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The representation of rainfall, and in particular its diurnal cycle, is generally poor in
general circulation models (GCMs). Nonetheless, studies make use of GCMs in future
climate projections in regions where precipitation has a strong diurnal cycle. In this
study we evaluate whether one GCM (ACCESS1.3) can represent the rainfall in such a
region (Australia) where the diurnal cycle of rainfall is produced as a result of both the
destabilisation of the boundary layer (convection) and a larger-scale reorganisation of the
low-level flow, the latter of which may be resolved by a GCM. In northern and eastern
Australia, where the diurnal cycle of rainfall is controlled by convective processes, the
GCM produces rain 3 to 6 h too early in the day. Nevertheless, the model represents the
continental-scale reorganisation of the low-level circulation that results from the diurnal
cycle of surface heating and cooling. A nocturnal low-level jet forms over the western half
of the continent with strong convergence at the jet exit, which initiates rain overnight in
the continental northwest, in agreement with previous work. The model also captures the
change in the air-flow direction, from a southeasterly to a northeasterly, responsible for
bringing the necessary moisture for precipitation to occur. Thus, while the model may have
a tendency to initiate convection too early, it is able to represent the larger-scale nocturnal
reorganisation of the flow and the associated rainfall.
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1. Introduction

Although there is a pronounced diurnal cycle to precipitation
throughout much of the Tropics and Subtropics, the timing of
the peak rainfall varies considerably depending on geographic
location (Dai et al., 2007). Relative to the local solar time, rainfall
maxima tend to occur in the late afternoon over land and in
the early hours of the morning over the ocean (Yang and Smith,
2006). Nevertheless, rainfall over the land is not restricted to
the late afternoon and may occur overnight, particularly where
there is complex surface topography such as the Air Mountains in
North Africa (Mohr, 2004), the Himalaya in India (Basu, 2007),
the Tibetan Plateau in Southeast Asia (Yuan et al, 2012), the
islands of the Maritime Continent (Mori et al., 2004), the Andes
in South America (Betts et al., 2002; Poveda et al., 2005) and the
Great Dividing Range in Australia (Keenan and Carbone, 2008).
Despite the strength of the diurnal cycle in rainfall and a
reasonably good understanding of the physics driving it (Yang
and Smith, 2006), general circulation models (GCMs) represent
the diurnal cycle poorly as they generally precipitate too early
in the day (Yang and Slingo, 2001; Dai, 2006; Dirnmeyer et al.,
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2012) and therefore tend to underestimate precipitation in the
late afternoon and evening. These errors are caused by the
premature and rapid development of deep convection following
surface solar heating (Betts and Jakob, 2002a,b; Neale and
Slingo, 2003; Stratton and Stirling, 2011). Regions where the
circulation and precipitation are driven by the local convective
processes (such as a destabilisation of the boundary layer)
are therefore unlikely to be represented well by GCMs. This
study focuses on rainfall over the Australian continent during
the summer where such localised convective systems occur
(Keenan and Carbone, 2008).

Ininland northwest Australia, a nocturnal low-level jet forms in
austral summer (Allen, 1980; Brook, 1985). The convergence into
the heat low at the exit of the jet is one of the dominant features
of the low-level flow over Australia during that season (Racz and
Smith, 1999; Spengler et al., 2005; Arnup and Reeder, 2007, 2009).
Similar systems have also been identified over West Africa (Parker
et al., 2005; Fiedler et al., 2013) and in the mid-west of the United
States of America (Dai et al., 1999) where the jet has been shown
to trigger nocturnal thunderstorms (Pitchford and London, 1962;
Bonner, 1968). The nocturnal, continental-wide re-organisation
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of the low-level flow and the associated convergence over
Australia is an important, large-scale driver of rainfall
(Berry et al., 2011).

However, the nocturnal jet-driven convergence is not the only
factor regulating rainfall over northwest Australia. The strong
convergence associated with the nocturnal jet occurs both on days
with and without rainfall (Berry et al., 2011). It is hypothesised
that there must be a change in the atmospheric circulation in
order to bring the necessary moisture into northwest Australia
for rainfall to occur. This happens through a reorganisation
of the low-level flow from the southeast to the northeast with
moisture advected from the Coral Sea and the Gulf of Carpentaria
into the continental northwest of Australia (Berry et al., 2011).
Therefore, in order to represent the rainfall-generating processes
accurately, models must (presumably) be able to represent both
the change in the wind direction as well as the diurnal cycle of
convergence.

The horizontal scales of the nocturnal convergence and the
flow regimes responsible for bringing the necessary moisture into
northwest Australia may be large enough for a GCM to represent
them and therefore reproduce the diurnal cycle of rainfall well
in this region. The aims of this study are threefold. The first aim
is to determine whether the Australian Community Climate and
Earth System Simulator version 1.3 (ACCESS1.3) GCM accurately
represents the observed diurnal cycle of the summertime rainfall
over northwest Australia. The second aim is to identify whether
the diurnal cycles of precipitation and circulation (convergence)
covary over the Australian continent. The final aim is to assess
whether ACCESS1.3 represents the change in circulation that is
responsible for bringing the necessary moisture into northwest
Australia for summertime rainfall.

The model, experiments and datasets used in this work are
described in section 2. Descriptions of the representation of
the rainfall, circulation and moisture transports in ACCESS1.3
(relative to the datasets described in section 2) are given in sections
3-5, respectively. A discussion of the results is given in section 6
to identify whether the rainfall in ACCESS1.3 is related to the
circulation and moisture transports in a way comparable with the
observervations. The conclusions are given in section 7.

2. Model, experiments and data

2.1.  Model and experiments

The atmospheric component of the ACCESS1.3 model is very
similar to that in the Met Office Unified Model (MetUM) as
described by Hewitt et al. (2011). The horizontal resolution of
ACCESS1.3 is 1.875° longitude by 1.25° latitude, and there are
38 vertical levels. One of the important differences between the
atmospheric components of ACCESS1.3 and the MetUM is that
the former uses the Prognostic Cloud Prognostic Condensate
(PC2) scheme described in Wilson et al. (2008a,b). However,
the main difference between the MetUM and ACCESS1.3 is the
Commonwealth Science and Industrial Research Organisation
(CSIRO) Atmosphere Biosphere Land Exchange (CABLE) land-
surface scheme (Kowalczyk et al., 2006), which replaces the Joint
UK Land Simulator (JULES; Best et al.,, 2011, and references
therein).

ACCESS1.3isrun from 1978 to 2008 under Atmospheric Model
Intercomparison Project (AMIP) conditions (Gates, 1992; Gates
et al., 1999, give a description of the AMIP experimental design)
with prescribed, monthly sea ice and sea-surface temperatures
(SSTs). The SSTs and sea ice are updated using the AMIP-II
method (Taylor et al., 2000, give a description) and the model is
initialised using the conditions that corresponding to 1 January
1978. The first 23 months, during which time the model spins
up, are omitted from the subsequent analyses. The long-term
averages referred to in the text are taken over all simulated
December—January—February (DJF) seasons from 1979/80 to
2007/08.
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Figure 1. Coloured shading: DJF mean precipitation from (a) CMAP
(mmday~!), (b) ACCESS1.3 (mmday~') and (c) the difference between
ACCESS1.3 and CMAP (%). In (a) and (b), arrows show the respective vertically
integrated moisture flux (kg m~'s™!) between 925 and 500 hPa. In (c), the
solid (dashed) contours represent positive (negative) differences in the column-
integrated moisture between ACCESS1.3 and ERA-Interim (kg m~2).

2.2. Reanalysis and observational data

The ACCESS1.3 simulations are compared against mean sea
level pressure (MSLP), and 925hPa geopotential height and
wind field reanalyses from the European Centre for Medium-
Range Weather Forecasts (ERA-Interim; Dee et al, 2011)
from 1979/80 to 2007/08. The ERA-Interim reanalysis dataset
has a horizontal resolution 1.5° x 1.5°, and 37 vertical levels.
These data are bi-linearly interpolated to the grid resolution of
ACCESS1.3. The observations assimilated into ERA-Interim are
particularly sparse throughout northwest Australia, which may
introduce errors in the low-level, reanalysis-derived circulation
over land. Nonetheless, there are six radiosonde observation
stations across northwest Australia (with data available from
1979 onwards) that were used in ERA-Interim (Uppala et al.,
2005; Dee et al., 2011). Also, surface observations are available
from numerous Bureau of Meteorology (BoM) sites (Jones et al.,
2009, gives the locations of surface stations in Australia), which, in
combination with the upper-air soundings, should constrain the
reanalyses.

Climatologies of rainfall in the Australasian region are
calculated from the Climate Prediction Centre (CPC) Merged
Analysis of Precipitation (CMAP) data (Xie and Arkin, 1997).
CMAP uses a combination of model, satellite and rain-gauge
estimates of rainfall to provide a best estimate of the monthly
rainfall totals. Rainfall data are available from 1979 to 2009 at
a resolution of 2.5° x2.5°, which are interpolated to match the
grid resolution of ACCESS1.3. CMAP data are averaged over all
austral summers between 1979/80 and 2007/08 for comparison
with the ACCESS1.3 mean rainfall over the same period.

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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Figure 2. The relative contribution of 3 h rainfall to the daily rainfall (%; days without rainfall are excluded) derived from CMORPH for (a) 0800—1100 AWST, (b)
1100-1400 AWST, (c) 1400—1700 AWST, (d) 1700-2000 AWST, (i) 2000-2300 AWST, (j) 2300—0200 AWST, (k) 0200—0500 AWST and () 0500—0800 AWST.
(e)—(h) and (m)—(p) show corresponding times and rainfall analysis for ACCESS1.3 (1979/80 to 2007/08). The square, circle and triangle denote Mitchell Plateau,
Rabbit Flat and a point within the nocturnal rainfall peak in ACCESS1.3, respectively.

Although CMAP is useful for long-term climatological
averages, it does not provide information on the diurnal cycle of
precipitation. For this reason, rainfall rates are taken from the
Climate Prediction Center morphing (CMORPH) method dataset
(Joyce et al., 2004). The CMORPH rainfall data are available as
3h accumulations at 0.25°x 0.25° resolution between 60°N
and 60°S. These data are then re-gridded to the resolution of
ACCESS1.3 and used to evaluate the capability of the model
to represent the diurnal cycle of rainfall over the Australian
continent. Despite the 3h time resolution of the CMORPH
rainfall, the satellite-derived precipitation maximum corresponds
with the maximum in deep convective precipitation (cold cloud
tops and large hydrometeors), which may be delayed relative
to the surface observations that include earlier rainfall from
shallower clouds (Dai et al., 2007). As a consequence, we make
use of hourly pluviograph rainfall accumulations (provided by
the BoM) at Mitchell Plateau and Rabbit Flat (denoted by a square
and a circle, respectively, in Figure 2) to validate the diurnal cycle
of rainfall in both CMORPH and ACCESS1.3 at those stations.
The pluviograph records extend from 1989 to 2006 at Mitchell
Plateau and Rabbit Flat.

Following Berry et al. (2011), composites of the circulation
and geopotential height are derived from ‘dry’ and ‘wet’” days in
ACCESS1.3 to identify the changes in circulation that lead to the
initiation of rain. Only the first day of a rainfall event is used in
constructing the composites so that the conditions necessary for
the initiation of the rain can be isolated (to some degree) from the
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atmospheric response to that rainfall. The days with rainfalls less
than or equal to 0.2 mmday ™! and greater than 0.0 mm day !
are recorded as ‘trace’ values by the BoM and are not regarded
as rain days. Days with rainfall less than or equal to 0.2 mm will
therefore be considered as dry days with wet days defined as days
where the daily rainfall total exceeds 0.2 mm. The flow regimes in
which rain is initiated over northwest Australia in ACCESS1.3 are
identified and compared with the results in Berry et al. (2011).

All times in this analysis refer to Australian Western Standard
Time (AWST), which is 8 h ahead of Coordinated Universal Time
(UTC+3).

3. Rainfall

3.1.  Climatological mean
The mean grid-point precipitation for DJF from CMAP and
ACCESS1.3 are plotted in Figure 1(a, b), respectively. Overlaid in
Figure 1(a,b) are the vertically integrated moisture flux vectors,
which will be discussed in section 5. ACCESS1.3 captures the
higher rainfall in northern Australia and the reduction in rainfall
towards the south and west, along with higher rainfall on the east
coast than the west coast (the domain pattern correlation is 0.82).
Despite the strong spatial agreement, the root-mean-squared
error (RMSE) over the domain in Figure 1 is approximately
2.5mmday ! (approximately 58% of the plot-domain average).
The differences in precipitation between ACCESS1.3 and CMAP

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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Figure 3. Composite time series of the 3 h percentage contribution to the daily total precipitation in ACCESS1.3 (solid lines) and CMORPH (dot-dashed lines) at
Mitchell Plateau (red), Rabbit Flat (blue) and close to the centre of the ACCESS1.3 ‘Nocturnal Peak’ in rainfall (amber) seen in Figure 2. Also plotted are the composite
time series of the hourly percentage contribution of rainfall to the daily total taken from the BoM pluviograph data at Mitchell Plateau (black dashed line) and Rabbit
Flat (black dot-dashed line). Note the different vertical scales for the pluviograph (right axis) and CMORPH/ACCESS1.3 (left axis) data.

(normalised relative to CMAP) are plotted in Figure 1(c), which
shows that the precipitation is too high in the eastern half of
Australia and too low towards the northwest. In most areas
the magnitude of the difference is less than 50%, including
northwest Australia, which has a negative bias of up to —50%.
The dry bias over northwest Australia extends into the eastern
Indian Ocean and the southwest of the Maritime Continent
where it becomes even stronger. Although not shown here,
the geographical locations of the positive and negative biases
shown in Figure 1(c) are also apparent when the modelled
precipitation is compared to two further precipitation datasets
(from the Australian Water Availability Project and the Global
Precipitation Climatology Project, not shown). This indicates that
the differences in Figure 1(c) are primarily caused by deficiencies
in the model and not the observational errors.

3.2. Diurnal cycle

Composites of the 3 h percentage contribution of rainfall to the
daily total accumulation from CMORPH for 1998/99 to 2011/12
are plotted in Figure 2. (Days with zero rainfall are therefore not
included in the composites.) The relative contribution is used in
order to highlight clearly the timing of rain in areas with both
high and low daily accumulations. These composites indicate
that rain is initiated in the eastern half of the continent between
1100 and 1400 AWST (Figure 2(b); local time in that region is
AWST+2h) and is followed by an afternoon to evening peak in
rainfall between 1400 and 2000 AWST in the continental interior
and along the coast (Figure 2(c, d)). There is also evidence for a
second inland peak in rainfall during the night in the northwest
of the continent (Figure 2(i, j)).

In ACCESS1.3 the majority (greater than 32%) of the
daily accumulated rainfall over the northeast of the continent
falls between 0800 and 1400 AWST (Figure 2(e, f)), which is
approximately 6h earlier than the CMORPH-derived rainfall
(Figure 2(c,d)). Between 1400 and 1700 AWST there is very
little precipitation over much of the Australian continent in
ACCESS1.3 (Figure 2(g)) when there should be more than 16%
of the daily mean rainfall between these times (Figure 2(c)). The
model also produces a nocturnal peak in rainfall inland between
2000 and 2300 AWST, although its geographical expanse is larger
than the CMORPH rainfall (compare Figure 2(i) and (m)).
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The nocturnal inland rainfall continues into the early morning in
ACCESS1.3 (Figure 2(n, 0)), which is consistent with CMORPH
(Figure 2(j,k)) but the centre of the maximum between 2300
and 0200 AWST is displaced to the west in the model (compare
Figure 2(j) and (n)).

The data from BoM pluviograph sites at Mitchell Plateau (MP,
square in Figure 2) and Rabbit Flat (RF, circle in Figure 2) are
now used to validate the results from CMORPH and ACCESS1.3
given above. Hourly rainfall data are available at both MP and RF,
which means the diurnal cycle from the rain gauges at these points
can be compared directly with CMORPH and ACCESS1.3. Time
series of the mean diurnal cycle of rainfall from the model and
CMORPH at the grid points closest to MP and RF are plotted in
Figure 3 alongside the pluviograph records analysed by Berry et al.
(2011). In the pluviograph time series, the rainfall at MP peaks at
approximately 1630 AWST and in CMORPH the peak is between
1700 and 2000 AWST. In contrast, the model rainfall peaks too
early (at approximately 1230 AWST). Inland, the peak at RF is
close to 2130—0030 AWST in both the pluviograph observations
and CMORPH, whereas the model rainfall time series at RF
resembles the model time series at MP. However, there is a much
smaller secondary peak around 2130 AWST at RF, which suggests
that the rainfall at RF in the model displays the characteristics of
both rainfall in the late morning/early afternoon and overnight
(Figure 3).

The observed transition from the afternoon rainfall at the coast
to the nocturnal rainfall inland is not well represented by the
model in the vicinity of the pluviograph site at RF as it lies on the
boundary between the two regimes (Figure 2(f, m)). A third point
is therefore considered (denoted by the triangle in Figure 2) close
to the geometric centre of the nocturnal peak in rainfall between
2000 and 2300 AWST in ACCESS1.3 (Figure 2(m)) where the
model may be producing rain overnight for the correct physical
reasons. This point is referred to as ‘Nocturnal Peak’ (NP). The
composite rainfall time series at the NP point resembles both the
RF pluviograph data and the corresponding CMORPH grid point
at NP in Figure 3 (compare the amber solid and dot-dashed lines
with the black dot-dashed line). The model is therefore able to
represent the diurnal cycle of rainfall within the vicinity of the
NP point.

Rainfall in northwest Australia is strongly affected by the
internal dynamics of the heat low and the transport of moisture

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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Figure 4. DJF mean, MSLP (hPa) from (a) ERA-Interim reanalyses, (b)
ACCESS1.3 and (c) the difference between ACCESS1.3 and ERA-Interim. In
(c), positive (negative) MSLP anomalies are solid (dashed). Overlaid are the
925 hPa wind vectors (m s~ '; scale given in the bottom right corner of each panel)
from (a) ERA-Interim, (b) ACCESS1.3 and (c) ACCESS1.3 minus ERA-Interim.

into the region (as discussed in section 1). The following sections
will therefore investigate the representation of each of these
ingredients in ACCESS1.3 and compare them to the available
observational and reanalysis data.

4. MSLP and circulation

4.1.  Climatological mean

The mean MSLP for DJF in the Australian region from the
ERA-Interim reanalysis and ACCESS1.3 are shown in Figure 4.
The heat low over northern Australia is a prominent feature in
both the reanalysis and the model. High pressure centres lie over
the southern Indian Ocean (extending into the Great Australian
Bight) and the Tasman Sea in both Figure 4(a) and (b). The spatial
correlation between the climatological MSLP patterns over the
domains given in Figure 4(a) and (b) is approximately 1.0, which
indicates that the geographical distributions of higher and lower
MSLP are almost identical between the reanalysis and the model.

Despite the high spatial correlation, the MSLP is systematically
lower throughout northern Australia and the Maritime Continent
(Figure 4(c)) in the model. Consequently, the heat low and
monsoon trough are too strong. Conversely, the MSLP is too high
to the south of Australia and within the subtropical high pressure
systems (Figure 4(c)). The RMSE in the MSLP over the domain
used to plot Figure 4 is 1.7 hPa, which implies that model errors
in the MSLP of approximately 1-2hPa are typical throughout
this region.

The mean wind vectors in DJF at 925 hPa averaged over 1979/80
to 2007/08 from the ERA-Interim reanalyses, ACCESS1.3 and the
difference (ACCESS1.3 minus ERA-Interim) are also plotted in
Figure 4(a)—(c). In both the reanalysis and the model, there are
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easterly winds over most of Australia with westerlies in the
southeastern corner of the continent and over the ocean to the
south. The difference in the area-averaged zonal wind between
the model and the reanalysis (over the domain shown in Figure 4)
is —1.17ms™!, which is caused by the anomalous easterly flow
over much of the domain (Figure 4(c)). The anomalous easterlies
in the model compared to the reanalysis over the Australian
continent are consistent with the stronger south—north MSLP
gradient towards the heat low in the model (Figure 4(c)).

4.2.  Diurnal cycle

Figure 5(a)—(d) shows the MSLP over Australia from ERA-
Interim reanalysis at 0800, 1400, 2000 and 0200 AWST. The heat
low deepens throughout the morning and extends over a broad
area of northern Australia by 1400 AWST (Figure 5(b)) before
becoming shallower overnight with the lowest MSLP located over
northwest Australia (Figure 5(d)). Also plotted in Figure 5(a)—(d)
are wind vectors and the magnitude of the wind speed at 925 hPa.
The circulation associated with the heat low is stronger overnight
and is centred at approximately 22°S, 120°E (Figure 5(d)) with
north-to-northeasterly flow over much of northern Australia.
Another important feature is that the wind turns anticyclonically
with time overnight (compare Figure 5(c) and (d)) due to the
reduced boundary-layer stress after sunset once the nocturnal
boundary layer has formed (Arnup and Reeder, 2009).

ACCESS1.3 displays a similar diurnal variation in the pressure
field (Figure 5(e)—(h)); however, the MSLP is lower in the
model than in the reanalysis at all times in northern Australia
(Figure 5(i)—(1)). The flow around the heat low is similar in the
model and the reanalysis at 1400 AWST (compare Figure 5(b) and
(f)) with the smallest differences in MSLP and winds (Figure 5(j)).
The major differences between the ERA-Interim reanalysis and
ACCESS1.3 become apparent later in the day as the circulation
centre forms in the west of the continent (Figure 5(k) and (1)).
Although the location of the centre of the heat low circulation at
2000 AWST is similar for the reanalysis and the model (Figure 5(c)
and (g)), the air flow is more southerly in the model over much of
northwest Australia due to the negative MSLP bias (Figure 5(k)).
At 0200 AWST, the MSLP is still lower in the model relative to the
reanalysis, which causes an anomalous east/southeasterly flow in
northwest Australia (Figure 5(1)) .

The ageostrophic wind and convergence at 925 hPa from the
ERA-Interim reanalyses and ACCESS1.3 are plotted in Figure 6.
The reanalysis shows little ageostrophic flow or convergence early
in the morning (Figure 6(a)); however, by 1400 AWST, following
surface heating, a strong anticyclonic ageostrophic circulation
has formed around the heat low (Figure 6(b)). The ageostrophic
flow is the vector difference between the actual wind and the
geostrophic wind. As surface solar heating occurs in northwest
Australia, turbulent mixing causes the ambient wind speed to
become sub-geostrophic, which causes the ageostrophic flow to
be negative. As the flow is sub-geostrophic and cyclonic around
the heat low, the ageostrophic flow must be anticyclonic (as in
Figure 6(b)).

By 2000 AWST, the convergence maximum is centred inland
over central and western Australia (Figure 6(c)). The ageostrophic
wind turns anticyclonically towards the heat low following the
decoupling of the low-level flow from the surface (after the
formation of the nocturnal boundary layer), which results in the
formation of a nocturnal low-level jet over northwest Australia
(as described in Arnup and Reeder, 2007, 2009). The inland
convergence at the exit of the low-level jet persists overnight but
weakens along with the ageostrophic flow in the early hours of
the morning (Figure 6(d)).

ACCESS1.3 displays a similar diurnal cycle to the ERA-Interim
reanalysis with weak ageostrophic flow and convergence early in
the morning (Figure 6(e)), which strengthens into an anticyclonic
ageostrophic circulation with coastal convergence (Figure 6(f)).
The centre of the anticyclonic ageostrophic circulation is located

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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Figure 5. Composited DJF MSLP (hPa) and 925hPa wind vectors (ms~; scale given in the top left corner of each panel) from ERA-Interim reanalyses at (a)
0800 AWST, (b) 1400 AWST, (c) 2000 AWST and (d) 0200 AWST, from ACCESS1.3 at (e) 0800 AWST, (f) 1400 AWST, (g) 2000 AWST and (h) 0200 AWST and
the difference between ACCESS1.3 and ERA-Interim at (i) 0800 AWST, (j) 1400 AWST, (k) 2000 AWST and (1) 0200 AWST. Positive (negative) MSLP anomalies in

(i)—(1) are solid (dashed).

further north in the model than in the reanalysis (compare
Figure 6(b) and (f)). By 2000 AWST, ACCESSI.3 has the
nocturnal low-level jet and convergence inland (Figure 6(g)) like
the reanalysis; however, the strongest convergence is displaced
northward in the model compared to the reanalysis (compare
Figure 6(c) and (g)). This northward displacement of the strongest
convergence in ACCESS1.3 compared to ERA-Interim reanalysis
then persists overnight (compare Figure 6(d) and (h)) and,
consequently, the northerly ageostrophic flow remains closer to
the north coast in the model.

5. Moisture transport
5.1.  Climatological mean
The vectors in Figure 1(a,b) show the time-averaged, vertically

integrated moisture flux (F,, kgm™!s™!) between 925 and
500 hPa calculated using Eq. (1) (from James, 1994):

1 (9%
F, = - / vrdp .
& J500

(1)

Here v is the wind velocity (ms™'), r is the humidity mixing
ratio (kgkg™!), p is the pressure (Pa) and g is the gravitational
acceleration (9.81 ms™2). Pressure levels above 500 hPa are not
included in the integration (Eq. (1)) as the atmosphere is very dry
above this level and the features in Figure 1 do not change when
those higher levels are included (not shown).

The ERA-Interim moisture fluxes are easterly over northwest
Australia and southeasterly over northeast Australia, which
indicates a transport of moisture from the Coral Sea to
northern Australia (Figure 1(a)). The moisture flux is more
southeasterly in ACCESS1.3 in central and northwest Australia
(Figure 1(b)). The difference in the vertically integrated moisture
between ACCESS1.3 and the ERA-Interim reanalysis is plotted
in Figure 1(c). The vertically integrated moisture in ACCESS1.3
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is considerably lower over western Australia (1 to > 5kgm™?

lower), the eastern Indian Ocean and the southwest of the
Maritime Continent (> 5kgm ™2 lower) than for the reanalysis,
which corresponds well with the region of decreased rainfall
relative to CMAP (Figure 1(c)).

5.2, Wet versus dry days

Composites for the wet and dry days defined in section 2 at the
ACCESS1.3 grid points corresponding with MP, RF, and NP are
plotted in Figure 7 to identify the changes in circulation and the
associated moisture transports necessary for precipitation.

At MP (square in Figure 7(a)—(c)), wet days occur in
ACCESS1.3 when the heat low weakens over northern Australia,
which causes a small reduction (& 1 ms™!) in the westerly wind
field at the coast around MP. Apart from the slight increase in
geopotential height (& 2 m over MP) and weak decrease in the
westerly flow, there is little difference between the circulation on
wet and dry days at MP.

At RF, a centre of low geopotential height forms to
the northwest of the RF grid point, switching the flow
from a southeasterly to a northeasterly (Figure 7(d)-(f))
and bringing rain. Similarly, at NP, a change in the wind
direction from southeasterly to northeasterly is associated with
rainfall (Figure 7(g)—(i)), which is caused by a southwestward
displacement of the low geopotential height from 17°S to 22°S
(compare Figure 7(g) and (h)).

Berry et al. (2011) identified the sources of moisture when it
rains at MP and RF with a back-trajectory analysis. The same
method is applied to ACCESS1.3 with the trajectories calculated
back to 10 days before the rain began (Figure 8). At MP, the air at
925 hPa crosses the ocean to the west of Australia on both wet and
dry days (Figure 8(a, b)). On wet days at MP in ACCESS1.3, the air
at 850 hPa originates from near the southern Coral Sea whereas
on dry days it comes from the eastern Australian continent.
Nonetheless, as with the 925 hPa flow (Figure 7(a,b)) the back
trajectories are similar for both wet and dry days.

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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Figure 6. Composited DJF ageostrophic wind vectors (ms™; scale given in the bottom right corner of each panel) at 925 hPa for ERA-Interim reanalyses at (a)
0800 AWST, (b) 1400 AWST, (c) 2000 AWST and (d) 0200 AWST and from ACCESS1.3 at (e) 0800 AWST, (f) 1400 AWST, (g) 2000 AWST and (h) 0200 AWST .
Shaded areas indicate places where the magnitude of the convergence >| 5.0 x 107°|s~! (light shading) and >| 1.0 x 107> | s~! (dark shading).

At RF (Figure 8(c, d)) low-level moisture comes from the ocean
to the northwest of Australia and from the Coral Sea (to the east)
on wet days. For the dry composites, the air at RF originates from
the south Coral Sea at low levels and has to cross the continent
before reaching RF.

Back trajectories are also shown for the NP point for the wet
and dry composites (Figure 8(e,f)). As with RF, the moisture
source is to the north and east of NP at low levels (below 700 hPa)
and appears to be the Coral Sea. In the dry composite at NP, the
low-level air originates from further south and east (Figure 8(f)).

6. Discussion

6.1.  Climatology

The climatological pattern of MSLP is represented well in
ACCESS1.3, with the spatial correlation between the ERA-Interim
and modelled MSLP approximately 1.0. Nevertheless, there are

(© 2013 Royal Meteorological Society

errors in the modelled MSLP field over northwest Australia. For
example, the MSLP is 1 -2 hPatoo low over northern Australiaand
1-3hPa too high to the south, which results in an anomalously
strong easterly flow over the continent (Figure 4(c)). The 1-2 hPa
lower MSLP within the vicinity of the heat low in the model is
also likely to cause the anomalous south-to-southeasterly flow
across northwest Australia. Garcia-Carreras et al. (2013) also
found similar MSLP biases in the Saharan heat low in the
operational version of the MetUM and suggest that the convective
parametrisation is responsible for this bias.

There is a high spatial correlation (0.82) between the CMAP
precipitation and ACCESS1.3 throughout the Australian region;
however, there is disagreement between the model and CMAP.
There is a negative precipitation bias over much of the northwest
of Australia in ACCESSI.3, which extends into the Indian
Ocean towards the southwest of the Maritime Continent and
corresponds with a region where the atmospheric moisture
contents (below 500hPa) are from 1 to more than 5kgm™2

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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Figure 7. Daily mean geopotential heights (m) and wind vectors (ms™'; scale given in the bottom right corner of each figure) at 925 hPa composited by (a) wet and
(b) dry days and (c) wet minus dry days at Mitchell Plateau (square). (d)—(f) and (g)—(i) are as (a)—(c), but the compositing was done at Rabbit Flat (circle) and the
‘Nocturnal Peak’ (triangle), respectively. In (c), (f) and (i), shaded (solid unshaded) contours indicate negative (positive) geopotential height anomalies.

too low (Figure 1). Neale and Slingo (2003), using an older
version of the MetUM, show that an inadequate representation
of the Madden—]Julian Oscillation, the islands of the Maritime
Continent and their associated diurnal cycle (including land—sea
breezes) are likely to be responsible for the dry bias in the eastern
Indian Ocean. Furthermore, Martin et al. (2006) show that the
east Indian Ocean dry bias develops within the first 2—5 days of
simulations (with a later version of the MetUM), and suggest that
the error is related to the convection scheme. As similar dry bias
patterns have been found in even later versions of the MetUM
(Walters et al., 2011), it is unlikely that the dry bias (Figure 1(c))
had been resolved before the development of ACCESS1.3, which is
based on the MetUM. Neale and Slingo (2003) also suggest that the
lack of cumulus congestus development over the ocean adjacent
to the Maritime Continent in the MetUM reduces the moisture
transport from the surface to the mid- to lower troposphere. This
is also consistent with the dry bias over the ocean to the north and
west of the Australian continent in Figure 1(c). Nonetheless, the
dry bias may also be enhanced by the anomalous southeasterly
moisture flux across Australia in ACCESS1.3 as airstreams from
the southeast are likely to have a more continental trajectory and
consequently are drier. The southeasterly moisture flux across
Australia in the model is also likely to be responsible for the
positive rainfall bias in the southeast (Figures 1(c) and 4(c)).

6.2.  The diurnal cycle and moisture sources

The diurnal cycle of rainfall over the north and east of the
Australian continent differs between the model and the CMORPH
dataset (Figure 2). The precipitation is initiated too early in the
model with the majority of the rain falling between 0800 and
1400 AWST instead of between 1400 and 2000 AWST, as seen
in the CMORPH data. The rainfall in the east of the continent
may be partially driven by the stronger (1-2ms™!) onshore
easterlies in ACCESS1.3 compared to the reanalysis between 0800
and 1400 AWST (Figure 5(i,j)); however, the rainfall over the
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continent in ACCESS1.3 between 0800 and 1400 AWST is not
confined to the eastern coastline.

The early rainfall may also be caused by the premature
triggering of convection in the model (compared to the real
world), which is a known problem within GCMs (Yang and
Slingo, 2001; Dai and Trenberth, 2004; Dai, 2006; Stratton
and Stirling, 2011) including ACCESS (Brown et al., 2010).
Composites of the 3h percentage contribution of rainfall from
deep and mid-level convection (separately) to the daily total
accumulation of all convective rain are plotted in Figure 9. (Once
again, days with zero rainfall are therefore not included in the
composites.) The convection in ACCESS1.3 is defined as ‘deep’
when air parcels, lifted adiabatically from within the boundary
layer, are still buoyant above 2500 m or the 0°C level (Maidens
and Stratton, 2006). Therefore, deep convection is triggered when
the boundary layer is destabilised (in this case from solar heating)
within a grid box.

The region of precipitation in the eastern half of Australia
where more than 16% of the daily rainfall occurs between 0800
and 1100 AWST (Figure 2(a)) and between 1100 and 1400 AWST
(Figure 2(b)) corresponds well with the region where more than
12% of the daily convective rainfall is from deep convection
between 0800 and 1100 AWST (Figure 9(a)) and more than
16% between 1100 and 1400 AWST (Figure 9(b)). From 1400 to
2000 AWST (Figure 9(c, d)) there is very little rainfall from deep
convection over Australia (less than 12% except in the far north)
within the model when, in the observations, more than 16% of
the rainfall occurs during this time over much of the continent
(Figure 2(c,d)). From 1700 to 0800 AWST there is very little
rainfall from deep convection over the continent in ACCESSI.3
(less than 4%; Figure 9(d)—(h)) and most of the rainfall from deep
convection has finished by 1400 AWST (although there is some
mid-level convective precipitation between 1700 and 2000 AWST;
Figure 9(1)). The early onset of rainfall in the north and east of the
continent therefore appears to be primarily caused by the early
triggering of convection within ACCESS1.3.

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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Nevertheless, there is a region over northwest Australia
where the majority of the precipitation falls between 2000
and 0200 AWST in ACCESS1.3 (Figure 2(m, n)) and CMORPH
(Figure 2(i,j)). The increased nocturnal rainfall corresponds with
a region of strong convergence in ACCESS1.3 (Figure 6(g,h))
and the ERA-Interim reanalyses (Figure 6(c, d)).

Overnight the low-level air accelerates toward the heat
low centre, which results in strong convergence in both the
model and the reanalysis (Figure 6) and hence the nocturnal
precipitation. Moreover, more than 16% of the convective
precipitation between 2000 and 2300 AWST is from mid-level
convection (compare Figure 2(m, n) with Figure 9(m, n)), which
is defined in ACCESS1.3 as convection that occurs above the
boundary layer —in this case above the nocturnal boundary layer.
This suggests that ACCESS1.3 can reproduce the continental-
wide reorganisation of the flow from day to night and the
rainfall associated with it. Nonetheless, there is strong nocturnal
convergence in northern Australia (north of 20°S) that is co-
located with little overnight precipitation (compare Figure 6(g, h)
with Figure 2(m,n)). This area coincides with the location
of deep convection earlier in the day (Figure 9(a)-(c)) and
suggests that the mid-level convection is largely restricted to the
areas where deep convection has not previously removed the
instability.

(© 2013 Royal Meteorological Society

The 925hPa convergence for wet and dry days at the
corresponding ACCESS1.3 grid points used in Figure 3 for MP,
RF and NP are plotted in Figure 10. The time series at RF
shows that the convergence is stronger during the day and weaker
overnight on wet days than on dry days, although the convergence
strengthens overnight in both the wet and dry composites. The
stronger morning-to-afternoon convergence at RF on wet days
agrees well with the majority of the rain falling at this grid point
in the late morning or early afternoon. Similarly, at MP and
NP the convergence has a tendency to be slightly stronger on
wet days and the strongest convergence corresponds well with
the largest rainfall during the diurnal cycle (compare Figures 3
and 10). Nevertheless, convergence still occurs at MP, RF and
NP on dry days (Figure 10), which is also seen in Berry et al.
(2011). Therefore, while the local convergence may play a role
in triggering convection in the model (as convergence occurs
on both wet and dry days), there must be another factor that
determines whether or not it rains.

In order for rainfall to occur, there must be sufficient moisture
available as no amount of convergence will produce rainfall
if the atmosphere is dry. At MP, on the northwest Australian
coast, there is little difference between the low-level air flows
on wet and dry days in the model (Figures 7 and 8), with
weak (& I ms~!) anomalous southeasterly flow on wet days

Q. J. R. Meteorol. Soc. 140: 2515-2526 (2014)
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(Figure 7(c)). The representation of air flow on wet days in
ACCESS1.3 differs from the analysis of Berry et al. (2011), which
shows that westerly anomalies are associated with rainfall at MP.
Therefore the model does not simulate the large-scale circulation
correctly on wet days at MP. However, the rainfall at MP appears
to be primarily from deep convection (Figure 9(b,c)), which
may be driven by local instability (surface solar heating) and
moisture availability (in this case from the adjacent ocean). The
large-scale atmospheric flow may therefore be less important
for precipitation at MP in ACCESS1.3 than in reality (Berry
et al., 2011). Also, the anomalous low-level flow in Figure 7(c)
may just be the local atmospheric response to the presence of
deep convection there. Moreover, rainfall is very sensitive to the
representation of air flow at coastal grid points (for example over
the Maritime Continent; Neale and Slingo, 2003; Walters et al.,
2011) and errors in the circulation over the land/sea interface may
also be contributing to the airflow differences between ACCESS1.3
and the Berry et al. (2011) study.

Atthe RF grid pointin ACCESS1.3, the low-level wind direction
changes from a dry southeasterly on dry days (originating over
the continental interior, Figure 7(e)) to a moist northeasterly
on wet days (originating from the Coral Sea and the Gulf of
Carpentaria, Figure 7(d)) following an anomalous decrease in
geopotential height over northwest Australia. This change in air
flow agrees well with the analysis of Berry et al. (2011). The back
trajectories from the wet composite (Figure 8(c)) also indicate
that the air has come from the north and east below 850 hPa,
which also agrees very well (Berry et al., 2011). Nevertheless,
when it does rain at RF in ACCESS1.3, it rains too early in the
day (as shown in Figure 3), which is associated with the triggering
of the deep convection scheme (Figure 9(a, b)) as the timing of
the maximum convergence is after the peak rainfall (compare
Figures 3 and 10). However, there is a tendency for more rainfall
around 2130 AWST than at 1830 AWST, which corresponds with
the timing of the strongest convergence (compare Figures 3 and
10). The RF grid point is on the edge of the region between the
deep and mid-level convective regimes (Figure 9) and is likely to
be displaying properties of both.

Precipitation at the NP grid point (as with RF) occurs as a result
of a change in wind direction from southeasterlies of continental
origin on dry days (Figures 7(h) and 8(f)) to northeasterlies on
wet days with the air originating from the Coral Sea (Figures 7(g)
and 8(e)). This suggests that rainfall occurs inland in the vicinity
of NP as a result of a moisture flux from the northeast and not
from the adjacent Indian Ocean, which is geographically closer.

The results discussed above imply that, while the diurnal
cycle of convergence is important for the timing of rainfall (as
convergence still occurs above MP, RF and NP in the model on
dry days; Figure 10), the low-level flow governs whether it rains or
not at NP and RF in particular and to a lesser extent at MP where
precipitation is primarily from deep convection in the model.

7. Conclusions

The aims of this work were to evaluate the diurnal cycles of both
the rainfall and circulation within ACCESS1.3, and then to find
out whether the modelled rainfall was produced under the correct
flow regime. This work has shown that:

e The climatological representations of rainfall and MSLP
in the model have high spatial correlations with the
observational fields (0.82 and 1.0, respectively); however,
the model has a large dry bias over northwest Australia
(10% to more than 50% less rainfall) and the MSLP is
systematically too low by 1 -2 hPa across northern Australia
(leading to anomalous easterlies at low levels).

e The model initiates rain 3 to 6 h too early in the east and
north of Australia; this is associated with the premature
triggering of deep convection (a common problem in
GCMs).

(© 2013 Royal Meteorological Society
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e The timing and location of nocturnal rainfall over
northwest Australia is comparable between the model and
CMORPH.

e The inland, nocturnal rainfall in northwest Australia cor-
responds with increased convergence overnight following
a continental-wide reorganisation of the flow around the
heat low, which is also seen in the observations.

o A westerly flow at low levels brings the necessary moisture
for rainfall at the coast of northwest Australia; however,
an anomalous southeasterly (weakened westerly) is present
on days when rain is initiated relative to dry days, which
does not agree with Berry et al. (2011).

e Over northwest Australia, moisture is transported at low
levels from the Gulf of Carpentaria and the Coral Sea into
the continental interior (northeasterly flow) to initiate rain,
which agrees with Berry et al. (2011).

This study shows that the model is not able to represent
the timing of convective rainfall over much of the north and
east of the Australian continent. Nevertheless, over northwest
Australia, the model is capable of representing both the nocturnal
convergence and the necessary moisture transports for rainfall to
occur. This may imply that other models of a similar resolution
(such as those in the CMIP5 ensemble) are able to represent
the same processes over northwest Australia. Therefore, as part
of a continuing program of research, the latest CMIP ensemble
(CMIP5, to which ACCESS1.3 is a contributing model) will be
analysed in a similar way to the study presented here.
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