weaker meridional gradient) than
that of ECMWF (Figures 8a and 8b). Both models have similar synoptic features in their initial conditions.

Similar to the TRMM rainfall and the ECMWF analysis fields, the 5 and 10 day ECMWF forecasts valid at
0000 UTC 24 November had rainfall concentrated on the equator, although the convection had progressed
eastward too fast (Figures 8c and 8e). In contrast, the GFS forecasts valid at the same time had dry air with RH
<60% on the equator and rainfall concentrated off the equator (Figures 8d and 8f), which is opposite of what
was observed (Figures 8a and 8b). The GFS failed to predict the onset of the equatorial convection on 22–24
November and instead maintained a double ITCZ especially at 10 day lead time (Figure 8f). In the GFS
forecasts, the Southern Hemisphere subtropical dry air (<60% RH) was mostly further south of the equator at
60–70°E longitudes (Figures 8d and 8f), whereas the subtropical dry air is close to 5–10°S in the ECMWF
model forecasts (Figures 8c and 8e). This dry air intrusion seems to be a factor prohibiting the southern ITCZ
in the ECMWF similar to the observations shown in Kerns and Chen [2014].

5.2. Eastward Propagation

A clear eastward propagation of the MJO-2 convection occurred from 24 to 26 November with the leading-
edge equatorial convection and westerly winds reaching 90°E on 26 November (Figures 1, 9a, and 9b). The
convection was not only over the equator but also within the cyclonic gyres, especially the one centered near
7°N, 75°E (Figure 9a). These cyclonic gyres were related to the Rossby and mixed Rossby-gravity wave
activities that occurred coincidently with the MJO [Gottschalck et al., 2013]. The gyre circulation draws in dry
air and is associated with advection of drier air into the equatorial region on the west side of the MJO
convection, which helped propel the eastward propagation of the large-scale MJO convective envelope
[Kerns and Chen, 2014]. Along the equator from 60 to 75°E the RH was mostly below 80% with little equatorial
rainfall. Equatorial convection was limited to east of 75°E, where the RH was above 80% in both model
analysis fields (Figures 9a and 9b). As in the case on 24 November, the GFS analysis was similar to the ECMWF
on 26 November, except with slightly lower RH values in the equatorial region (Figure 9b).

The ECMWF was able to predict the circulation features and equatorial rainfall at the 5 and 10 day lead times
(Figures 9c and 9e) better than the GFS (Figures 9d and 9f). Nevertheless, it differed from the observed
pattern of the gyre circulation in the details, such as the dry air intrusion and the longitudes at which
equatorial convection occurred. In particular, the ECMWF forecast with 5 day lead time predicted a
pronounced gyre centered near 2°S, 90°E, with dry air being drawn in to within 5° of the equator on its west
side (Figure 9c). Thus, the southern Hemisphere convection was less pronounced than in observations
(Figure 9a). For the ECMWF forecast at 10 day lead time, equatorial convection occurred at 60–85°E
(Figure 9c), much further west than the TRMM data (Figure 9a). The dry air intrusion along the equator was
less pronounced than the analysis at 50–60°E, which may have contributed to the equatorial rainfall there in
the 10 day ECMWF forecast but not in TRMM. In sharp contrast to ECMWF, the GFS failed to predict the onset
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of the equatorial convection associated with the initiation of MJO-2 at 5 and 10 day lead time (Figures 9d
and 9f). Dry air remained on the equator with convection/rainfall remaining concentrated off the equator in
the ITCZ. Note that this ITCZ convection can induce subsidence on the equator and reinforce the drier air there
in the GFS (Figures 8f and 9f ). These results indicate the importance of the synoptic scale systems and
related atmospheric moisture distribution. For example, the dry air surge from the subtropics, which
disrupted the ITCZ convection leading to the onset of the equatorial convection and to the subsequent
development of synoptic gyre circulation, may play a key role in some MJO initiation events such as MJO-2.

5.3. Spatial Rainfall Distribution During MJO-2

To examine the possible contribution of the synoptic systems to the overall spatial distribution of rainfall
during the initiation of MJO-2, the average daily rainfall from TRMM and from the models for 1 November to

Figure 8. The 850hPa flow (streamlines), 700hPa relative humidity (color shading), and 24h rainfall (gray scale shading, color
bar on top) valid at 0000 UTC 24 November 2011: (a) ECMWFanalysis and TRMM rainfall, (b) GFS analysis and TRMM rainfall, (c)
5 day ECMWF forecast, (d) 5 day GFS forecast, (e) 10 day ECMWF forecast, and (f) 10 day GFS forecast. Rainfall The equator and
5°S/5°N are marked by the black solid and dashed lines, respectively. The DYNAMO array is marked in thick black lines.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020833

KERNS AND CHEN ©2014. American Geophysical Union. All Rights Reserved. 3748



20 December 2011 over the IO is shown in Figure 10. The TRMM rainfall occurred preferentially in the
northern and southern ITCZ in the western IO (west of 65°E) with a distinct minimum over the equator
(Figure 10a). In the central IO (65–80°E), including the DYNAMO array, rainfall occurred more uniformly
between 12°S and 8°N, with a slight preference for the Southern Hemisphere ITCZ around 10°S. In the eastern
IO, the rainfall was uniform from 8°S to 10°N. In the central (eastern) IO, TRMM data indicated an average daily
rainfall of around 7mm (10mm). The GFS produced too much rainfall off the equator and not enough rainfall
on the equator, as discussed in sections 5.1 and 5.2 (Figures 10c and 10e). The GFS average daily rainfall for
the short-term 1 day forecasts closely resembled TRMM (not shown), but the low rainfall bias over the
equator became pronounced at longer lead times (Figures 10c and 10e). Note that the GFS still predicted an
eastward moving MJO at 2 day lead time, but with too little rainfall in the western IO (Figure 4b). The low GFS
equatorial rainfall mainly affected the prediction of MJO initiation at 5 day and longer lead times (Figures 4c,
4e, and 4f). In contrast, the average daily accumulation from the ECMWF 5day and 10 day forecasts valid
during the same period was similar to TRMM, though the ITCZ in the central IO was more pronounced

Figure 9. Same as in Figure 8 but for 0000 UTC 26 November 2011.
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(Figures 10b and 10d). In fact, the ECMWF tended to somewhat overproduce rainfall over the western
equatorial IO. In summary, the lack of equatorial convection in the GFS indicates a systematic forecast error in
the GFS that is affecting the MJO initiation at 5 day lead time, which is not the case in the ECMWF.

6. Error Growth of Zonal Winds on Various Spatial Scales
6.1. Spatial Scale Decomposition

The representation of synoptic systems may affect model prediction of the large-scale equatorial convection
and its eastward propagation in MJO initiation as shown in section 5. In order to quantify the error growth on
multiple scales, a two-dimensional Lanczos filter [Duchon, 1979] is applied to the model and analysis wind
data. The frequency responses of the Lanczos filters used are illustrated in Figure 11a. Themajor advantage of
using the Lanczos filter is that “leakage” between spatial scales (Gibbs oscillations) in the response function is
negligible. Because the ECMWF-ctl was available only in a limited domain—30°S–30°N, 30°E–150°E—the area
of study is focused in 15°S–15°N, 45°E–105°E, which allows for 15° of data loss from the spatial filter at the

Figure 10. Maps of daily average rainfall for (a) TRMM and (b–f ) model forecasts valid from 1 November to 20 December
2011. Model forecasts include: 5 day ECMWF forecasts in Figure 10b, 5 day GFS forecasts in Figure 10c, 10 day ECMWF
forecasts in Figure 10d, and 10 day GFS forecasts in 10e. Only grid points with daily average rainfall> 1mm are plotted. The
equator is indicated by the black line. The dashed lines are for 5°S and 5°N. The DYNAMO array is drawn in thick black lines.
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edges. This latitude span includes off-
equator gyres such as those shown in
Figures 8 and 9 as discussed in section 5. For
0.25° resolution data, the corresponding
number of weights is 121. For 1.0° (2.5°) data,
the number of weights used to attain the
same spatial filter response is 31 (13). In all
the above combinations of data resolution
and number of weights, the filter power
frequency response is identical (Figure 11a).
Due to the complexity of the rainfall fields,
the scale-separated error analysis is carried
out only for U850. Note that temporal
filtering is not used in this study.

Three spatial scales were separated from
the verification and forecast fields:
mesoscale, synoptic scale, and the large
scale. The mesoscale filter was a high-pass
filter containing all signals smaller than 5°
wavelength. Note that for the 2.5° GFS, this
is the Nyquist frequency, and mesoscale
features are not resolved. The large-scale
filter is chosen to filter out the large-scale
MJO. The MJO-2 convective envelope has

a longitudinal extent that is broader than its latitudinal dimension (e.g., Figures 8a and 9a). Therefore, the
large-scale MJO circulation is determined using the low-pass filter with the zonal and meridional cutoffs of
40° and 20°, respectively. Finally, the synoptic scale component is extracted with the band-pass filter using
the large-scale low-pass filter and the mesoscale high-pass filter discussed above.

An example of the filter applied to zonal winds in the zonal direction is shown in Figure 11b. There is a broad
region of near equatorial westerlies extending from 47°E to 85°E. Also, there are two zonal wind maxima
embedded in the westerlies at around 60°E and 80°E. Scale separation reveals that there is a large-scale MJO
signal (black curve) superimposed with embedded synoptic scale systems (blue curve; Figure 11b). Finally,
the mesoscale filtered winds are essentially noise at the resolution of the data used here (red curve).

As an example of the two-dimensional filter, the spatial map for 0000 UTC 26 November 2011 shows a broad
area of 850 hPa westerlies in the equatorial region from 40 to 85°E (Figure 12a). The large-scale filtered winds
depicted the prominent area of equatorial westerlies over the western and central IO associated with the
large-scale MJO (Figure 12b). Embedded within the large-scale MJO there are several synoptic scale gyre
circulation centers [Gottschalck et al., 2013; Kerns and Chen, 2014]. The gyre circulations appeared as couplets
of westerly and easterly winds. For example, one synoptic gyre is centered near 7°N, 75°E (Figure 12c). Finally,
the mesoscale high-pass filtered field shows narrow bands of enhanced easterly and westerly winds, which
are most prominent near the synoptic scale circulation centers and downstream of topographical
features (Figure 12d).

6.2. Model Forecast Errors

To quantify the model forecast error growth of U850, the root-mean-square (RMS) errors are calculated using
all grid points within 15°S–15°N, 45–105°E, at forecast lead times from 6 h to 16 days for the GFS, 12 h to
10 days for ECMWF, and 1–15 days for ECMWF-ctl. The RMS errors are calculated for forecast error (forecast
compared with verification analysis) and for “persistence error,”which is defined as the model forecast minus
the analysis at the initial time. The persistence error provides a measure of the natural variability in the model
system. Of particular interest is the RMS error (RMSE) fraction, which is the ratio of the forecast error to
the persistence error. If the forecast error is smaller than the persistent error, the model has useful predictive
skill. Therefore, when the RMSE fraction approaches 1, the forecast skill relative to persistence is lost.
Alternatively, if the RMSE fraction is close to 0, it represents a near-perfect forecast. In general, the RMSE

Figure 11. (a) Power spectrum and zonal filter response functions for
the ECMWF 850 hPa zonal wind at 0000Z 26 November 2011 along 2°
N. (b) A one-dimensional example of the application of the Lanczos
filter used in this study including unfiltered zonal winds (grey, thick),
large-scale low-pass filtered winds (black), synoptic scale band-pass
filtered winds (blue), and high-pass mesoscale filtered winds (red).
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fraction is expected to increase with forecast lead time, but in the short-term forecasts (1–2 days) it can also
be large due to model spin-up and/or small persistence errors.

Each of the model forecasts is verified against both the ECMWF and the GFS analysis fields (solid and dashed
lines in Figure 13). The model errors are first computed using the unfiltered fields (Figure 13a). At short lead
times (1–2 days), the results depend heavily on the initial conditions (analysis fields) used for verification.
Both models went through an initial spin-up period and reached their best forecast skills at 2 day lead time
with the RMSE fraction close to 0.5. Note that for the 1–2 day lead times, the persistence errors are relatively
small. The ECMWF and GFS models had smaller (larger) errors when verified using their own (the other
model’s) analysis fields, especially at the shorter lead times. At longer lead times, especially 5 days and
beyond, the ECMWF and ECMWF-ctl had better skill than the GFS, and this was independent of the analysis
fields used for the verification. The GFS RMSE fraction is slightly better when using the GFS analysis for
verification at long lead times (red dashed versus solid lines in Figure 13a). At the 15 day lead time, the RMSE
fraction for the GFS is above 0.95 (i.e., almost no skill) while for the ECMWF-ctl it is around 0.8.

To better understand the multiscale interaction and contributions to the forecast errors by systems of
different spatial scales, we computed RMSE fractions using the large-scale, synoptic scale, and mesoscale
filtered U850. In general, the large-scale RMSE fraction was lower than the RMSE fraction of the unfiltered
winds for all models (Figures 13a and 13b). The synoptic scale and mesoscale RMSE fractions are higher than
the RMSE fraction of the unfiltered field (Figures 13c and 13d). Both models have little forecast skill at the
mesoscale except when verified against their own analysis fields at 1 day lead time (Figure 13d). The GFS
RMSE fractions for the large-scale and synoptic scale filtered zonal winds are 0.1–0.2 higher than the ECMWF
and ECMWF-ctl in the 5–15 day forecast lead time range (Figures 13b and 13c). The ECMWF has a better
forecast skill than GFS on both the large and synoptic scales. For the large-scale-filtered U850, the GFS RMSE
fraction was close to 1 at the 15 day lead time, while the ECMWF-ctl RMSE fraction remains near 0.7

Figure 12. Unfiltered and filtered 850 hPa zonal winds from the ECMWF analysis at 0000 UTC 26 November 2011: (a)
unfiltered, (b) large-scale (low-pass filtered), (c) synoptic scale (band-pass filtered), and (d) mesoscale (high-pass filtered)
winds. The DYNAMO observation array is drawn in black. The equator is indicated by the solid black line. The dashed lines
are for 15°S and 15°N.
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(Figure 13b). Both the GFS and ECMWF essentially lost their predictive skill for synoptic scale systems at the
15day lead time (Figure 13c); nevertheless, the ECMWF model retained more skill than the GFS throughout
the range of lead times considered. These quantitative model error analyses confirm the results for the zonal
wind forecasts shown in Figures 3 and 5.

Note that the model forecast errors in zonal winds are linked with the precipitation forecasts, as illustrated in
section 3, because of the effects of the convective heating on the circulation on various time and spatial
scales. Although the rainfall and zonal wind analyses indicate that the loss of skill at the synoptic scale
(especially in the GFS) may adversely affect the large-scale forecast error growth, the question remains as to
how the multiscale interactions affect model forecasts of the MJO initiation over the IO.

7. Conclusions

This study provides a systematic evaluation and verification of the ECMWF and GFS operational model
forecasts of the initiation of MJO-2 (1 November to 20 December 2011) at various lead times during DYNAMO.
Unlike verification techniques using global MJO indices, this study uses a direct grid point verification
technique that is specific to MJO initiation over the equatorial IO. Area-integrated rainfall and scale
decomposition of grid point 850 hPa zonal winds are used to evaluate the GFS and ECMWF forecasts with
regard to the MJO initiation. The TRMM rainfall data and the NCEP and ECMWF operational analysis fields are
used for model verification.

The 2 day forecasts from both models captured the observed total equatorial volumetric rainfall and the
time-longitude evolution of rainfall and U850 (Figures 2b, 3b, 4b, and 5b). There were pronounced differences

Figure 13. Root-mean-square error (RMSE) fraction (forecast error divided by persistence error) of zonal wind speed (U850)
as a function of forecast lead time. (a) Unfiltered data, (b) large-scale filtered data, (c) synoptic scale filtered data, and (d)
mesoscale filtered data. Black curves are for ECMWF and ECMWF-ctl. Red curves are for GFS. Solid curves are using ECMWF
analysis to calculate errors while dashed curves use the GFS analysis. In Figure 13d, the GFS mesoscale filtered data for lead
time longer than 8 days are not resolved because of low resolution.
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between the ECMWF/ECMWF-ctl and the GFS forecasts at 5 days and longer lead times. At longer lead times
from 5 up to 15 days, the ECMWF had consistently better forecasts than the GFS (Figures 2–5, 7, and 13). There
was virtually no indication of the initiation of MJO-2 in the GFS, neither in the rainfall nor the zonal wind
forecasts, at the 15 day lead time (Figures 2f, 3f, 4f, and 5f).

To further evaluate the characteristics in model forecasts of precipitation during the MJO initiation, the
ECMWF and GFS daily rainfall forecasts are compared with the TRMM observations (Figures 6 and 7). The
ECMWF forecasts reproduced the observed volumetric rainfall in the equatorial IO during MJO-2 (Figure 6a);
in contrast, the GFS forecasts underpredicted volumetric rainfall during the MJO initiation (Figure 6b). The
GFS 1 day forecasts of rainfall agreed with TRMM (red circles in Figure 6b), but the GFS could not maintain the
large volumetric rain near the equator much beyond the 1 day lead time during the active phase of the MJO
initiation (Figure 6b). In terms of the areal coverage of the daily rainfall, the ECMWF does well in predicting
the medium daily rainfall (>10mm; Figure 7c), but it overpredicted the light rain (<1mm; Figure 7a) and
underpredicted the heavy rain (>50mm; Figure 7e). In contrast, the GFS model forecasts were in better
agreement with TRMM than the ECMWF, especially at the low and high rain rates (Figures 7b, 7d, and 7f).
Nevertheless, the GFS failed to predict the dramatic increase in rainfall areal coverage of rainfall associated
with the onset and active phase of equatorial convection during the initiation of MJO-2 in late November. The
GFS also tends to over predict the rainfall coverage in the suppressed periods in mid-November and early
December (Figures 7b, 7d, and 7f).

The ECMWF forecasts captured the general characteristics of the observed precipitation and winds
associated with synoptic scale systems during the onset of equatorial convection in MJO initiation, whereas
the GFS tends tomaintain the precipitation off the equator (Figures 8–10). The lack of accurate representation
of the observed synoptic variability seems to be a main reason for the GFS being unable to predict the
initiation of MJO-2 in DYNAMO. Although a comprehensive modeling study may be needed to fully
understand this issue, the inability of the GFS to predict the synoptic systems, such as the dry air surge from
the subtropics that disrupted convection in the ITCZ and led to the onset of equatorial convection [Kerns and
Chen, 2014], may have contributed negatively to the model forecasts of the initiation of the MJO over the IO.

The characteristics of the model forecasts on various time and spatial scales are evaluated by examining the
wind patterns with a scale decomposition technique using a 2-D Lanczos filter. In general, the ECMWF has
better forecast skill, especially at longer lead times from 5 to 15 days (Figure 13). This is especially true for the
large-scale MJO and synoptic scale systems. Based on the fractional RMS error verification metric, the ECMWF
predictive skill at 15 days lead time is similar to the GFS predictive skill at 10 days lead time for synoptic
systems. These results are consistent with Matsueda and Endo [2011] who also found that the ECMWF
outperformed the other operational modeling systems, including GFS, during RMM phases 1–4, which
includes the initiation of the MJO. The reasons for the ECMWFmodel’s superior performance in the equatorial
IO during the MJO initiation deserve further investigation. In particular, the effects of upscale error growth
from the mesoscale and synoptic scale systems on the model basin scale forecasts, as well as the multiscale
interactions in the MJO initiation over the IO, will be investigated in an ongoing study by the authors.
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