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Abstract The Maritime Continent is a densely populated area of complex topography located between
the Pacific and Indian Oceans. It is an area where model skill is particularly important but also difficult to
obtain. In this study we examine interannual austral summer rainfall variability in the region and the
teleconnection to the El Niño–Southern Oscillation (ENSO) in observation-based data, reanalyses, and global
and regional atmosphere-only model simulations. We show that model ability to capture interannual rainfall
variability is strongly related to model skill in reproducing the ENSO teleconnection to the region, despite
strong spatial variability in the ENSO-rainfall response in coastal areas. Model ability in capturing the spatial
pattern of both the midtropospheric moisture and circulation response to ENSO is a strong predictor for
model performance in capturing the ENSO-Maritime Continent rainfall teleconnection. High-resolution
regional simulations and better performing models have opposing ENSO-rainfall teleconnections between
land and sea areas.

Plain Language Summary The Maritime Continent experiences substantial rainfall variability
resulting in droughts and flooding. It is also a region of complex topography that is poorly resolved in
global climate models. Here we analyze the year-to-year rainfall variability of the region in more detail. We
find that models that perform well in capturing year-to-year variability have more realistic teleconnections to
the El Niño–Southern Oscillation (ENSO). Models that have better represented ENSO-rainfall relationships
capture the observed spatial pattern of both the atmospheric moisture and circulation responses to ENSO. A
high-resolution model exhibits much more detailed representation of the atmospheric state with opposing
ENSO-rainfall relationships over land and sea that are not captured by the worst performing global models.
The large range in model performance in the region should be considered when making climate projections
for the Maritime Continent.

1. Introduction

The Maritime Continent (MC; shown in Figure 1a) is a climatologically important region (Yamanaka, 2016)
which acts as a major source for heat and atmospheric moisture (Neale & Slingo, 2003) due to its location near
the equator and between the Pacific and Indian Oceans. The climate and relevant atmospheric processes in
the region are vital for understanding the global climate and that of other regions influenced by what
happens over the MC. However, due to a lack of high-quality observational data, substantial model biases,
and the complexity of the region, understanding aspects of the MC climate remains challenging.

The MC is a complex region of mountainous islands and seas (Figure 1a) which are poorly represented in
global climate models. This has spurred efforts to perform high-resolution regional model simulations over
the MC (Argüeso et al., 2016; Birch et al., 2016; Vincent & Lane, 2017a) with the aim of more accurately
modeling atmospheric processes in the region. Despite recent modeling advances there remains a great deal
of uncertainty in the local and regional controls on MC precipitation. In particular, there has been a focus on
the interaction between intraseasonal variability and mesoscale effects forced by the steep topography and
complex coastlines of the MC. Several studies have suggested that these mesoscale, coastally influenced pro-
cesses are suppressed during periods of large-scale convection associated with the active phases of the
Madden Julian Oscillation (MJO; e.g., Birch et al., 2016; Peatman et al., 2014; Vincent & Lane, 2017a), the
Indo-Australian monsoon (Brown et al., 2017), or other intraseasonal events such as Kelvin waves or equator-
ial Rossby waves (Vincent et al., 2016). It follows that similar effects may be observed on longer time scales
during the comparatively cloudy background conditions of La Niña seasons relative to El Niño seasons.
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Figure 1. (a) Topography and bathymetry of the Maritime Continent region. The black box shows the domain of all area average analysis throughout this study.
(b) Map of average December–February rainfall totals (mm/day) from the GPCP for 1978/1979–2015/2016. (c) Time series of area average December–February
rainfall totals (mm/day) over the Maritime Continent in GPCP (black), several reanalysis products (dark blue, light blue, green, and orange), Weather Research and
Forecasting simulations (red), and multiple atmosphere-only model simulations from the CMIP5 archive (gray). Pink and blue vertical bars mark El Niño and La Niña
seasons, respectively, that were analyzed subsequently. GPCP = global precipitation climatology product; DJF = December–February.
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These coastally initiated effects are critical to representing the precipitation of the region as they are respon-
sible for around one third of rainfall in coastal tropical regions (Bergemann & Jakob, 2016).

TheMaritime Continent has a strong teleconnection to the El Niño–Southern Oscillation (ENSO), although the
rainfall response to ENSO is spatially heterogeneous (Chang et al., 2004; Jia et al., 2016; McBride et al., 2003;
Yanto et al., 2016). In other regions of the world there have been comprehensive analyses of interannual rain-
fall variability and associated teleconnections to large-scale climate modes in modern global climate models
(e.g., King et al., 2015; Polade et al., 2013). To our knowledge no such study exists over the MC, although there
have been recent analyses assessing MC region mean precipitation totals in global coupled climate models
(Raghavan et al., 2017) and seasonal biases in coupled and atmosphere-only simulations over the MC (Toh
et al., 2017). Previous analyses also examined the ENSO-monsoon teleconnection (Jourdain et al., 2013)
and broader ENSO- and Indian Ocean-rainfall relationships (Cai et al., 2009) in coupled models over the
greater MC region. An analysis of atmosphere-only model teleconnections to precipitation variability in the
MC would complement the existing literature and allow for greater understanding of model deficiencies.

The MC is also a densely populated region which suffers from extreme weather and climate events. A small
set of event attribution analyses have found limited evidence for anthropogenic influences in recent heavy
rainfall events (Siswanto et al., 2015) and rainfall deficiencies (King et al., 2016; McBride et al., 2015) in the
region. While these studies included model evaluation steps, a clearer picture of where model deficiencies
are arising with respect to interannual rainfall variability in the MC would be beneficial for future event attri-
bution studies. In addition, with growing populations in Indonesia and Malaysia and potentially greater strain
on water resources, it will be important to understand how future rainfall variability will differ from that
observed in the historical record. An understanding of how and why model deficiencies arise will be espe-
cially important for investigating rainfall projections in the MC.

In this study we use a range of products, including observation-based data sets, reanalyses, and global and
regional atmosphere-only model simulations, to investigate the causes of model deficiencies in capturing
Austral summer rainfall variability in the MC region. By bringing together global models with high-resolution
local simulations this study provides a unique perspective in analyzing rainfall variability in the MC.

2. Data and Methods

Observation-based precipitation data for the MC were extracted from the Global Precipitation Climatology
Product (GPCP; Adler et al., 2003). The GPCP blends gauge-based observations with satellite-inferred rainfall
totals and has been used previously in studies over the MC (e.g., Toh et al., 2017). While GPCP will not provide
a perfect representation of MC precipitation, it is the most suitable product for this analysis given our use of
other products, many of which date from the start of the satellite-era.

Indices representing ENSO and the MJO are used to examine their relationships with interannual precipita-
tion variability. The Niño-3.4 index was calculated using the Hadley Centre sea surface temperature dataset
(HadISST; Rayner et al., 2003) and El Niño and La Niña austral summers were identified as December–
February (DJF) periods when SSTs were more than 1 standard deviation from the long-term detrended aver-
age. The MJO index used here was developed by Wheeler and Hendon (2004) and is derived using empirical
orthogonal functions of zonal wind at midlevel to upper level from the National Centers for Environmental
Prediction (NCEP) reanalysis and satellite-derived outgoing longwave radiation. For each austral summer sea-
son, the number of days where the MJO was active (i.e., amplitude >1 in our MJO index) in phases 4–6 was
counted to form a metric for MJO activity.

Precipitation data from four reanalyses were compared with GPCP: the European Centre Interim (ERA-Interim;
Dee et al., 2011), and twentieth century (ERA-20C; Poli et al., 2016) reanalyses, NCEP2 (Kanamitsu et al., 2002),
and the Twentieth Century reanalysis (20CR; Compo et al., 2011). Specific humidity (q850), and zonal (u850) and
meridional (v850) wind component data at 850 hPa were extracted from ERA-Interim for further analysis.

Variability in MC precipitation was also investigated in climate model simulations. Global atmosphere-only
simulations (Table S1 in the supporting information) from the fifth phase of the Coupled Model
Intercomparison Project (CMIP5; Taylor et al., 2012) were analyzed alongside high-resolution regional simula-
tions. A 10-year series (2005/2006–2014/2015) based on convection-permitting simulations using the
Weather Research and Forecasting (WRF) model nested in the ERA-Interim reanalysis over the MC (Vincent &
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Lane, 2017a, 2017b) was analyzed. The most recent austral summer of 2015/2016 was also included, giving an
11-year DJF series with horizontal grid length of 4 km. All these simulations are sea surface temperature (SST)-
forced and would therefore be expected to have similar timing in their interannual rainfall variability to GPCP
and reanalyses. Precipitation, u850, v850, and q850 data were also extracted from the model simulations.

The mean and standard deviation of GPCP DJF rainfall totals were first mapped for the MC region to highlight
areas of higher and lower average rainfall and rainfall variability. Austral summer area-averaged precipitation
values were then calculated over the MC (95°E–150°E, 5°N–12°S) for combined land and ocean grid boxes in
GPCP, the reanalyses, and all model simulations. This allows for comparison in absolute MC rainfall totals and
interannual variability between the data sets analyzed here. The DJF-average rainfall time series from all the
data sets except the 11-year WRF simulations were correlated (Spearman’s rank) against each other for the
common 1979/1980–2007/2008 period to assess the level of similarity in interannual variability between
GPCP and the reanalyses and examine which models have the highest fidelity in capturing this variability.
Correlations with the ENSO and MJO indices also allow for a comparison of their relationships to DJF precipi-
tation to be investigated between the data sets.

To investigate the causes of differences in performance in capturing interannual variability and ENSO tele-
connections to MC rainfall between models, the simulated relationships between the Niño-3.4 index and
u850, v850, and q850 were compared. The spatial characteristics of the responses of these variables to ENSO
over the MC region were analyzed across the models using pattern correlations. The average differences in
u850, v850, and q850 between composites of six El Niño and six La Niña austral summers in the common
1979/1980–2007/2008 period were also computed in the reanalyses and model simulations. This portion
of the analysis includes the 11-year WRF simulations (with four La Niña and three El Niño seasons) for which
the data set was too short to calculate meaningful correlations. Due to the restricted period of our study we
do not separate ENSO analysis by central Pacific and east Pacific ENSO types.

3. Results

Land masses in the Maritime Continent experience very high rainfall totals during austral summer with aver-
age rainfall exceeding 10 mm/day in places (Figure 1b). There are lower precipitation totals on average in
neighboring locations over the sea. Despite the higher absolute rainfall over the land, the interannual varia-
bility in DJF rainfall is slightly greater over the sea around the MC (Figure S1a), and water grid boxes make up
a greater fraction of the total area than land grid boxes.

Overall, for the MC region, including land and ocean grid boxes, the rainfall relationship with the Niño-3.4
index is negative (i.e., during La Niña seasons there tends to be more rainfall than during El Niño seasons).
However, the ENSO relationship with MC rainfall is spatially inhomogeneous with stronger negative relation-
ships over the seas and both positive and negative relationships over different land regions (Figure S1b). The
large landmasses of Borneo, Sumatra, and NewGuinea, and the western tip of Java (which includes themega-
city Jakarta that has been subject to periodic catastrophic flooding) show areas of near-zero or negative rain-
fall relationships with the Niño-3.4 index. These regions also show low interannual variability.

The area-averaged MC precipitation in GPCP shows high interannual variability with no significant trend
(Figure 1c). When we compare this time series with equivalent series from reanalyses, we find substantial dif-
ferences in the mean precipitation between the four reanalyses and GPCP. In a given DJF there can be as
much as 2–3mm/day difference in average precipitation over the region, and there is an indication of a diver-
gence between GPCP and NCEP2 in more recent austral summers, although previous work has highlighted
large rain biases between products even in well-observed land regions of the globe (Herold et al., 2016).

The atmosphere-only (AMIP) model simulations also show large spread and there are consistent biases among
some models including underestimates in ACCESS1–0 and MPI-ESM-MR, both of which have negative rainfall
biases in the westernMC (Toh et al., 2017), and overestimates inMRI-CGCM3. The 11-year WRF simulation-series
(Vincent & Lane, 2017a) is more similar to GPCP especially in the first five and last three summers. A common
finding across all the model simulations, including the global AMIP and regional WRF runs, is a greater level of
agreement in the reduced seasonal precipitation totals during strong El Niño events, especially 1997/1998. All
data sets show a decrease in rainfall from the previous 1996/1997 season and a subsequent increase in
1998/1999. The same is not true of La Niña seasons when we see divergent model responses.
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The MC-average DJF-average rainfall in GPCP is strongly correlated to the rainfall series derived from each of
the reanalyses (Figure 2). However, many of the AMIP simulations do not compare well with these data sets,
particularly some GFDL-CM3 and IPSL-CM5A-LR runs. The IPSL-CM5A-LR runs exhibit greater agreement with
each other, and are all different from GPCP and the reanalyses, whereas the GFDL-CM3 runs have less agree-
ment between each other. This would suggest that the IPSL-CM5A-LR runs are responding strongly to the SST
forcing, but incorrectly, while the GFDL-CM3 response is relatively weak. Other models, such as MPI-ESM-LR,
show strong levels of agreement with GPCP and the reanalyses, and also high agreement between
individual runs.

Much of the interannual variability in the DJF rainfall is related to ENSO with GPCP (r = �0.79) and the reana-
lyses (r =�0.56 to�0.73) all exhibiting significant negative correlations with the austral summer mean Niño-
3.4 index. There is a pattern whereby the models that show stronger agreement with GPCP and the reana-
lyses (e.g., MPI-ESM-LR with r = �0.52 to �0.7) also strongly respond to the ENSO-forced SST patterns, and
poorer-performing models, like IPSL-CM5A-LR (r = �0.23 to 0.06), have virtually no response in MC region
precipitation to ENSO SST patterns. This difference in model-simulated responses to ENSO was analyzed
further. The relationship between DJF rainfall and frequency of MJO activity appears weaker and is nonsigni-
ficant, although generally positive, across the various data sets.

To gain a better understanding of the causes for the simulated differences in MC rainfall variability and
the ENSO relationship, we investigated thermodynamic and circulation-based responses to ENSO across

Figure 2. A correlation matrix showing the Spearman rank correlation in area average December–February rainfall totals over the maritime continent domain in
GPCP, reanalyses, and AMIP simulations. Correlations with the Niño-3.4 index and an MJO index, representing frequency of local MJO activity, are also shown.
Stippling indicates that correlations are significant at the 5% level. Correlations are calculated for the common 1979/1980–2007/2008 period. GPCP = global preci-
pitation climatology product; AMIP = Atmospheric Model Intercomparison Project; MJO = Madden Julian Oscillation.
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the AMIP runs. In ERA-Interim there tends to be greater moisture concentrations over land regions,
especially in the western MC, in El Niño seasons compared to La Niña events (Figure 3a). Over the sea
the response is different with higher levels of specific humidity in La Niña events than in El Niño
seasons generally. This corresponds with the precipitation response in GPCP to ENSO (Figure S1b). The
circulation response to ENSO in ERA-Interim shows weaker zonal winds in El Niño seasons over most of
the MC and East Indian Ocean (Figure 3b). The meridional wind response is more spatially
heterogeneous (Figure 3c).

The AMIP runs that tend to perform better at capturing the ENSO relationship with regional-average precipi-
tation also tend to have the same general spatial pattern in the 850-hPa specific humidity relationship with
ENSO. An example of this is shown with the MPI-ESM-LR model (Figure 3d), but the relationship between
simulated ENSO-MC rainfall relationship and the pattern of the moisture response to ENSO across the models
holds more generally (Figure S2a). The equivalent pattern in the IPSL-CM5A-LR model (Figure 3g), a poor-
performing model with a westward extension in the convective response to ENSO often seen in coupled
models (e.g., Dai, 2006), shows a very different pattern in the ENSO-specific humidity relationship. In particu-
lar, the relative differences between the land and sea are not reproduced in this model.

In addition, model simulations with more similar ENSO-circulation relationships to ERA-Interim also tend to
better capture the ENSO-rainfall teleconnection (Figures S2b and S2c). The MPI-ESM-LR model exhibits
broadly similar ENSO correlations with 850-hPa zonal and meridional wind (Figures 3e and 3f) as ERA-
Interim (Figures 3b and 3c). In contrast, the IPSL-CM5A-LR model correlations between ENSO and u850
(Figure 3h) and v850 (Figure 3i) are less similar to ERA-Interim, especially over the western MC.

Figure 3. Maps of the regression coefficient of (a, d, g) 850-hPa specific humidity (q850), (b, e, h) 850-hPa zonal wind, and (c, f, i) 850-hPa meridional wind onto the
Niño-3.4 index in (a–c) ERA-Interim, (d–f) the MPI-ESM-LR model, and (g–i) the IPSL-CM5A-LR model. Stippling indicates significance in the correlation coefficient at
the 5% level.
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Composite differences in specific humidity between La Niña and El Niño events showmuch the same pattern
as the correlations would suggest with MPI-ESM-LR matching ERA-Interim better and IPSL-CM5A-LR perform-
ing less well (Figure 4). The composites also allow us to utilize the WRF series of simulations over the 11-year
2005/2006–2015/2016 window (Figure 4d). The WRF simulations show broadly similar patterns to ERA-
Interim and MPI-ESM-LR with different responses to ENSO over land and sea. The WRF simulations compare
better with GPCP in El Niño seasons than in La Niña or neutral ENSO phases (Figure 1b) albeit with only a small
sample of years to compare between. During La Niña and neutral ENSO events, the WRF-simulated rainfall
totals were underestimates relative to GPCP and this is likely related to the different responses to ENSO over
the land and sea regions, particularly with respect to topographic forcing. Analogous composite maps for
zonal and meridional winds (Figures S3 and S4) show stronger WRF agreement with ERA-Interim than is seen
in the coarser models. The high level of WRF agreement with ERA-Interim is due to a combination of bound-
ary forcing from ERA-Interim (Vincent & Lane, 2017a) and better resolved coastal processes within
the domain.

4. Discussion

Interannual Maritime Continent rainfall variability is strongly related to ENSO and our analysis shows that
some atmosphere-only models perform well in capturing both interannual rainfall variability and this tele-
connection while others are poorer. Major indicator of the ability of the models is their representation of mid-
level moisture and circulation response to ENSO. The strong relationship between rainfall variability and
model representation of midlevel moisture is by no means obvious, since it is shown in Bergemann and
Jakob (2016) that in tropical coastal areas (which dominate much of the MC), the relationship between

Figure 4. Maps of the difference in 850-hPa specific humidity between La Niña and El Niño events in (a) ERA-Interim, (b) MPI-ESM-LR, (c) IPSL-CM5A-LR, and (d) WRF
simulations. Note that the WRF differences are for El Niño and La Niña events between 2005/2006 and 2015/2016, while the ERA-Interim, MPI-ESM-LR, and IPSL-
CM5A-LR differences are for events between 1979/1980 and 2007/2008. In (d) white shading indicates where topography extends over the 850-hPa level. WRF =
Weather Research and Forecasting.
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midlevel moisture and precipitation breaks down. Moreover, the midlevel moisture-precipitation relationship
is a two-way feedback, with some evidence that midlevel moistening is critical for accurate simulation of the
MJO (Klingaman et al., 2015), which results in further development of deep convection. Despite these com-
plex feedbacks, the breakdown of the midlevel precipitation relationship in coastal areas, and the fact that
coastal processes are underresolved in global-scale models, we still find that the veracity of area-averaged
precipitation is influenced by ENSO-driven background moisture availability.

On the other hand, the WRF simulations demonstrate that there is high spatial variability in the rainfall
response to ENSO, which is likely reflected in the closer agreement between the WRF model and GPCP.
Importantly, the correlation between GPCP and Niño-3.4 (Figure S1) suggests a reversal of the rainfall-
ENSO relationships over some land areas, with less rainfall in La Niña seasons. This could reflect decreased
surface forcing due to cloudier conditions, similar to the observed and well-documented decrease in rainfall
over some land areas during the MJO active phase (Birch et al., 2016; Peatman et al., 2014; Vincent & Lane,
2017a). This is also reflected in the 850-hPa humidity in WRF and ERA-I (Figures 4 and S5). We also note that
the WRF simulations compare better with GPCP during El Niño seasons than during La Niña seasons, which
might be symptomatic of a higher proportion of El Niño rainfall occurring over the land through convective
processes and a relatively higher proportion of La Niña rainfall occurring as stratiform rain over the sea. Thus,
the accurate simulation of Maritime Continent rainfall goes well beyond the area averages considered here.
In fact, in terms of possible upscale or dynamical responses to tropical rainfall, diabatic heating from convec-
tive and stratiform processes (Vincent & Lane, 2018) and the impact of deep heating over the topography
(Hassim et al., 2016) might be critical. Despite these processes being related to representation of land and
sea areas, the AMIP runs at higher resolution do not appear to have additional skill relative to the coarser
models—the lack of sensitivity to model resolution was previously reported with respect to mean rainfall
biases in the region (Toh et al., 2017).

These results have shown that the ENSO-precipitation relationship is a key aspect of accurately simulating the
area-averaged interannual rainfall variability over the MC. However, it is not the only factor controlling rainfall
in the region. The MJO is the key intraseasonal mode of rainfall variability in the MC (Wheeler & Hendon,
2004), and while we found little correlation between seasonal averaged rainfall and number of MJO active
days, it has been shown to have a defining impact on rainfall variability on subseasonal scales. Like ENSO,
it has a strong local response, and as such is challenging to properly simulate in climate-scale models.
Moreover, the different ENSO response over land and sea areas illustrate that mesoscale effects play a role
in defining the area-averaged rainfall.

5. Conclusions

The Maritime Continent is a densely populated region prone to droughts, like in 2015 (King et al., 2016), and
intense rainfall events, like in mid-January 2014 (Siswanto et al., 2015). Understanding how and why models
are deficient in capturing rainfall variability in the region is crucial to increasing resilience to extreme weather
and climate events in the region and to preparing for potential future changes in such events.

This study has found that model ability to capture the interannual variability in observation-based data and
reanalyses is strongly related to their representation of the ENSO-MC rainfall relationship. There is a large
range in model skill that is consistent between runs of the same model indicating that model deficiencies
are likely related to fundamental atmospheric processes as opposed to chance.

The models which perform better in capturing the ENSO-MC rainfall teleconnection tend to reproduce the
spatial pattern of midtropospheric moisture and winds over the MC suggesting that the spatial inhomogene-
ity of the region’s topography plays an important role in its climate. We note that model area average
responses could have been reasonable even if the spatial patterns of dynamic and thermodynamic variables
were poorly represented.

Mesoscale model simulations show much the same moisture and circulation response to ENSO as is seen in
reanalysis and better performing global AMIP models. There are different rainfall responses over larger land
areas and the surrounding sea in these model simulations that are similar to the differences in precipitation
previously found between MJO active and inactive periods. This differential rainfall response to the back-
ground conditions between land and sea may be a key factor in improving model performance in the region.
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This study has found that model performance is dictated by dynamic and thermodynamic processes over the
Maritime Continent. Further analysis for other seasons and with more high-resolution regional models would
allow for greater analysis of the fine-scale processes and ENSO teleconnections to be undertaken.
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