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Tropical precipitation is caused by many processes that occur over a wide range of
temporal and spatial scales. Such processes vary from local, diurnal convection driven by a
destabilisation of the boundary layer to planetary-scale systems that result in rainfall over
many days. It is therefore important to assess whether general circulation models (GCMs)
can represent these processes given that such models are routinely used to project future
rainfall in the low latitudes. In this study, we evaluate the rainfall and circulation charac-
teristics of ten GCMs from the Coupled Model Intercomparison Project Phase 5 (CMIP5)
over northern Australia. This work shows that the diurnal cycle of the low-level (925 hPa)
flow around the heat low is represented well by the models but the timing of precipitation
is not (triggered too early). There is also evidence that mid-level synoptic systems that
are responsible for initiating rain in the observations are also present in all of the models.
Nevertheless, the biases in the modelled seasonal mean precipitation seem to be linked to
the strength of both the meridional flow into northern Australia and the vertical mass flux.
Furthermore, there is also evidence that the representation of convection in these models is
likely contributing to both the precipitation and circulation errors over northern Australia.
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1. Introduction

In northern Australia (north of 30◦S in this study), the majority
of the annual rain falls in the austral summer (December, January
and February; DJF) monsoon (Suppiah, 1992). The rainfall can be
caused by many processes such as: convection triggered by solar
heating and a destabilisation of the boundary layer (Keenan and
Carbone, 2008); convection forced by convergence into the noc-
turnal heat low circulation (Berry et al., 2011); the vertical motion
and destabilisation of the atmosphere by synoptic and large-scale
tropical systems such as the Madden–Julian Oscillation (MJO;
Wheeler et al., 2009); and also the intrusion of extratropical dis-
turbances into the Tropics and Subtropics (Berry et al., 2012).
A proper representation of Australian summertime rainfall in
general circulation models (GCMs) requires that they accurately
simulate the conditions that force rainfall over the continent.

Previous modelling work by Ackerley et al. (2014) evaluated
the diurnal cycle, moisture transports and large-scale circulation
patterns over northern Australia in the Australian Community
Climate and Earth System Simulator version 1.3 (ACCESS1.3)
GCM, in order to determine whether the model accurately
represented the physical mechanisms that lead to rainfall in
this region of the globe. In an approach similar to Ackerley
et al. (2014), the diurnal cycle, convection, moisture transports
and low-to-mid-level circulation features that are responsible
for rainfall over northern Australia are evaluated in a selection

of GCM simulations from the Coupled Model Intercomparison
Project Phase 5 (CMIP5; Taylor et al., 2012).

The aims of this work are threefold. The first aim is to
assess whether the models can represent the climatological mean,
frequency, daily accumulation and the diurnal cycle of rain
over northern Australia. The second aim is to ascertain if the
models properly represent the seasonal and diurnal circulation
characteristics over the Australian continent. The third aim is
to identify whether the moisture sources and synoptic systems
responsible for initiating rain are represented well.

The models used in this study are given in section 2.
Descriptions of the precipitation, circulation, moisture transports
and the synoptic systems responsible for initiating rain are given
in sections 3–5. A discussion of the results in sections 3–5 is
given in section 6 and the conclusions are given in section 7.

2. Models and data

2.1. Models

The models used in this study, their horizontal and vertical
resolutions, and their relevant references are listed in Table 1. Ten
different model simulations were chosen as they have 3 hourly
rainfall and 6 hourly circulation diagnostics available on all model
levels. All of the model simulations are run with Atmospheric
Model Intercomparison Project (AMIP) boundary conditions
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Table 1. The models used, horizontal and vertical resolution, relevant references and labels for subsequent figures.

Model Resolution References Model label

Horizontal No. of levels

ACCESS1.0 N96, 1.875◦×1.25◦ 38 Martin et al. (2011) and Bi et al. (2013) A
ACCESS1.3 N96, 1.875◦×1.25◦ 38 Hewitt et al. (2011) and Bi et al. (2013); B

Kowalczyk et al. (2013)
BCC-CSM1-1 T42, 2.81◦ 26 Wu et al. (2010) and Xin et al. (2013) C
BCC-CSM1-1-m T160, 1.0◦ 26 Wu et al. (2010) and Xin et al. (2013) D
BNU-ESM T42, 2.81◦ 26 Ji et al. (2014) E
CCSM4 1.25◦×0.9◦ 26 Gent et al. (2011) F
IPSL-CM5A-LR 3.75◦×1.875◦ 39 Dufresne et al. (2013) G
MIROC5 T85, 1.4◦ 40 Watanabe et al. (2010) H
MRI-CGCM3 T159, 1.125◦ 48 Yukimoto et al. (2012) I
NorESM1-M 2.5◦×1.9◦ 26 Bentsen et al. (2013) J

with prescribed sea-surface temperatures (SSTs) and sea ice from
1978 to 2008 (Gates, 1992; Gates et al., 1999; Taylor et al., 2000).
The AMIP simulations are used here in order to minimise errors
in the large-scale circulation that may arise from biases in the
SST field produced by the fully dynamical ocean models (e.g. the
cold-tongue bias in the tropical Pacific; Irving et al., 2011; Grose
et al., 2014).

Although all simulations are independent, some of the models
(Table 1) share common parametrization schemes, which may
result in similar modelled climates. For example, the ACCESS1.0
simulation uses the HadGEM2(r1.1) physics (Martin et al., 2011)
whereas ACCESS1.3 uses both a different land-surface scheme
(Community Atmosphere Biosphere Land Exchange version 1.8,
CABLE; Kowalczyk et al., 2006, 2013) and a cloud scheme known
as the ‘prognostic cloud fraction and prognostic condensate’
scheme (PC2; Wilson et al., 2008a). Moreover, the BCC-CSM1-1,
BCC-CSM1-1-m, BNU-ESM, CCSM4 and NorESM1-M models
use different versions of the Community Atmospheric Model
(CAM) physics. For example, The BCC-CSM1-1 and BCC-CSM1-
1-m simulations (the former is a lower-resolution version of the
latter) were developed from version 3 of CAM and BNU-ESM
from version 3.5. Both CCSM4 and NorESM1-M use version 4
of CAM; however, the aerosol scheme used in NorESM1-M is
different from the one used in CCSM4. The remaining models,
IPSL-CM5A-LR, MIROC5 and MRI-CGCM3, have all been
developed independently of each other and the groups of models
highlighted above.

Finally, all model data are re-gridded to a common 2.5◦×2.5◦
grid (for comparison against each other and the observational
datasets described below) and only data from DJF for the years
1979/1980–2007/2008 are used.

2.2. Observations and reanalyses

The zonal and meridional flow and geopotential heights (at
the various levels described in the text) from the European
Centre for Medium-Range Weather Forecasts Interim Reanalysis
(ECMWF ERA-Interim; Dee et al., 2011) are used to evaluate the
model simulations described in section 2.1. The reanalysis data
for each DJF from 1979/1980 to 2007/2008 are re-gridded from
the original 1.5◦×1.5◦ to the common 2.5◦×2.5◦ applied to the
models (section 2.1).

Precipitation climatologies for the Australasian region are
calculated from the Climate Prediction Centre Merged Analysis
of Precipitation (CPC CMAP; Xie and Arkin, 1997), which is
derived from a combination of rain-gauge and satellite-based
instruments. Monthly mean data at 2.5◦×2.5◦ resolution for each
DJF from 1979/1980 to 2007/2008 are used.

In order to assess the diurnal cycle of rainfall over the Australian
continent, 6 hourly rainfall rates from the CPC morphing method
dataset (CMORPH; Joyce et al., 2004) are used for the period
1998–2012. The CMORPH data have a spatial resolution of
0.25◦×0.25◦ between ±60◦ latitude, which are also re-gridded

to the common 2.5◦×2.5◦ grid used in the evaluation of the
ERA-Interim reanalysis and the models. The maximum in the
satellite-derived precipitation from CMORPH is known to be
delayed slightly relative to surface observations (Dai et al., 2007);
however, it has been shown in Ackerley et al. (2014) that the peak
in 3 hourly CMORPH rainfall data agrees well with surface-based
gauges over Australia, and therefore the 6 hourly estimates are
unlikely to suffer from the problem highlighted in Dai et al.
(2007). Composites of CMOPRH precipitation on wet days are
used to assess the frequency and accumulation of daily rain, and
the diurnal cycle of precipitation. Days on which the rainfall is
less than 0.2 mm are not considered as rain days by the Australian
Bureau of Meteorology (BoM) and are defined to be dry days in
this study. Conversely, a day is considered to be wet if the rainfall
is greater than or equal to 0.2 mm.

Finally, daily data from the Australian Water Availability
Project (AWAP; Jones et al., 2009) from 1979/1980 to 2007/2008
are used to identify the synoptic conditions responsible for
initiating rain over the Australian continent. As with the other
model, reanalysis and observational fields, the AWAP data are re-
gridded from their original 0.05◦×0.05◦ resolution to 2.5◦×2.5◦.
The definition of a wet day is modified for the composites of ERA-
Interim geopotential height and circulation fields using AWAP
data. A day is considered to be the initial wet day (init) if the rainfall
is greater than or equal to 0.2 mm but, if there are subsequent
wet days, only this first day is used to produce the circulation
composites. This is done to isolate and identify the conditions
necessary to initiate a precipitation event from the atmospheric
response to that precipitation. The same method of separating
init and dry days is also applied to each of the models to produce
corresponding rainfall and circulation composites.

All references to local time for the diurnal cycle of precipitation
and circulation are given in Australian Western Standard Time
(AWST), which is 8 h ahead of the Coordinated Universal Time
(UTC+8).

3. Precipitation

3.1. Climatology

Although northern Australia is the focus of this study, the average
rainfall for DJF (1979/1980–2007/2008) from CMAP over the
entire Australian land surface and surrounding ocean is plotted
in Figure 1(a) as it places the following analysis in a broader
context. The climatological precipitation over Australia is higher
in the north than the south, and the east coast is also wetter than
the west coast southward of approximately 20◦S. All of the models
have higher DJF-mean precipitation over the north and east of
the Australian continent than over the south and west. Moreover,
the pattern correlations between each model and CMAP (for
Australian-wide precipitation) are all greater than 0.89.

The differences (mm day−1) between each model-simulated
rainfall and CMAP are plotted in Figure 1(b–k). Five models
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Figure 1. (a) The DJF-mean precipitation (mm day−1, colour shading) and 850 hPa wind field (m s−1, arrows) from CMAP and ERA-Interim, respectively
(1979/1980–2007/2008). (b)–(k) The absolute (mm day−1, solid contours) and difference in precipitation relative to CMAP (mm day−1, colour shading), and the
difference in the 850 hPa wind field (m s−1, arrows) relative to ERA-Interim for each of the models given in Table 1. The symbols denote the following points described
in section 6: Eastern Point (EP) –�, Western Point (WP) –�, Top End (TE) –◦ and Nocturnal Peak (NP) –�.

(NorESM1-M, CCSM4, MIROC5, ACCESS1.3 and BNU-ESM;
Figure 1(b–f)) are too wet over most of the land surface.
Moreover, the rainfall biases relative to CMAP are greater than
50% to the north of 30◦S in NorESM1-M, CCSM4 and MIROC5.
The other five models have dry biases across the north (BCC-
CSM1-1-m, MRI-CGCM3, BCC-CSM1-1, ACCESS1.0 and IPSL-
CM5A-LR; Figure 1(g–k)). The dry bias extends over much of
the land surface north of 30◦S in ACCESS1.0 and IPSL-CM5A-LR
and to the north of 20◦S in MRI-CGCM3 where these models are
approximately 10–30% drier than CMAP. The spatial patterns
of positive and negative biases in Figure 1(b–k) are also visible
when the modelled precipitation is compared against two other
precipitation datasets (the Global Precipitation Climatology
Project and AWAP, not shown). This implies that the differences
in Figure 1(b–k) are primarily the result of deficiencies in the
models and not the observational errors.

The mean precipitation northward of 30◦S is given in Table 2 for
CMAP and each model. The NorESM1-M, CCSM4 and MIROC5
models are more than 2 mm day−1 wetter than the CMAP
estimate whereas ACCESS1.0, BCC-CSM1-1 and IPSL-CM5A-LR
are at least 0.6 mm day−1 drier. The root-mean-squared errors
(RMSEs) for each model relative to CMAP, northward of 30◦S
over Australia, are also listed in Table 2. BCC-CSM1-1-m has the
lowest RMSE (0.51 mm day−1), which is due to the low precip-
itation biases over much of the land surface (Figure 1(g)). The
MRI-CGCM3 (0.81 mm day−1) and ACCESS1.3 (0.87mm day−1)
models have the second and third lowest RMSE. The NorESM1-
M, CCSM4 and MIROC5 models have the three highest values
of RMSE (3.07, 2.47 and 2.38 mm day−1, respectively), which
is associated with too much precipitation over most of the
Australian continent north of 30◦S (Figure 1(b–d)). The IPSL-
CM5A-LR model has the fourth highest RMSE, which is primarily
associated with the dry bias to the north of 30◦S (Figure 1(k)).

The errors in the precipitation (Table 2) do not appear to be res-
olution dependent (Table 1). For example, the BCC-CSM1-1-m,
CCSM4, MIROC5 and MRI-CGCM3 models have the highest
horizontal resolution but have the first, ninth, eighth and second
lowest RMSE values, respectively. Conversely, the ACCESS1.0
model has a resolution equal to that of ACCESS1.3, but has
the sixth lowest RMSE for Australian precipitation whereas
ACCESS1.3 has the third lowest.

3.2. Rain-day frequency and daily accumulation

Studies by Sun et al. (2006) and Stephens et al. (2010) have
both shown that GCMs and weather prediction models produce
rain too frequently while underestimating its daily accumulation.
Frequent, low-intensity rainfall in the models has been attributed
to the premature triggering of moist convection as the boundary
layer is heated during the day (Dai and Trenberth, 2004; Dai,
2006). The frequency and accumulated daily precipitation in the
models are therefore assessed in this section.

The total frequency (%) of rainfall days greater than 0.2 mm
from CMORPH is plotted in Figure 2(a). Equatorward of 20◦S,
rainfall occurs on 45% of the days and over the far north of
the continent (north of 15◦S) it occurs on more than 60%
of the days. The models reproduce this pattern of increasing
rainfall frequency from the south of the continent to the north;
however, the rainfall frequency is typically too high in the
models over the land surface, particularly in the NorESM1-M,
CCSM4, MIROC5, BNU-ESM and IPSL-CM5A-LR models where
precipitation occurs on more than 90% of the simulated DJF days
(Figure 2(b–d,f,k)). Overlaid in Figure 2 is the frequency of days
(%) where convective rainfall is also greater than 0.2 mm, which
matches the distribution of the total rainfall frequencies. This
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Table 2. DJF-mean precipitation (P) and root-mean-squared-error (RMSE) values for precipitation over the northern half of Australia (from 30◦S northward) for
each model relative to CMAP. V13.75S is the mean northward air flow at 850 hPa between 120 and 150◦E. The last four columns contain the DJF-mean precipitation at

the Eastern Point (EP), Western Point (WP), Top End (TE) and Nocturnal Peak (NP) grid points for CMAP and each of the models (referred to in section 6).

Model P RMSE V13.75S EP WP TE NP

CMAP 3.08 – 0.28a 2.27 1.73 8.86 2.33
NorESM1-M 6.41 3.07 −1.16 5.22 4.59 12.40 7.01
CCSM4 5.78 2.47 −0.95 5.06 3.69 12.84 5.80
MIROC5 5.31 2.38 −0.59 3.83 3.46 10.79 4.76
ACCESS1.3 3.58 0.87 0.66 3.58 1.44 8.69 2.42
BNU-ESM 3.39 0.95 −0.36 2.22 2.30 8.00 3.56
BCC-CSM1-1-m 2.89 0.51 0.40 2.58 0.89 9.72 1.96
MRI-CGCM3 2.65 0.81 0.57 2.86 1.30 7.24 1.80
BCC-CSM1-1 2.41 0.89 0.79 2.05 0.31 7.51 1.53
ACCESS1.0 2.14 1.20 0.81 2.10 1.07 6.13 1.65
IPSL-CM5A-LR 1.79 1.67 −0.04 1.92 0.97 4.87 1.86

a From ERA-Interim. Units for V13.75S are m s−1; all others are mm day−1.
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Figure 2. The total frequency of occurrence of wet days for DJF for (a) CMORPH (1998–2012) and (b)–(k) for each of the models (1979–2008). The contour
interval is 15%. Overlaid are the corresponding frequencies of occurrence for convective rainfall ≥0.2 mm day−1 where //= 45–60%, \\= 60–75%, �= 75–90% and
• =>90%.

suggests that it may be the frequent activation of convection in
these models that causes the rainfall to occur too often.

The mean daily rainfall in CMOPRH (mm day−1) is given in
Figure 3(a) and the differences between each model and
CMORPH are shown in Figure 3(b–k). In all models, the
daily rainfall is too low over northern Australia, especially in
IPSL-CM5A-LR where the frequency is too high (Figure 2(k)).
The NorESM1-M, CCSM4 and MIROC5 models all have the
highest daily rainfall, relative to the other models, and IPSL-
CM5A-LR and ACCESS1.0 have the lowest daily rainfall over
northern Australia.

3.3. Diurnal cycle

Composites of 6 h percentage contribution of rainfall between
0500 and 1100, 1100 and 1700, 1700 and 2300, and 2300 and 0500
AWST to the total daily accumulation from CMORPH are plotted
in Figure 4 (dry days are not included in these composites). This
relative contribution is used in order to highlight the timing of
precipitation in the observations and the models, regardless of
the actual total amounts. The rainfall is calculated between ±3 h
of the reanalysis output (at 0800, 1400, 2000 and 0200 AWST)
so that any local circulation features responsible for the rain can
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Figure 3. The difference between the DJF-mean daily rainfall (mm day−1) on wet and dry days over all available years for (a) CMORPH (1998–2012) and (b)–(k)
for each of the models (1979–2008). Negative (positive) values have dashed (solid) contours, with interval 1.5 mm day−1.

be identified (section 4.3). Furthermore, grid points where more
than 25% of the daily accumulated convective rainfall occurs in
each 6 h period are stippled in Figure 4 to identify whether the
rainfall is caused by convection in the models.

Less than 20% of the CMORPH-derived climatological daily
rain falls between 0500 and 1100 AWST over much of northern
Australia (Figure 4, first column), which is unsurprising given that
at this time it is unlikely that the surface has been heated enough to
destabilise the boundary layer and initiate convection. The models
(on average) already produce more than 25% of their daily rainfall
between 0500 and 1100 AWST over parts of eastern Australia
(Figure 4, first column). The rain is likely to be convective (as
shown by the stippling in Figure 4) and this premature triggering
of convection, relative to observations, is a common problem in
GCMs (Yang and Slingo, 2001; Dai and Trenberth, 2004; Dai,
2006; Brown et al., 2010; Stratton and Stirling, 2012).

By 1100–1700 AWST more than 25% of the mean rainfall
occurs to the east of 130◦E over Australia in CMORPH (Figure 4,
second column) and less than 25% to the west. All of the models
have more than 25% of the grid-point rainfall occurring across
most of the continent between 1100 and 1700 AWST, except
in ACCESS1.0 where it is largely confined to the north and
east. Nonetheless, the stippling indicates that all models have
widespread convective activity between these times.

Between 1700 and 2300 AWST, more than 25% of the mean
daily rain falls over most of the continent to the north of 30◦S in
CMORPH (Figure 4, third column). The precipitation maximum
between 1700 and 2300 AWST is centred at approximately 115◦E,
22.5◦S. Similarly, all but one of the models (IPSL-CM5A-LR)
have a region of higher mean precipitation (more than 20% of
the daily accumulation) to the west of 130◦E and between 20 and

25◦S. The stippling indicates that there is still some convective
activity at this time, although there is little rainfall or convective
activity in the IPSL-CM5A-LR simulation between 1700 and 2300
AWST as the majority of the precipitation falls between 0500 and
1700 AWST.

From 2300 to 0500 AWST rainfall fractions are greater than
25% between 120 and 150◦E in CMORPH (Figure 4, fourth
column). Both ACCESS1.0 and ACCESS1.3 have high rainfall
fractions in the western half of the continent between 2300
and 0500 AWST. Similarly, more than 25% of the daily rainfall
occurs over the continent in MRI-CGCM3 between 2300 and
0500 AWST. The rainfall fractions (2300–0500 AWST) in the
remaining models (BCC-CSM1-1, BCC-CSM1-1-m, BNU-ESM,
CCSM4, MIROC5 and NorESM1-M) between 120 and 150◦E
are too low relative to CMORPH. Nonetheless, the precipitation
fractions along the northern and eastern coasts in both the
BCC-CSM1-1 and BCC-CSM1-1-m simulations are much higher
than those in CMORPH, which suggests these models may have
problems representing rainfall adjacent to the coast.

4. Horizontal and vertical circulation features

The rainfall features identified above over northern Australia
during DJF are affected by the local heat low circulation and
its internal dynamics, the larger-scale monsoon circulation
(horizontal and vertical), the availability and transport of
moisture onto the continent, and the development of synoptic
systems that initiate rainfall. Each of these factors are discussed in
this and the following sections.
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Figure 4. The mean relative contribution of 6 hourly precipitation accumulations to the daily rainfall (%, dry days are excluded) from CMORPH and from each of the
models for time intervals (column 1) 0500–1100 AWST, (column 2) 1100–1700 AWST, (column 3) 1700–2300 AWST and (column 4) 2300–0500 AWST. Stippling
on the figures for the models denotes grid points where the 6 hourly convective precipitation ≥ 25% of the total convective precipitation. The symbols denote the
following points described in section 6: Eastern Point (EP) –�, Western Point (WP) –�, Top End (TE) –◦ and Nocturnal Peak (NP) –�.
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Figure 5. The ψ-Hadley circulation derived using the method in Schwendike et al. (2014). The meridional mass flux (kg m−2 s−1) at 500 hPa for the season DJF
(1979–2008) calculated from (a) the ERA-Interim reanalysis and (b)–(k) from the CMIP5 models. The bold black line in all plots indicates the zero line in the
ERA-Interim dataset and the dashed line is the zero line in the respective CMIP5 simulations. Positive (negative) mass fluxes are denoted by solid (dashed) white
contours (contour separation is defined in the shade key).

4.1. Climatological circulation at 850 hPa

The climatological flow at 850 hPa is plotted in Figure 1(a). The
monsoon cyclone is centred at approximately 13◦S, 130◦E (as
has also been identified in Klingaman et al., 2012) with easterly
flow over the Australian continent to the south and westerlies
to the north. The differences in the 850 hPa mean circulation
for each of the models relative to ERA-Interim are plotted in
Figure 1(b–k) and the mean northward flow between 120 and
150◦E is given in Table 2 (fourth column, V13.75S).

The NorESM1-M, CCSM4 and MIROC5 simulations all
have cyclonic anomalies centred adjacent to the northwest
Australian coast, which leads to northwesterly flow biases onto
the continent (Figure 1(b–d) and Table 2, fourth column).
Similarly, ACCESS1.3 and BNU-ESM have cyclonic anomalies
close to northern Australia (Figure 1(e,f)) although the centres
are located at 20◦S, 140◦E and 10◦S, 120◦E, respectively. The
locations of the cyclonic anomalies in ACCESS1.3 and BNU-ESM
cause anomalous northeasterly flow into the eastern and western
halves of the continent, respectively. The BCC-CSM1-1-m,
MRI-CGCM3, BCC-CSM1-1 and ACCESS1.0 (Figure 1(g–j)
and Table 2, fourth column) models simulate either anomalous
southeasterlies or southwesterlies over northern Australia, and
IPSL-CM5A-LR (Figure 1(k)) has a strong easterly bias centred
on approximately 10◦S.

4.2. Climatological vertical mass flux at 500 hPa

The meridional mass flux (kg m−2s−1) at 500 hPa, calculated
using the method in Schwendike et al. (2014), is plotted for the
Australian region in Figure 5 to identify the strength of the local
overturning circulation (termed the ψ-Hadley circulation by
Schwendike et al., 2014). The shading with solid white contours
indicate a positive mass flux and upward motion and vice versa
for the shading with dashed white contours. The solid black line
in each figure marks the line of zero mass flux in the ERA-
Interim reanalysis with the corresponding modelled zero mass
flux contour dashed.

In NorESM1-M, CCSM4 and MIROC5, the region of positive
mass flux extends further south by approximately 5◦ relative

to ERA-Interim (Figure 5(b–d)). In ACCESS1.3, BNU-ESM,
BCC-CSM1-1-m and MRI-CGCM3 the location of the zero
mass flux contour lies within approximately 1◦ of the reanalysis
estimate; however, the zero mass flux contour is slightly too far
south in ACCESS1.3 and too far north in MRI-CGCM3, relative
to ERA-Interim. BCC-CSM1-1 and ACCESS1.0 both have a large
region of positive mass flux over northwest Australia, which is
co-located with the centre of the heat low (section 4.3). Finally,
the line separating positive and negative momentum fluxes is
located approximately 2◦ –5◦ further north in IPSL-CM5A-LR
than in ERA-Interim over northern Australia.

4.3. Diurnal cycle

The 925 hPa circulation over the continent is primarily easterly
at 0800 AWST (Figure 6, first column), except in the north where
there are westerlies associated with the residual cyclonic circu-
lation around the nocturnal heat low. Likewise, at 0800 AWST
the models have easterly flow over much of the land surface with
cyclonic circulations in the northwest quadrant of the domain
in Figure 6 (first column). There is also no evidence of strong
convergence in the models (as in the reanalysis) at 0800 AWST.

By 1400 AWST, surface heating over the land (and therefore
turbulence) has increased the low-level drag, weakening the
925 hPa winds and turning them cyclonically relative to 0800
AWST in the reanalysis (Figure 6, second column). Similarly, the
925 hPa flow weakens and turns cyclonically over the Australian
land mass in each of the models between 0800 and 1400 AWST
(Figure 6, second column). This indicates that the surface
heating also increases the low-level friction in the models and
compares well with the reanalysis, although the magnitude
and direction of the actual flows in the models differ from
the reanalysis.

By 2000 AWST there has been a reorganisation of the low-
level flow relative to 1400 AWST in the reanalysis (compare the
second and third columns in Figure 6). Surface cooling after
sunset causes the nocturnal boundary layer to form, reducing the
low-level drag and allowing the air to accelerate in towards the
heat low centre producing strong convergence (Figure 6, third
column, shaded region). This nocturnal rearrangement of the
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Figure 6. Composited DJF 925 hPa wind vectors (m s−1, scale on the right hand side) from ERA-Interim (top row) and from each model (subsequent rows) at
(column 1) 0800 AWST, (column 2) 1400 AWST, (column 3) 2000 AWST and (column 4) 0200 AWST. Shaded areas highlight regions where the convergence
≥|5.0×10−6 | s−1 (light) and ≥|1.0×10−5 | s−1 (dark).
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flow over the Australian continent is a well-known feature of the
summertime circulation (Racz and Smith, 1999; Spengler et al.,
2005; Arnup and Reeder, 2007, 2009; Berry et al., 2011; Ackerley
et al., 2014). In comparison, the models also simulate strong
convergence at 2000 AWST over northern Australia, although it
is too strong in ACCESS1.0, BCC-CSM1-1 and BCC-CSM1-1-m
and too weak in IPSL-CM5A-LR.

The 925 hPa flow turns anticyclonically between 2000 and
0200 AWST in the reanalysis as the flow reaches geostrophic
balance and the convergence reduces as a result. The same process
occurs in the models; however, both the flow and convergence
are too strong in ACCESS1.0, ACCESS1.3, BCC-CSM1-1 and
BCC-CSM1-1-m and too weak in IPSL-CM5A-LR.

5. Moisture transports and synoptic features that initiate rain

5.1. Back-trajectories at 850 hPa

Ten-day isobaric back-trajectories are calculated using the
composited wind field in order to infer the moisture sources
for rainfall initiation across northern Australia (following the
method used in both Berry et al., 2011; Ackerley et al., 2014).
Back-trajectories are produced at 850 hPa by compositing the
wind field at that level on init and dry days (using AWAP
and ERA-Interim, as described in section 2.2). The method
is then applied to the models for their respective init and
dry days.

The back trajectories are initiated from a specific grid point,
therefore four points have been chosen across northern Australia
that are considered to be representative of the precipitation and
circulation characteristics in the models and observations. The
first two points considered are located in eastern (eastern point,
EP) and western (western point, WP) Australia where there are
large biases in the modelled climatological rainfall (Figure 1
and Table 2). These two points also lie within the eastern and
western rainfall peaks between 1100 and 1700 AWST and 1700
and 2300 AWST, respectively (Figure 4, discussed in section 3.3).
The eastern point is located in the Great Dividing Range (marked
by the square) and the western point lies within the Hamersley
Ranges (marked by the triangle).

The third point (marked by a circle) lies within the Top End
(TE) region of Australia, which is both near to the northernmost
land extent of the Australian monsoon and another region where
the models have opposing rainfall biases (Figure 1, Table 2).
Finally, the fourth point (marked by the diamond shape) lies
close to the southern boundary of the Australian monsoon
rainfall (Figure 1) away from the coastline and is also located
within the region of high nocturnal rainfall (Nocturnal Peak, NP)
and convergence into the heat low (Figures 4 and 6, discussed in
sections 3.3 and 4.3).

The calculated back-trajectories are plotted for the observations
(ERA-Interim–AWAP; E-A in Figure 7) and each of the models
(A to J, listed in Table 1) in Figure 7.

5.1.1. Eastern Point: EP

On init days, the air at 850 hPa originates from the east of the
EP for ERA-Interim–AWAP (Figure 7(a)). The models all have
similar back trajectories to ERA-Interim–AWAP, with the flow
originating from the east of the continent.

On dry days (Figure 7(b)), the models simulate east-to-
southeasterly flow, agreeing well with ERA-Interim–AWAP. The
exceptions are ACCESS1.3 (B), ACCESS1.0 (A) and NorESM1-
M (J), where the back trajectories originate from the northern
Tasman Sea; nonetheless, the flow is easterly in those three models
once the trajectories cross the east coast, which also occurs in all
of the other models and ERA-Interim–AWAP.

5.1.2. Western Point: WP

The back-trajectories on the init days (Figure 7(c)) originate from
the northeast coast of Australia in ERA-Interim–AWAP and all
models except ACCESS1.0 (A) and BCC-CSM1-1 (C). Therefore
the moisture source is primarily from the Coral Sea and the Gulf
of Carpentaria (except in ACCESS1.0 (A) and BCC-CSM1-1 (C),
where parcels originate from southeast Australia).

On dry days, the back-trajectories approach the WP from the
east to southeast, indicating that the air parcels originate over the
land surface and are therefore drier (Figure 7(d)).

5.1.3. Top End: TE

The back-trajectories on init and dry days at the TE point are
plotted in Figure 7(e,f), respectively. The ERA-Interim–AWAP
trajectory crosses the Gulf of Carpentaria, the Cape York
Peninsula and originates over the Coral Sea on init days, which
is also the case in the BCC-CSM1-1 (C) and MIROC5 (H)
models. Both CCSM4 (F) and NorESM1-M (J) have trajectories
that circulate cyclonically towards the TE point for init days
relative to dry days. The trajectories for ACCESS1.0 (A) and
ACCESS1.3 (B) originate from over the continent to the
south and east of TE. The trajectories in the other models
(BCC-CSM1-1-m (D), BNU-ESM (E), IPSL-CM5A-LR (G) and
MRI-CGCM3 (I)) extend toward the edge of the domain,
which is indicative of strong easterly flow. The dry days are
very similar across the models and ERA-Interim–AWAP with
eastsoutheasterly flow.

5.1.4. Nocturnal Peak: NP

At NP, in all cases (ERA-AWAP and models), the back-trajectories
arrive from the east to northeast on init days (Figure 7(g)) and
from the east to south-east on dry days (Figure 7(h)).

From the back-trajectories on init days (Figure 7(g)), the
models can be split into three groups:

Group 1: ACCESS1.0 (A), BCC-CSM1-1 (C) and BCC-CSM1-
1-m (D) have back-trajectories that originate from the
northwest of the continent.

Group 2: The back-trajectories in ACCESS1.3 (B), BNU-ESM
(E), IPSL-CM5A-LR (G) and MRI-CGCM3 (I) originate
over the northern Coral Sea and agree well with ERA-
Interim–AWAP.

Group 3: The trajectories in CCSM4 (F), MIROC5 (H) and
NorESM1-M (J) originate from the southern Maritime
Continent.

On dry days the back-trajectories in all models traverse a larger
proportion of the Australian continent.

5.2. Synoptic circulation for initiating rain

Previous work by Hung and Yanai (2004), Davidson et al.
(2007), Wheeler et al. (2009), Risbey et al. (2011), Berry et al.
(2011, 2012), and Lin and Li (2012) have all shown that coherent
synoptic circulation features (such as extratropical Rossby wave
activity) at mid-to-upper levels of the troposphere (around 500
to 200 hPa) can be responsible for initiating rain over northern
and central Australia. The circulation features induce northerly,
onshore flow at mid-levels (500 hPa), which brings moist, tropical
air onto the continent causing rain. Therefore, the differences in
the geopotential heights and wind fields at 500 hPa between init
and dry days at EP, WP, TE and NP are assessed in this section
(Figure 8).
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Figure 7. Ten-day back-trajectories along the 850 hPa surface starting at the Eastern Point (EP) on (a) init days and (b) dry days from ERA-Interim–AWAP (E-A)
and from each of the models A to J (listed in Table 1). Equivalent composites for init and dry conditions are also plotted for (c, d) the Western Point (WP), (e, f) Top
End (TE) and (g, h) the Nocturnal Peak (NP).

5.2.1. EP

There are negative geopotential height and northwesterly flow
anomalies centred on southeast Australia, which extend from
approximately 60 to 20◦S in ERA-AWAP and all models (Figure 8,
first column). The height and wind anomaly fields resemble an

‘easterly dip’ (Fandry and Leslie, 1984; Adams, 1986), which
is a common feature of the summertime circulation in eastern
Australia and is known to be associated with rainfall. There are
also positive height anomalies to the the southwest and northeast
of the negative anomaly. All of the models resemble the ERA-
Interim circulation and geopotential height field, which indicates
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Figure 8. Composited geopotential height (m) and wind vector (m s−1, scale on the right-hand side) anomalies at 500 hPa for init minus dry days at (column 1) EP,
(column 2) WP, (column 3) TE and (column 4) NP in the ERA-Interim-AWAP data (top row) and each model (subsequent rows). Geopotential height anomalies are
shown by shaded white dashed contours for negative values and unshaded solid black contours for positive values (interval 5 m).
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Figure 8. Continued.
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that the conditions for the initiation of precipitation in the models
are very similar to those in the observations.

5.2.2. WP

There is a strong positive geopotential height anomaly centred
to the south of Australia in the observations with negative
anomalies to the northwest and southeast, which cause anomalous
northeasterlies over northern Australia (Figure 8, second
column). This pattern appears to resemble the flow during
phase 5 of the MJO (Wheeler et al., 2009, their Figure 8) when
precipitation is high in this region. The models also resemble this
pattern with negative anomalies in the Tropics to the northwest
of Australia and a positive anomaly to the south.

5.2.3. TE

The TE composites, unlike EP and WP, show no strong evidence
of Extratropical–Tropical interaction; however, there are positive
and negative geopotential height anomalies between 40 and 60◦S,
indicating that there may be wave activity in the Extratropics
when precipitation is initiated (Figure 8, third column). The
model composites are very different from each other and the
observations, which suggests that the circulation structures which
initiate precipitation at TE are not represented well by the models
or that they are of secondary importance to other initiation
processes such as local convection.

5.2.4. NP

At NP, there is a negative geopotential height anomaly over north-
west Australia with onshore flow, which appears to be linked to a
negative anomaly in the extratropics (Figure 8, fourth column).
The figure resembles the anomalous circulation patterns for
initiating rainfall in this region shown by Hung and Yanai (2004)
and Berry et al. (2011). Moreover, the circulation resembles the
one identified by Wheeler et al. (2009) (their Figure 8) in phases 3
and 4 of the MJO where the interaction between a midlatitude
wave train and the MJO initiates rainfall over the Australian
continent ahead of the main region of tropical convection.
The models also produce a similar feature in all cases, with a
northwest to southeast trough extending from around 20 to 60◦S.

6. Discussion

This study documents the precipitation and circulation patterns
and moisture transports over northern Australia during the
summer in the observations and a selection of GCMs from
the CMIP5 archive. The salient features of those circulation and
moisture transport patterns are now discussed and are connected
with the precipitation biases where relevant.

6.1. The diurnal cycle

The diurnal cycle of the circulation in each model compares well
with ERA-Interim in that:

1. the flow weakens and turns cyclonically over the land from
the early morning to the afternoon due to the increased
surface drag from solar heating and convection;

2. the flow initially accelerates towards the centre of the heat
low over the land (around 2000 AWST) as the stable
nocturnal boundary layer reduces the low-level friction,
which causes the strong convergence. The flow then turns
anticyclonically between 2000 and 0200 AWST as the flow
reaches geostropic balance and the convergence reduces.

Conversely, the timing of precipitation is poorly represented as
the simulated convection develops too early in the day –although
all models (except IPSL-CM5A-LR) produce nocturnal rainfall
over the continent due to the increased convergence.

6.2. Low-level circulation and moisture transport

Four of the five models wetter than CMAP north of 30◦S
have mean northerly flow at 850 hPa between 120 and 150◦E
(NorESM1-M, CCSM4, MIROC5 and BNU-ESM; Table 2,
fourth column). Conversely, four of the five driest models
have southerlies between 120 and 150◦E (BCC-CSM1-1-m,
MRI-CGCM3, BCC-CSM1-1 and ACCESS1.0; Table 2, fourth
column). This result suggests that systematic errors in the low-
level circulation may provide the necessary moisture for the
simulated rainfall biases over northern Australia.

These moisture sources are evaluated further in the 10 day back-
trajectories (section 5.1). In eastern Australia (at EP) the low-level
moisture required to initiate rain is supplied from the Tasman
Sea (to the east of Australia) in all models, which agrees with the
observations (Figure 7(a)), although there is no clear separation
between the wetter and drier models. Nonetheless, by comparing
Figure 2(b,k), it can be seen that the frequency of rain at EP in the
wettest model is higher than that in the driest model (NorESM1-M
and IPSL-CM5A-LR, respectively; Table 2, fifth column), which
suggests that moisture transport from the Tasman Sea occurs
more often in the wetter models than the drier ones at this point.

Nonetheless, as discussed above, the four wettest models
in the east (ACCESS1.3, CCSM4, MIROC5 and NorESM1-M;
Table 2, fifth column) also have anomalous northerly onshore
flow (Figure 1) and higher frequencies of precipitation than the
observations (Figure 2).

In the west of Australia (WP) there is a clear separation
between the moisture sources for the wettest and driest models
(NorESM1-M and BCC-CSM1-1; Figure 7(c) and Table 2, sixth
column). The back-trajectory in the NorESM1-M simulation on
wet days originates from the ocean in Gulf of Carpentaria (to
the northeast of WP) whereas the trajectory for BCC-CSM1-
1 originates from over the drier continental interior (to the
southeast). Similarly, the models with the highest rainfall at
the NP point (NorESM1-M, CCSM4 and MIROC5) have back-
trajectories that originate from southern Papua New Guinea (to
the north of NP) whereas the back-trajectories in the two driest
models (ACCESS1.0 and BCC-CSM1-1) originate from over the
continent to the southwest (Figure 7(e) and Table 2, eighth
column).

At the TE of Australia, the back trajectories change little
between wet and dry days, which implies that the larger-scale
circulation may be of less importance for the initiation of rainfall
(this point is adjacent to the coast). For example, IPSL-CM5A-LR
simulates the driest conditions of the models evaluated here at
TE although the calculated back-trajectories originate from over
the Coral Sea and is the case for the other models.

6.3. Tropical–extratropical interaction

There is evidence for the interaction of tropical and extratropical,
mid-level (500 hPa) circulation features that are responsible for
initiating rain over northern Australia in the observations and all
models. These can be seen in Figure 8 at:

1. EP: a midlatitude trough interacting with an easterly dip.
2. WP: an anomalous anticyclone over southern Australia,

which lies between a trough to the northwest and southeast
and resembles phase 5 of the MJO (Wheeler et al., 2009,
their Figure 8).

3. NP: a midlatitude Rossby wave train with a trough
extending over northwest Australia into the Tropics, which
resembles phases 3 and 4 of the MJO (Wheeler et al., 2009,
their Figure 8).

However there is little evidence of any organised tropical or
extratropical system being responsible for initiating rain at TE.
Moreover, there is no consensus in the anomalous geopotential
height and flow fields at 500 hPa for models with a wet or dry bias
at TE, which provides further evidence that the modelled precip-
itation is unlikely to be controlled by the large-scale circulation.
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6.4. Parametrizations of convection and vertical mass flux

The model simulations with the highest positive precipitation
biases (CCSM4, MIROC5 and NorESM1-M) have higher fre-
quencies of rainfall days (and convective rainfall) than CMORPH
and higher daily mean rain accumulations than the other models
(Figures 2 and 3). Furthermore, the region of positive mass
flux at 500 hPa extends further south (by almost 5◦) in CCSM4,
MIROC5 and NorESM1-M (Figure 5(b–d)), which suggests
these models simulate frequent convection (and vertical ascent)
in this region. Gent et al. (2011) state that for CCSM4: ‘Changes
were made to the deep convection scheme... [which] resulted
in a much improved representation of deep convection that
occurs considerably less frequently, but is much more intense’.
These changes may therefore be contributing to the the positive
(upward) mass flux over northern Australia. As both CCSM4 and
NorESM1-M use the same atmospheric model (CAM4) and only
differ in their representation of aerosol (Bentsen et al., 2013), it
is unsurprising that they both have positive rainfall biases over
Australia in summer (when convection is at its strongest). Simi-
larly, Watanabe et al. (2010) state that: ‘global mean precipitation
is excessive in MIROC5, suggesting a hydrological cycle that is
too active’. This statement is consistent with the local positive
mass flux given in Figure 5(d). Therefore, in CCSM4, MIROC5
and NorESM1-M it appears that precipitation is initiated under
the correct synoptic conditions; however, once the precipitation
is initiated, the convection scheme may be causing the positive
mass flux biases that result both in the rainfall errors and the
low-level flow anomalies at 850 hPa (Figure 1(b–d)).

BNU-ESM simulates too much precipitation over much of the
Australian continent with rainfall that is too frequent (Figures 1(f)
and 2(f)). Notably, a similar atmospheric module to the one used
in CCSM4 (CAM4) is used in BNU-ESM (CAM3.5; Ji et al., 2014).
The positive rainfall biases over northern Australia in BNU-ESM
may therefore be caused by the representation of convection
(in a similar way to the errors in CCSM4 and NorESM1-M).
Nonetheless, the daily mean rainfall in BNU-ESM is lower than
in both CCSM4 and NorESM1-M, and the precipitation biases
are equally likely to be due to differences in the representation of
other earth-system processes (such as the land surface scheme).

The IPSL-CM5A-LR model has the lowest simulated rainfall
northward of 30◦S over Australia (Table 2) with the contour
separating the positive and negative climatological mass flux
located 2–5◦ further north than in ERA-Interim (Figure 5(k)).
Nonetheless, the frequency of precipitation (and convective
precipitation) is much higher than in CMORPH (compare
Figure 2(a,k)) although the mean daily rainfall is much lower
than CMORPH (compare Figure 3(a, k)). The diurnal cycle of
precipitation simulated by IPSL-CM5A-LR is particularly poor
(Figure 4, bottom row), with convection initiated too early
in the day and very little rainfall (≤15% of the daily mean)
after 1700 AWST. These results suggest that the convection
in IPSL-CM5A-LR triggers too easily but does not transport
enough mass vertically relative to the reanalysis. Nonetheless, the
circulation features for initiating rainfall over northern Australia
are represented by IPSL-CM5A-LR (Figure 8), reinforcing the
idea that the representation of convection may be the primary
cause of the dry bias. Indeed, Dufresne et al. (2013) show
that increasing the resolution alone in IPSL-CM5A does not
improve the representation of tropical rainfall; it is only when
the convection scheme is changed (IPSL-CM5B; Hourdin et al.,
2013) that there is improvement.

ACCESS1.0 and BCC-CSM1-1 (the next two driest models
over northern Australia after IPSL-CM5A-LR, Table 2) both
have strong, positive mass fluxes over northwest Australia
(Figure 5(i,j)), which coincide with very strong nocturnal
convergence into their simulated heat lows (Figure 6). Therefore,
the strong positive mass flux over northwest Australia is likely to be
associated with the heat low being too vigorous, which is a problem
that is also common to West Africa in GCM simulations with

parametrized convection (Garcia-Carreras et al., 2013; Marsham
et al., 2013; Birch et al., 2014). The intensity of precipitation in
these models is weaker than in CMORPH although the frequency
of precipitation is similar, which may be due to the drier low-
level air circulating from the Australian continent (as seen in the
back-trajectory analysis in Figure 7(g)). The vertical mass flux in
the heat low simulated by BCC-CSM1-1-m is similar in extent to
ACCESS1.0; however, the dry bias in BCC-CSM1-1-m is primarily
restricted to the western half of the continent and the anomalous
southwesterlies along the coast of northwest Australia are weaker.

The location of the boundary between positive and negative
vertical mass fluxes is slightly further north in MRI-CGCM3
relative to ERA-Interim (Figure 5(h)). The frequency of pre-
cipitation is overestimated slightly (by approximately 10%) in
MRI-CGCM3 relative to CMORPH, but the daily mean accu-
mulation is underestimated (by approximately 3–6 mm day−1)
relative to CMORPH (Figures 2 and 3). Again, it appears that the
vertical mass flux from convection may be underestimated rela-
tive to the observations, which results in the negative precipitation
bias in MRI-CGCM3.

As for ACCESS1.3, there are two main differences relative to
ACCESS1.0 which may be responsible for the differences in their
simulated rainfall:

1. the inclusion of the CABLE surface scheme (Kowalczyk
et al., 2006);

2. the inclusion of the PC2 cloud scheme (Wilson et al., 2008a;
Franklin et al., 2012)

It is likely to be either or both of these changes that cause the wet
bias in eastern Australia relative to ACCESS1.0. Nonetheless, the
PC2 scheme (used in ACCESS1.3 but not ACCESS1.0) includes
a representation of the detrainment of convectively produced
condensate into the large-scale cloud scheme, which increases the
amount of large-scale (non-convective) precipitation (Wilson
et al., 2008b) and possibly increase the overall (convective plus
large-scale) rainfall. The higher rainfall rates in ACCESS1.3
relative to ACCESS1.0 may therefore result from the change
in the parametrized convection scheme when PC2 is used.

7. Conclusions

The aims of this article are to document and better understand
the modelled summertime precipitation characteristics over
northern Australia in the CMIP5 GCMs, from the diurnal cycle
to the seasonal mean, and to identify whether the circulation
characteristics and moisture transports responsible for initiating
that rainfall are comparable to the observations.

This study has shown that:
• Four of the five wettest simulations of northern Australian

rainfall have mean northerly flow between 120 and 150◦E and,
conversely, four of the five driest models have mean southerly
flow across the same longitudes, suggesting that the modelled
precipitation biases are linked to the meridional circulation at
850 hPa (Table 2).

• The model with the lowest simulated rainfall over northern
Australia (IPSL-CM5A-LR) produces weak mean northerly flow
into northern Australia at 850 hPa (Table 2); however, the vertical
mass flux (Figure 5(k)) and precipitation intensities (Figure 3(k))
are much weaker than in the reanalysis, which indicates that weak
convection may be the primary cause of the negative precipitation
error.

• Conversely, the three wettest models (NorESM1-M, CCSM4
and MIROC5; Table 2) have the most active convective
precipitation of all the models, therefore the strength of the local
convection may be responsible for maintaining the low-level
northerlies, which bring further moisture onto the continent for
precipitation.

• There is evidence that mid-level (500 hPa) synoptic features
identified in the observations are responsible for initiating rainfall
over western, central and eastern Australia in the models; however,
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there is little consensus across the models and observations as to
whether any mid-level disturbances initiate rainfall over northern
Australia (Figure 8).

• There is no evidence that the mid-level circulation features
responsible for initiating rainfall are the cause of the simulated
precipitation biases, especially given the strong agreement in the
flow and geopototential height anomaly fields at 500 hPa for three
of the four grid points considered.

• The diurnal cycle of precipitation is dominated by the early
triggering of convection, which is approximately 3–6 h too early
relative to the observations (Figure 4); however, the diurnal cycle
of the circulation over Australia at 925 hPa is represented well by
the models relative to the reanalysis (Figure 6).

• As with the large-scale flow anomalies at 500 hPa, the diurnal
cycle of the circulation and precipitation cannot be used directly
to identify models with positive or negative rainfall biases over
northern Australia.

Given that these models are routinely used as tools to project
future rainfall in this region, it is important to know whether
the processes that lead to rainfall are represented well and, if
they are not, to identify which of the processes is the main cause
of error (and over what time-scale). This study has shown that
the systems responsible for initiating rainfall are represented well
in these models; however, it is the response of the simulated
convection to those initiation processes that is likely to be the
cause of the precipitation biases described.
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