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The diurnal cycle of precipitation in the tropics is represented poorly in general

circulation models (GCMs), which is primarily attributed to the representation of moist

convection. Nonetheless, in areas where precipitation is driven by the diurnal cycle

in the synoptic-scale flow, GCMs may represent that circulation-rainfall relationship

well. Over north-west Australia there is a tendency for precipitation to peak overnight

where the diurnal cycle of the heat low circulation leads to the development of strong

convergence after local sunset. In order to assess the heat low–precipitation relationship

in more detail, a case study approach is used to investigate the actual ”weather”

that is responsible for nighttime precipitation. The study shows that, where there is

sufficient moisture, precipitation typically forms along convergence zones that coincide

with boundaries between relatively moist and dry air masses (termed a ”dryline”). A

convergence line detection algorithm is then used to identify the fraction of observed

nocturnal rainfall that is associated with any convergence zones. The same evaluation is

then undertaken for a relatively high (MetUM) and low-resolution (ACCESS1.0) GCM,

which simulate similar rainfall-generation processes to the observations. Finally, the

convergence line detection/precipitation algorithm is run on other GCM data (from

CMIP5) to see whether the same processes occur despite different model configurations

(i.e. physics), which appears to be the case.
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1. Introduction and aims

Within the tropics and sub-tropics, precipitation maxima tend to

occur in the mid-to-late afternoon (Yang and Smith 2006). Despite

a good understanding of the physical processes that cause the mid-

afternoon peak in rainfall, General Circulation Models (GCMs)

simulate the timing (and intensity) of the rainfall maximum poorly

(Yang and Slingo 2001; Dai 2006; Dirmeyeret al. 2012). The

poor representation of daytime, tropical precipitation in GCMs

is primarily caused by the parametrization of convection (Betts

and Jakob 2002a,b; Dai 2006; Neale and Slingo 2003; Stratton

and Stirling 2012; Yang and Slingo 2001). Nevertheless, where

tropical and sub-tropical precipitation maxima are not driven by

daytime solar heating (such as over north-west Australia, see

Berry et al. 2011), GCMs may be able to simulate the processes

that cause rainfall correctly.

The development of a heat low over north-west Australia

during the austral summer (December, January, February—from

now, DJF) is important in causing precipitation to occur after

sunset (Berryet al. 2011). The development of the nocturnal

boundary layer reduces the low-level friction, which allows air

parcels to accelerate down-gradient and converge (the process

is discussed in more detail in Racz and Smith 1999; Spengler

et al. 2005; Spengler and Smith 2008). This continental-scale

reorganisation of the heat low circulation is actually represented

well in low-resolution GCMs, and there is evidence that the

associated nocturnal convergence initiates precipitation (see

Ackerley et al. 2014, 2015). Nevertheless, the actual ”weather”

processes that occur on sub-daily timescales are not investigated in

the observational study of Berryet al. (2011) or the GCM studies

of Ackerleyet al. (2014, 2015), who both use composite averages

to infer the precipitation–circulation relationship. Therefore, in

order to properly identify whether the nocturnal precipitation

is simulated correctly in the models, an understanding of the

physical processes that occur on sub-daily time scales is required.

The daily-to-sub-daily atmospheric processes that cause

nocturnal precipitation in the real world and a selection of GCMs

is presented in this study. Using a combination of case studies and

composites (climatologies), the aims of this paper are to:

(i) Investigate the role of the north-west Australian heat low in

the formation of nocturnal convergence and precipitation;

(ii) Identify how the diurnal (sub-daily) reorganisation of the

flow around the heat low acts to initiate or maintain

precipitation after sunset;

(iii) Identify where that precipitation forms in relation to the

heat low centre;

(iv) Investigate whether GCMs can also represent the same

physical processes and also simulate nocturnal rainfall for

the right reasons.

As parametrized convection is used extensively in atmospheric

modelling (and in simulations of future climate), this study

focuses only on such models. This study does not address the

errors in the simulated daytime precipitation as the reasons for

such errors are documented elsewhere (Betts and Jakob 2002a,b;

Dai 2006; Neale and Slingo 2003; Stratton and Stirling 2012;

Yang and Slingo 2001).

This paper explores the resolution dependence of GCM-

simulated nocturnal rainfall by using relatively high (approxi-

mately 12 km grid spaced Met Office Unified Model—MetUM)

and low resolution (∼100 km grid spaced Australian Community

Climate and Earth System Simulator—ACCESS) model simula-

tions. The study is then extended to a selection of GCMs from the

Fifth Coupled Model Intercomparison Project (CMIP5) to evalu-

ate whether the processes that cause nocturnal rainfall are model

dependent or not, which is an approach that is also undertaken in

Vellinga et al. (2016). If the sub-daily, nocturnal rain-generating

processes are modelled correctly, then such mechanisms may also

be correct in (for example) climate change projections. Moreover,

if the GCMs simulate the processes well over north-west Australia

they may also do well in other regions of the globe (e.g. the West

African monsoon surge and the low-level nocturnal jet over North

America, see Parkeret al. 2005; Daiet al. 1999, respectively).

Nevertheless, the impact of future climate change on nocturnal

rainfall and expanding the analysis beyond north-west Australia

are beyond the scope of this study, and remain a subject for future

work.

Section 2 outlines the data and methods used in this

study. Section3 describes the physical processes that cause

nocturnal precipitation over north-west Australia. An evaluation

This article is protected by copyright. All rights reserved.
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of these processes in high-resolution and low-resolution GCMs is

presented in Sections4 and5, respectively. A selection of CMIP5

models are assessed in Section6 to identify whether other GCMs

can represent the same physical processes described in Sections3

– 5. The final discussion and conclusions are given in Section7.

There is also a significant supplementary material section where

other case studies are presented from the analysis in Sections3, 4

and5, which provides further evidence to validate our hypotheses.

2. Data and models

2.1. Datasets

2.1.1. Reanalysis

The dynamical and thermodynamical properties of the atmosphere

(zonal and meridional flow, mean sea level pressure, specific

humidity and air temperature) from the European Centre for

Medium-Range Weather Forecasts Interim Reanalysis (ECMWF

ERA-Interim, Deeet al. 2011, from now ERA-Interim) are used

to understand the physical processes that cause nocturnal rainfall

over north-west Australia. Data are taken from the ERA-Interim

archive for each DJF from 1979/80–2012/13. The 6-hourly data

are available at 0800, 1400, 2000 and 0200 Australian Western

Standard Time (AWST, UTC+8 hours). The ERA-Interim data

are used to make composites of the diurnal circulation over the

Australian continent for the 34 DJFs available (Section3.1) and,

to identify heat low centres associated with the specific case study

given in Section3.2.

In order to better identify the weather features (e.g. convergence

zones) that are important for the development of nocturnal

precipitation, this study also uses the high-resolution (25 km

grid spacing) ECMWF-YOTC (Year Of Tropical Convection

Moncrieff et al. 2012) temperature, circulation and moisture

content dataset. The ECMWF-YOTC (from now YOTC) data are

available from May 2008–April 2010, which provides a relatively

narrow time frame (only 2 years) from which to identify nocturnal

rainfall events. Nevertheless, several cases where precipitation

increases or is initiated overnight are identified during the two-

year period. For brevity, only one case on 10th–11th January

2010 is discussed in the main text; however, two other cases

are presented (11th–12th and 12th–13th January 2010) in the

supplementary material (Sections S1.1 and S1.2) as further

evidence. The YOTC data therefore, provide more detail (i.e.

higher resolution) on the specific case study described in Section

3.2.

While reanalysis data are not observations and may have

significant biases in areas with a sparse observational network

(e.g. sub-Saharan Africa see, Garcia-Carreraset al.2013; Roberts

et al.2015), over north-west Australia there are numerous surface

observations with which to constrain the model∗. The reanalysis

data provide a 6–hourly, instantaneous measure of the state of the

atmosphere. The YOTC and ERA-Interim meridional, zonal and

vertical winds, and specific humidity (all taken on pressure levels

e.g. 925 hPa) are used in this study

2.1.2. Precipitation

In order to assess the processes leading to nocturnal rainfall over

north-west Australia, 3-hourly rainfall from the CPC morphing

method (CMORPH) dataset (Joyceet al. 2004) are used for

the period 1998–2014. The gridded CMORPH data have a

latitude-longitude spacing of 0.25◦ x 0.25◦ between ±60◦

(latitude). Consecutive 3-hourly CMORPH data are summed

to give accumulations±3 hours of the reanalysis data times

(i.e. 0500–1100, 1100–1700, 1700–2300 and 2300–0500 AWST).

Given that the reanalysis data provide a 6-hourly instantaneous

”snapshot” of the atmosphere, but the precipitation dataset used

is an accumulation±3 hours of the analysis times, an exact

co-location of important circulation features (e.g. convergence

zones) with the analysed precipitation should not be expected.

The CMORPH data are used to produce composites of the diurnal

cycle in precipitation over Australia over all available DJFs (16

years, Section3.1) and to identify the location of precipitation in

the case study (Section3.2).

The main limitation of the CMORPH data is associated with

the satellite-derived maximum in rainfall being later that that of

rain gauge estimates (Daiet al. 2007). Nevertheless, Ackerley

et al. (2014) showed that the timing of the CMORPH-derived

precipitation maximum over north-west Australia agrees well

with surface-based pluviograph measurements from Berryet al.

(2011). Therefore the 6-hourly CMORPH estimates are unlikely

∗seehttp : ==www:bom:gov:au=wa=observations=map:shtml

This article is protected by copyright. All rights reserved.
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to be affected by the delay in peak rainfall described by Daiet al.

(2007).

2.2. Models

2.2.1. MetUM with 12 km grid spacing (Par12k)

A global, high-resolution (0.175◦ longitude by 0.117◦ latitude,

equivalent to 12 km grid spacing at mid-latitudes) Global

Atmosphere/Global Land (GA4, Walterset al. 2014) version of

the Met Office Unified Model (MetUM) is used in this study

(and referred to throughout as Par12k). Finer details of the

experimental setup and model parametrizations are given in Birch

et al. (2015) and Walterset al. (2014). Pertinent to this study

is the representation of convection within the model, which is

parametrized (Gregory and Rowntree 1990) and the same scheme

is used by the low-resolution GCM (ACCESS) described below.

The model uses prescribed (daily) sea surface temperatures and

sea ice concentrations from Operational Sea Surface Temperature

and Sea Ice Analysis (OSTIA, Donlonet al. 2012) dataset. The

model was initialised in March 2008 in a ”free-running” mode

(i.e. no data assimilation). DJF data are taken from a three year

period (2008–09, 2009–10 and 2010–11) for use in this analysis.

While the SST field is representative of the observed state during

2008–2011, the actual weather systems will not match those that

actually occurred between these dates. Therefore, the reference

to specific dates is somewhat arbitrary and serves only for ease of

viewing for the reader. Composites of circulation and precipitation

are made for all three DJFs (Section4.1) and the circulation and

precipitation associated with the specific case study are described

in Section4.2. For brevity, only one case on 16th–17th January

2010 is discussed in the main text for Par12k; however, two other

cases are presented (17th–18th and 18th–19th January 2010) in

the supplementary material (Sections S2.1 and S2.2) as further

evidence.

2.2.2. ACCESS1.0

The atmosphere-only component of the Australian Community

Climate and Earth System Simulator version 1.0 (ACCESS1.0)

is used in this study and is very similar to the HadGEM2(r1.1)

version of the MetUM (Hewittet al. 2011; Martinet al. 2011).

The version of ACCESS1.0 used here comprises 38 vertical

levels and has a grid spacing of 1.875◦ longitude by 1.25◦

latitude (∼150 km grid spacing; see Allcock and Ackerley 2016,

for more details). Parametrized physical processes within the

model include radiation, surface energy exchange, precipitation,

clouds and convection. For a more detailed discussion of

the ACCESS1.0 configuration see Biet al. (2013). Despite

ACCESS1.0 comprising an older configuration of the MetUM

than Par12k, the compatibility of the convection schemes

(ACCESS1.0 also uses the Gregory and Rowntree 1990, scheme)

provides a platform from which to compare a lower (ACCESS1.0)

and higher (Par12k) resolution model more directly. Furthermore,

as ACCESS1.0 is one of the models used in the Fifth Coupled

Model Intercomparison Project (CMIP5), the analyses used to

compare Par12k with ACCESS1.0 can then be extended into the

CMIP5 models too (see below).

The ACCESS1.0 simulation is run from 1st January 1978 to

1st March 2001 with prescribed monthly sea surface temperatures

(SSTs) and sea ice conditions as per the specifications

of an ”Atmosphere Model Intercomparison Project” (AMIP)

experiment (Gates 1992; Gateset al. 1999; Tayloret al. 2000),

whereby monthly SST and sea ice are interpolated and updated

daily. The first eleven months (January–November 1978) are

disregarded to allow for the model to ”spin-up” then each

subsequent DJF (1979–2001) is considered for the analysis

below (Section5). Again (as with Par12k), while the SST

field is representative of the period 1979–2001, the actual

weather systems will not match those that actually occurred on

those specific dates (and those of the presented case studies—

see Section5.2). Therefore, the reference to specific dates is

somewhat arbitrary and serves only for ease of viewing for the

reader. Composites of circulation and precipitation are made for

all 21 DJFs (Section5.1) and the circulation and precipitation

associated with the specific case study are described in Section

5.2. For brevity, only one case on 8th–9th February 1983 is

discussed in the main text for ACCESS1.0; however, two other

cases are presented (9th–10th and 10th–11th February 1983) in

the supplementary material (Sections S3.1 and S3.2) as further

evidence.

This article is protected by copyright. All rights reserved.
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2.2.3. CMIP5 models

The models used in this study, their horizontal and vertical

resolutions, and their relevant references are listed in Table1.

Nine different model simulations were chosen and are identical

to those used in Ackerleyet al. (2015). Data are taken from the

AMIP simulations from the fifth Coupled Model Intercomparison

Project (CMIP5, Tayloret al. 2012). The AMIP simulations are

used here to extend the analysis presented in Ackerleyet al.(2015)

by applying the convergence line algorithm, described in Section

2.4below, to the 2000 AWST and 0200 AWST 925 hPa circulation

and precipitation (all DJFs from 1979/80–2007/08, 29 years). A

more in-depth discussion of the models used in this study (and

their biases) are presented in Ackerleyet al. (2015), which the

reader is referred to for more details. Here, the focus is on the

nocturnal (2000 and 0200 AWST) circulation and precipitation

only (see Section6).

2.3. Heat low detection

Heat lows are detected in the 6-hourly ERA-Interim reanalysis,

and the Par12k and ACCESS1.0 model data, using the method

described by Lavender (2017). This detection algorithm analyses

regions that exceed the daily 90th percentile threshold of 850

hPa potential temperature for low pressure systems with heat low

characteristics. To be defined as a heat low the mean sea-level

pressure must be a minimum relative to surrounding grid points

and there must be a cyclonic circulation at 850 hPa and an anti-

cyclonic circulation aloft (500 hPa). Due to the limited time period

of the case studies (i.e. one full 24-hour period), no tracking of the

systems is done in the present study.

2.4. Convergence line/zone identification

Horizontal wind fields from reanalysis and climate model data

sets are examined using the objective instantaneous convergence

line identification method described in detail by Welleret al.

(2017), which is a modified version of that developed by Berry and

Reeder (2014). Convergence line points are identified as locations

of minima in the divergence field, and a line-joining algorithm is

used to link the points into organised convergence lines. In the

current study, the method is applied to 6-hourly divergence fields

calculated at 925 hPa.
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Figure 1. The mean contribution (%) of nocturnal (2000–0800 AWST) rainfall
to the daily total (0800–0800 AWST) from (a) CMORPH, (b) Par12k and, (c)
ACCESS1.0. (d) The mean diurnal cycle of precipitation (mm 3hr−1) within the
boxed region (120◦E–130◦E and 18◦S–25◦S) in Figs. 1(a)–(c) for CMORPH
(black line), Par12k (purple line) and ACCESS1.0 (blue line).

To examine precipitation associated with convergence lines, the

same technique described in Welleret al. (2017) is employed.

Precipitation is associated with objectively identified convergence

lines when they are found to occur within close proximity to each

other for each 6-hourly field. In the current study, a surrounding

box (±1 grid point in size) is searched for the existence of an

identified convergence line for each rain grid point. The search

accounts for any rainfall that may be related to a broader, synoptic-

scale system that is associated with any such convergence line.

In this paper the terms ”convergence line” and ”convergence

zone” are considered to be equivalent and are used interchange-

ably.

This article is protected by copyright. All rights reserved.
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Table 1. The CMIP5 models, their horizontal grid spacing and number of vertical levels, and the relevant references.

Model Resolution References
[horizontal] (vertical)

ACCESS1.3 [N96, 1.875◦ x 1.25◦] (38 levels) Hewittet al. (2011); Biet al. (2013)
Kowalczyket al. (2013)

BCC-CSM1-1 [T42, 2.81◦] (26 levels) Wuet al. (2010); Xinet al. (2013)
BCC-CSM1-1-m [T160, 1.0◦] (26 levels) Wuet al. (2010); Xinet al. (2013)

BNU-ESM [T42, 2.81◦] (26 levels) Jiet al. (2014)
CCSM4 [1.25◦ x 0.9◦] (26 levels) Gentet al. (2011)

IPSL-CM5A-LR [3.75◦ x 1.875◦] (39 levels) Dufresneet al. (2013)
MIROC5 [T85, 1.4◦] (40 levels) Watanabeet al. (2010)

MRI-CGCM3 [T159, 1.125◦] (48 levels) Yukimotoet al. (2012)
NorESM1-M [2.5◦ x 1.9◦] (26 levels) Bentsenet al. (2013)

3. Observations: Climatology and case study

3.1. Mean diurnal circulation and nocturnal rainfall

Previous work (Berryet al. 2011) has shown that there is

a tendency for the majority of precipitation over north-west

Australia to happen overnight. The fraction of DJF precipitation

that occurs between 2000 AWST and 0800 AWST from

CMORPH (averaged across 1998–2014) confirms this (Figure

1(a)), with a broad region over the north-west of the continent

(from approximately 120◦E–135◦E and 17.5◦S–25◦S) where

>50% of the DJF precipitation occurs overnight.

Over north-west Australia, sunset occurs between 1800–1900

AWST and sunrise between 0500–0600 AWST during DJF,

therefore surface solar heating cannot act to destabilise the

low-level air and cause moist convection between these times.

Ackerley et al. (2014) and Berryet al. (2011) show that the

diurnal cycle of the heat low circulation can cause the necessary

convergence to initiate nocturnal precipitation. This is illustrated

in Figures 2(a)–(d), which show the mean diurnal cycle of

the 925 hPa flow from ERA-Interim. At 0800 AWST there is

predominantly easterly flow over the continent with cyclonic

flow over the north-west (Figure2(a)). The cyclonic flow is

associated with the climatological location of the continental heat

low in DJF (Lavender 2017). The 925 hPa flow weakens at 1400

AWST relative to 0800 AWST (Figure2(b)) from the increase

in low-level drag caused by surface heating and dry convection

(turbulence). By 2000 AWST the nocturnal boundary layer forms

as the surface cools, which reduces the low-level friction and

the flow accelerates down the pressure gradient into the low

centre and converges (grey shading, Figure2(c)). The flow then

turns anticyclonically at 0200 AWST relative to 2000 AWST and

the convergence weakens as the flow tends towards geostrophic

balance. This reorganization of the flow is a well-known feature of

the circulation around heat lows over relatively flat terrain (Racz

and Smith 1999; Spengleret al.2005; Spengler and Smith 2008).

The region of strong nocturnal convergence between 2000–

0800 AWST corresponds with the region where>50% of the

precipitation occurs at night (compare Figures1(a) and, 2(c)

and (d)). Berryet al. (2011) however, show that the nocturnal

convergence alone is not sufficient to cause precipitation and a

synoptic-scale change in the circulation from dry southeasterlies

to relatively moist northeasterlies is required to provide the

necessary water for precipitation to occur. Berryet al. (2011)

make composites of the circulation on days with and without

rainfall to show the mean change in the synoptic-scale circulation

that is responsible for causing rainfall over north-west Australia.

As the aim in this study is to identify the specific processes

responsible for nocturnal precipitation at weather time scales (i.e.

sub-daily to daily) it is therefore useful to look at a case study

instead of a composite. Such a case study should illustrate how,

and why, the reorganisation of the heat low circulation causes or

enhances rainfall overnight. Furthermore, the case study should

elucidate why convergence alone is not the governing factor for

nocturnal precipitation.

3.2. Case study

In order to identify how the reorganisation of the heat low

circulation actually initiates or enhances precipitation after

sunset, a specific case is considered when such a sequence of

events occurs (i.e. nocturnal convergence and precipitation). For

This article is protected by copyright. All rights reserved.
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(b) ERA-Interim 1400 AWST
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(c) ERA-Interim 2000 AWST
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(d) ERA-Interim 0200 AWST
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(e) Par12k 0800 AWST
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(f) Par12k 1400 AWST
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(g) Par12k 2000 AWST
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(h) Par12k 0200 AWST
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(i) ACCESS1.0 0800 AWST
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(j) ACCESS1.0 1400 AWST
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(k) ACCESS1.0 2000 AWST
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(l) ACCESS1.0 0200 AWST
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Figure 2. Composited ERA-Interim (1979/80–2012/13) DJF 925 hPa flow (vectors, m s−1) and negative divergence (i.e. convergence, s−1) (a) 0800 AWST, (b) 1400
AWST, (c) 2000 AWST and (d) 0200 AWST. The same circulation fields are shown for corresponding times in (e)–(h) for Par12k and in (i)–(l) for ACCESS1.0.
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Figure 3. ERA-Interim case study analysis of mean sea level pressure, hPa (solid
lines), 850 hPa winds, m s−1 (arrows), daily rainfall≥2 mm (blue shading), 850
hPa potential temperature≥312 K (amber shading) and identified heat low centres
(+ in the figure) from the detection algorithm described in Section2.3(all 6-hourly
detections are included in each daily plot) for (a) 8th January 2010, (b) 9th January
2010, (c) 10th January 2010 and (d) 11th January 2010.

brevity, only one case is considered; however, an inspection of

other nocturnal precipitation cases (not shown) display similar

processes at work. We identified a period of increased nocturnal

rainfall in the CMORPH dataset that occurred from the 10th to

13th January 2010; however, only the first day (10th–11th) of the

event is considered here. The salient features of the other two days

are given in the supplementary material (S1.1 and S1.2) to provide

further supporting evidence.

Heat low centres are identified using the algorithm described

in Section2.3 to separate them from other synoptic depressions

(such as monsoon lows or tropical cyclones). Given the

importance of the heat low for the diurnal variation of the low-

level flow (discussed in Section3.1), the detection algorithm

allows us to identify whether one is present during the case study.

The detection algorithm is run on the 6-hourly YOTC data, which

results in the multiple heat low centre detections plotted in Figure

3. A diurnal variation in the structure of near-stationary heat lows,

and hence location of the detected minimum pressure (as well as

some movement of non-stationary lows), accounts for the multiple

detections throughout the day. The detections therefore, show the

broad location of any heat low on a given day.

On 8th–9th January 2010, there is a heat low located around

117◦E and 22◦S as indicated by the co-located amber shading

and detections (the+ in Figures3(a) and (b)). There is a cyclonic

circulation around the low centre and precipitation occurs only

where there is onshore westerly or northeasterly flow. The heat

low remains stationary over the north-west of the continent on

the 10th–11th January 2010 but the region of precipitation (and

the associated northeasterly flow) moves westward relative to the

8th–9th January (compare Figures3(c) and (d) with (a) and (b)).
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Figure 4. Case study analysis of 6-hourly circulation fields and specific humidity from the YOTC reanalysis and precipitation data are from CMORPH: top row—925
hPa flow (arrows, m s−1) and specific humidity (blue, g kg−1) with regions of precipitation>0.25 mm 6hr−1 shaded grey-black; middle row—925 hPa flow (arrows,
m s−1) and regions with moisture flux convergence>6.0x10−7 s−1 shaded black; bottom row—vertical cross section along the orange line shown in the top two rows
containing the combined horizontal and vertical flow (arrows, m s−1), virtual potential temperature (orange contours, K) and specific humidity (blue shading, g kg−1)
on pressure levels. Also shown in the bottom row is the rainfall±3 hr of the analysis time (yellow line, scale on right hand y-axis, mm). Vertical columns (left to right)
are representative of these features at 0800 AWST 10th January, 1400 AWST 10th January, 2000 AWST 10th January and 0200 AWST 11th January 2010. Circulation
fields and specific humidity are plotted from the YOTC reanalysis and precipitation data are from CMORPH.

There is very little precipitation within the heat low centre itself,

which suggests there is insufficient moisture to allow it (Figures

3(c) and (d)).

Overall, there is a clearly defined heat low structure on the 8th–

11th January 2010. Furthermore, there is little or no precipitation

within the heat low centre itself, which also suggests that the

presence of a heat low alone is not sufficient to cause nocturnal

rainfall. Given the different synoptic situation during 10th–12th

January (Figure3), the 6–hourly evolution for 10th–11th January

is investigated in more detail, to better understand the specific

mechanisms at work (Figure4). The low-level specific humidity

and flow (top row), moisture flux convergence (middle row) and

vertical transects of humidity, temperature and winds (bottom

row) are plotted in Figure4.

There is a tongue of relatively moist air over the continent

(blue shading, Figure4A(i)), which is associated with easterly to

northeasterly flow at low levels (925 hPa). There are also some

small regions of precipitation in the north-east of the plotted

domain at 0800 AWST (grey shading, Figure4A(i)). The heat low

detections in Figure3(c) correspond with the region of relatively

low specific humidity (i.e.<13 g kg−1 in Figure 4A(i)) and

cyclonic circulation, westward of approximately 120◦E. There

are narrow bands of strong moisture flux convergence (Figure

4A(ii), black shading) over western Australia and along 25◦S. A

developing heat low is also visible (Figure4A(iii) near 126◦E,

isothermal layer from the surface to approximately 900 hPa). Also

notice the region of reduced specific humidity, which coincides

with the developing heat low and is a signature of dry convection

acting to reduce the low-level moisture (through vertical mixing).

By 1400 AWST, surface solar heating has caused the low-

level winds (925 hPa) to weaken (as described in Section3.1)

and turn cyclonically relative to 0800 AWST (Figures4B(i) and
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B(ii)). Rainfall is visible in the relatively moist air (blue shading in

Figure4B(i)). A convergence zone has formed along the boundary

between the relatively high and low specific humidity air mass

(127◦E, Figure4B(ii)). The heat low has also deepened between

0800 to 1400 AWST (compare Figures4B(iii) and A(iii)), with

the isothermal layer extending to approximately 775 hPa. Ascent,

associated with the convergence zone in Figure4B(ii), is also

visible in Figure4B(iii) around 127◦E.

Rainfall increases and becomes more widespread around 2000

AWST relative to 1400 AWST (compare Figures4C(i) and

B(i), darker shading) despite insolation reducing during this time

(sunset occurs between 1800–1900 AWST). The 925 hPa wind

strengthens relative to 1400 AWST, which is indicative of a

reduction in the low-level drag (discussed in Section3.1). Air

parcels tend to accelerate down the pressure gradient as the drag

reduces. The nocturnal convergence however, is not solely focused

within the centre of the heat low (around 117◦E, 22◦S in Figure

3(c)) and there are several convergence lines over the continent

(Figure 4C(ii), black shading). The convergence and ascent are

also visible in the horizontal cross section (Figure4C(iii)) around

126◦E. Precipitation is visible in the ascending, higher specific

humidity air to the east of 125◦E but there is no precipitation

between 123◦E–125◦E where the specific humidity is lower.

Around 0200 AWST, the precipitation lies within the

(relatively) moist, northeasterly flow (Figure4D(i)). The relatively

higher humidity air is advected westward relative to 2000 AWST

within the prevailing northwesterly to northeasterly flow (compare

Figures4C(i) and D(i)). The flow also turns anticyclonically by

0200 AWST relative to 2000 AWST (i.e. geostrophic balance,

see Section3.1). The remaining convergence zones lie within the

relatively moist air (compare Figures4D(i) and D(ii)); however

the convergence zones northward of 20◦S are weaker at 0200

AWST relative to 2000 AWST. Along the transect, the easterly

low-level flow rises up the isentropic surfaces around 124◦E,

which is associated with the leading edge of the precipitation

along the cross section (Figure4D(iii)).

In this case, the nocturnal convergence around the heat low

circulation does not occur over a broad area (as could be implied

from Figures2(c) and (d) where the strong convergence occurs

over much of the continent); instead, the convergence is organised

into disparate convergence zones or lines (Arnup and Reeder

2007; Deslandeset al.1998). The nocturnal rearrangement of the

low-level flow (around the heat low) can intensify local moisture

gradients at the boundary between moist (tropical) and dry

(continental) air masses. Such boundaries are termed ”drylines”

and are a common feature over northern Australia (Arnup and

Reeder 2007). As the air masses do not mix across the dryline,

they are also the focus of convergence and ascent (Arnup and

Reeder 2009) and (it would seem) can play a key role in the

development of nocturnal rainfall. Furthermore, there is evidence

that other types of convergence zones (for example a sea-breeze

front—see Section S1.2.3 in the Supplementary Material) may

strengthen as the flow rearranges overnight and can also become

the focus for precipitation.

It is clear from Figure5 (and those in the Supplementary

Material) that the along-convergence line boundary may extend

for thousands of kilometres but the cross-convergence line

boundary is much narrower (10-100 km, see Arnup and Reeder

2009). Therefore, as in the case presented in Figure5 (and those

in the Supplementary Material) the actual convergence zones that

form on any given day are likely to cover a much smaller area than

that implied by the climatological analysis in Figure2. Diagnosing

any such convergence features and attributing rainfall to them is

the focus of the next sub-section in order to address their general

importance from a climatological perspective.

3.3. Nocturnal convergence lines and precipitation

The frequency of convergence lines (% month−1) at each grid

point from ERA-Interim over north-west Australia in DJF are

plotted in Figure5. Within the domain of interest (box in Figure

5) convergence zones are detected>20% of the time on individual

grid points at 2000 and 0200 AWST (Figures5(a) and (b)),

consistent with the climatological mean presented in Figures2(c)

and (d).

The fraction of total precipitation associated with convergence

lines over north-west Australia is plotted in Figures5(c) and

(d) (for 2000±3 hr and 0200±3 hr AWST, respectively). The

algorithm used identifies precipitation first and then associates

it with nearby convergence zones, therefore non-precipitating

convergence lines are eliminated from the analysis. It is clear
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all DJFs (1979–2013) from ERA-Interim at (a) 2000 AWST and (b) 0200 AWST.
The fraction of CMORPH (1998–2013) precipitation attributed to the identified
convergence zones±3 hours of (c) 2000 AWST and (d) 0200 AWST.

that most of the climatological rainfall (>70%) at 2000 AWST

is associated with a convergence line within the region of interest

(Figure5(c)) and the fraction increases (to>80%) around 0200

AWST (Figure5(d)). Ergo, when sufficient moisture is available,

it is the narrow convergence lines that form around the heat

low (and not a broad, continental-scale region of convergence as

implied in Figures2(c) and (d)) that deliver the majority of the

rainfall overnight.

3.4. Discussion

Ackerley et al. (2014, 2015) and Berryet al. (2011) show

that there is a tendency for more precipitation over north-

west Australia overnight than during daylight hours (also see

Figure1(a)). Nevertheless, both Ackerleyet al. (2014, 2015) and

Berry et al. (2011) present composites (i.e. an average) of the

circulation features that bring rainfall to north-west Australia,

which smooths the features identified in Section3.2. Instead of

a broad area of nocturnal convergence within the heat low over

north-west Australia (as can be seen in Figures2(c) and (d)),

distinct convergence lines develop and the resulting precipitation

is organised around those zones. Furthermore, given composites

may not be representative of the weather on any single day (i.e.

individual events do not look exactly like the average—as seen

in Figure4), the assessment of the sub-daily processes at work is

even more important.

One of the important ingredients for causing nocturnal rainfall

is the presence of a heat low and, specifically, the diurnal

reorganisation of the flow around it. A heat low is visible on

10th January and had been present from the 8th (Figure 3).

Nevertheless, there is actually very little precipitation within the

heat low itself (Figure3(c), indicated by the 312 K isentrope

shading), which is due to a lack of available moisture (see

Figures4A(i), B(i), C(i) and D(i)). Convergence zones that form

within that relatively dry air are not associated with precipitation

(see Figures4C(i) and (ii)). Therefore, convergence alone is not

sufficient to initiate precipitation, which is consistent with the

findings of Berryet al. (2011).

Conversely, where there is sufficient moisture present, the

down-pressure gradient acceleration of the flow around 2000

AWST strengthens the existing moisture gradient into a dryline

(as described in Arnup and Reeder 2007). These drylines

may then become the primary focus for convergence (ascent)

and precipitation (compare Figures4B(iii) and C(iii)). The

precipitation forms on the relatively moist side of the dryline

as the higher moisture air ascends above the relatively dry air.

Therefore, it is the reorganization of the flow at the dryline that

drives precipitation and the heat low itself is only responsible

for creating the necessary conditions for that reorganisation

to happen. Furthermore, precipitating convergence zones are

responsible for causing>70% of the precipitation that occurs

overnight.

As the features identified above (convergence zones and heat

lows) span hundred of kilometres, it may be possible for coarse-

resolution GCMs to represent such circulation features over

north-west Australia (especially as GCMs have been shown to

represent analogous mid-latitude features, i.e. fronts—see Catto

et al.2012). Furthermore, the GCMs used in CMIP5 also simulate

a secondary increase in convergence and precipitation overnight in

north-west Australia (Ackerleyet al.2015). If precipitation in the

GCMs is associated with convergence across e.g. a dryline, and

not widespread nocturnal convergence, then it can be argued that
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they are capturing the correct physical processes that cause night-

time rainfall. This is investigated for a selection of models in the

following sections.

4. MetUM: Par12k simulation

4.1. Mean diurnal circulation and nocturnal precipitation

The fraction of precipitation that occurs overnight (2000 AWST–

0800 AWST) from Par12k (averaged over all 3 years of the

simulation) is plotted in Figure1(b). There are many areas

where more than 35% of the precipitation occurs between sunset

and sunrise (dark shading in Figure1(c)), which is a smaller

proportion than for CMORPH (compare with Figures1(a) and

(b)). The small nocturnal rainfall contribution (to the daily

total) is due to most of the precipitation falling between 1100–

1400 AWST, which is associated with the early triggering of

the parametrized convection (and is a common problem across

models, see Yang and Slingo 2001; Dai 2006; Dirmeyeret al.

2012; Ackerleyet al.2015; Birchet al.2015). Nevertheless, when

the mean diurnal cycle is considered (Figure1(d), purple line),

there is a clear secondary peak in precipitation between 2000–

2300 AWST that cannot be associated with a destabilization of

the boundary layer from solar heating. This secondary peak is

associated with the triggering of the ”mid-level” (i.e. above the

nocturnal boundary layer) convection scheme in the MetUM (see

Walterset al. 2011, 2014). Therefore, given that the problems

associated with the daytime convection are discussed elsewhere

(e.g. Ackerleyet al. 2014, 2015; Brownet al. 2010; Stratton and

Stirling 2012), it is worth focussing on the cause of the nocturnal

precipitation peak here to see whether it is caused by the same

processes described in Section3.

The first step is to identify whether the mean diurnal circulation

in Par12k is comparable with the reanalysis data. The mean

diurnal, 925 hPa circulation (averaged over the three simulated

years) at 0800, 1400, 2000 and 0200 AWST are plotted in Figures

2(e)–(h), respectively. There is a cyclonic circulation centre over

north-west Australia with predominantly easterly flow over the

rest of the continent at 0800 AWST, which then weakens and

turns cyclonically by 1400 AWST (Figures2(e) and (f)) and is

also seen for ERA-Interim (Figures2(a) and (b)). Furthermore,
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Figure 6. Par12k case study mean sea level pressure, hPa (solid lines), 850 hPa
winds, m s−1 (arrows), daily rainfall≥2 mm (blue shading), 850 hPa potential
temperature≥312 K (amber shading) and identified heat low centres (”+” in the
figure) from the detection algorithm described in Section2.3(all 6-hourly detections
are included in each daily plot) for (a) 14th January 2010, (b) 15th January 2010,
(c) 16th January 2010 and (d) 17th January 2010.

the air accelerates towards the north-west of the continent at 2000

AWST (as the nocturnal stable layer forms) causing an increase in

convergence over the land (Figure2(g)). By 0200 AWST, the flow

has turned anticyclonically relative to 2000 AWST and circulates

around approximately 23◦S and 124◦E (Figure2(h)). There is also

a broad area of convergence visible at 2000 and 0200 AWST,

which compares well with ERA-Interim (Figure2(d)). The co-

incidence of the secondary nocturnal precipitation peak (between

2000–2300 AWST) and the increased convergence would suggest

the two are related. Therefore, it is worth investigating a case study

to identify whether the processes described in Section3.2(i.e. for

the real world) also occur in the Par12k simulation.

4.2. Case Study

As with the reanalysis-CMORPH case study (Section3.2), a

period of increased nocturnal rainfall is identified from the Par12k

simulation between 14th–17th January 2010 (reminder: Par12k

dates do not correspond to the real-world date and the actual

weather in January 2010, see Section2.2). Again, for brevity,

only one day (16th–17th) is considered despite there being several

other case studies that could have been used (not shown); however,

the two days that follow (17th–19th January) are provided in

the supplementary material (S2.1 and S2.2) for further supporting

evidence of the atmospheric processes at work.

The synoptic situation for 14th–17th January 2010 from the

Par12k simulation is presented in Figure6 (using the same

This article is protected by copyright. All rights reserved.
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Figure 7. Case study analysis of 6-hourly data from the Par12k simulation: top row—925 hPa flow (arrows, m s−1) and specific humidity (blue, g kg−1) with regions of
precipitation>0.25 mm 6hr−1 shaded grey-black; middle row—925 hPa flow (arrows, m s−1) and regions with moisture flux convergence>6.0x10-7 s−1 shaded black;
bottom row—vertical cross section along the orange line shown in the top two rows containing the combined horizontal and vertical flow (arrows, m s−1), virtual potential
temperature (orange contours, K) and specific humidity (blue shading, g kg−1) on pressure levels. Also shown in the bottom row is the rainfall±3 hr of the analysis time
(purple line, scale on right hand y-axis, mm). Vertical columns (left to right) are representative of these features at 0800 AWST 16th January, 1400 AWST 16th January,
2000 AWST 16th January and 0200 AWST 17th January 2010.

convention for the variables as in Figure4). There is a heat low

and associated cyclonic circulation between 115◦E–125◦E and

approximately 22.5◦S (Figure6(a)) with precipitation primarily

located within the northeasterly flow to the east of the low. The

heat low centre remains in the north-west corner of the continent

on 15th–16th January (Figures6(b) and (c), respectively) but

the region of precipitation, embedded within the easterly and

northerly 850 hPa flow, moves westwards. The heat low is still

clearly visible in the north-west corner of the continent on 17th

January and the precipitation extends across the whole land mass

northward of 20◦S (within the easterly flow, Figure6(d)).

There is a clearly defined heat low for the 14th–17th

January with precipitation primarily to the east of the low’s

centre. The majority of the precipitation is embedded within the

northerly/easterly flow and not the continental southeasterly flow.

Nevertheless, there is precipitation within the heat low itself,

which is associated with onshore (northerly) flow across the north-

west Australian coastline.

The sub-daily 925 hPa circulation, precipitation, humidity and

circulation features are plotted in Figure7 for Par12k in the

same way described in Section3.3 (Figure4). A broad region of

high specific humidity air (>10 g kg−1) lies over the domain in

northwesterly-to-northeasterly 925 hPa flow (Figure7A(i)) with

lower humidity air in southerly-southeasterly flow. Precipitation is

visible eastward of 125◦E at 0800 AWST, which is characteristic

of parametrized convection being triggered too early (Ackerley

et al. 2015; Birch et al. 2015; Brownet al. 2010; Dai 2006;

Stratton and Stirling 2012; Yang and Slingo 2001). There are

two main convergence zones at 0800 AWST—one along the

boundary of the northwesterly and southeasterly 925 hPa flow

and the other between the northeasterly and northwesterly flow,

along 129◦E (Figure7A(ii)). There is a tongue of relatively high

This article is protected by copyright. All rights reserved.
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specific humidity air over the continent (at 925 hPa) that extends

to approximately 24◦S (Figure7A(iii)).

Around 1400 AWST, precipitation occurs throughout the region

of higher specific humidity air (primarily within the 11 g kg−1

isohume) and the 925 hPa flow weakens relative to 0800 AWST

(compare Figures7A(i) and B(i)). There are many small regions

of convergence within the precipitating region (Figure7B(ii)),

which are consistent with the ERA-Interim case (see Section

3.3, Figure 4B(ii)). Along 22◦S (approximately), there is a

convergence zone between the onshore northwesterly and the

continental southeasterly flows. The highest rainfall (±3 hours of

1400 AWST) is visible within a region of relatively high specific

humidity (between 20◦S–24◦S), bounded by two regions of lower

specific humidity air (at 19◦S and 26◦S) where the precipitation

is also lower (see Figure7B(iii)).

At 2000 AWST, the 925 hPa flow strengthens (reduced

low-level drag as the nocturnal boundary layer forms) and

the precipitation organises into two lines—one at the northern

extent of the southeasterly flow and the other parallel to

the northern coastline (Figure7C(i)). Both precipitation lines

are associated with high values of moisture flux convergence

(compare Figures7C(i) and C(ii)). The precipitation occurs at the

northern and southern boundaries of the relatively moist region at

approximately 19◦S and 25◦S (see Figures7C(iii) and B(iii)).

By 0200 AWST, the flow strengthens further and turns

anticyclonically relative to 2000 AWST (compare Figure7D(i)

with 7C(i)). The northernmost line of precipitation moves inland

and strengthens but the southern one has diminished (Figure

7D(i)). Both convergence zones (highlighted in Figure7C(ii))

are visible at 0200 AWST (Figure7D(ii)), but precipitation is

restricted to the more northern zone where the northeasterly

and northwesterly flows converge. Furthermore, specific humidity

values are higher around 20◦S–22◦S (within the convergence of

the northeasterly and northwesterly flow) than around 24◦S–26◦S

(at the convergence of the southeasterly and northerly flow, Figure

7D(iii)).

In this case there appear to be two different convergence

lines that are responsible for causing the nocturnal precipitation.

The southern convergence zone (∼25◦S, Figures7C(i)–(iii)) is

similar to the dryline case described in Section3.2. The northern

Figure 8. The frequency of detected convergence lines at each grid point taken for
all DJFs (3 years) from Par12k at (a) 2000 AWST and (b) 0200 AWST. The fraction
of Par12k DJF precipitation attributed to the identified convergence lines±3 hours
of (c) 2000 AWST and (d) 0200 AWST, taken over the same years.

convergence line however (parallel to the coast near 20◦S, Figures

7C(i)–(iii)), resembles a sea breeze front that has accelerated

onshore from the coast following the nocturnal re-arrangement

of the flow. Nocturnal convergence and precipitation associated

with an onshore flow is also visible for the YOTC-CMORPH

analysis (supplementary material Section S1.2 and Figure S1.2),

which suggest that sea breeze fronts may also be important

for the development of nocturnal precipitation in both Par12k

and the real world. Precipitation associated with both drylines

and sea breeze fronts is identified by the convergence line

detection algorithm described in Section2.4 as the calculations

only consider convergence and not the thermodynamic properties

of the atmosphere. Given that similar atmospheric processes in

Par12k (relative to YOTC-CMORPH) appear to be responsible for

nocturnal precipitation, the climatological (3-year) proportion of

nocturnal rainfall associated with convergence zones is presented

in the next section.

4.3. Nocturnal precipitation and convergence

The frequency of convergence zones (% month−1) that occur in

DJF in the Par12k simulation are plotted for 2000 AWST and

0200 AWST in Figures8(a) and (b), respectively. The areas with

the highest number of detected convergence zones at 2000 and

0200 AWST correspond well with the region of higher nocturnal

This article is protected by copyright. All rights reserved.
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convergence in the climatological mean (compare Figures8(a)

and (b) with Figures2(g) and (h)), as is also the case for ERA-

Interim (see Section3.2). There are fewer convergence zone

detections in Par12k (∼18%–22%, Figures8(a) and (b)) than for

ERA-Interim (∼25%, Figures5(a) and (b)); however, this is due to

the smaller grid spacing in the Par12k simulations (∼12 km) than

ERA-Interim (∼80 km) i.e. more grid points result in a reduced

likelihood of a convergence line forming on a given point and time

(highlighted and discussed further in Sections5 and6).

The fraction of precipitation associated with the convergence

zones at 2000 and 0200 AWST (± 3 hr) in Par12k are plotted in

Figures6(c) and (d), respectively. At 2000 AWST, precipitation

is associated with a convergence line>70% of the time (Figure

8(c)) and>60% of the time at 0200 AWST (Figure8(d)), which is

comparable with the ERA-Interim analysis (Figures5(c) and (d)).

It is also clear that nocturnal precipitation in the Par12k simulation

is primarily driven by the convergence zones forming overnight,

provided there is sufficient moisture.

4.4. Discussion

The climatological location of nocturnal precipitation and

convergence coincide in Par12k simulation (Figures1(b) and,2(g)

and (h)). On the other hand, only some convergence zones are

associated with precipitation overnight (see Figure7) as is also

seen in the observations (Figure4). Precipitation only occurs at

night where there is sufficient moisture present (i.e. relatively dry

convergence zones do not precipitate). It seems that the presence

of a heat low is also necessary to set up the conditions for

nocturnal precipitation in Par12k (as also seen in the reanalysis

data) but, as in the observations, there is little precipitation within

the heat low itself (see Figure6). Precipitation is also seen to

occur at the boundary between moist and dry air masses around

the heat low as the flow reorganises (e.g. where drylines develop;

Figures7C(i)–(iii)). Furthermore, precipitation also forms along

the leading edge of a region of onshore flow (i.e. a sea breeze

front). Finally, precipitating convergence zones are responsible for

& 70% of the rainfall that occurs overnight. Therefore, despite the

error in the daytime convection (a consequence of the triggering

mechanism in the convection parametrization) the nocturnal

precipitation seems to form under the correct synoptic conditions

in the Par12k simulation.

Having identified that the processes are represented well in a

high-resolution GCM (∼12 km grid spacing), the next section

focuses on whether a low-resolution GCM simulation (∼150 km

grid spacing) can also represent the same processes.

5. ACCESS1.0 N96

5.1. Nocturnal precipitation and mean diurnal cycle

The fraction of precipitation that occurs between 2000 AWST and

0800 AWST in ACCESS1.0 is plotted in Fig.1(c). Between 35%

and 50% of the simulated precipitation occurs when surface solar

heating does not destabilise the boundary layer (i.e. overnight),

which is lower than the CMORPH-derived estimate (Figure1(a)).

On the other hand, when the mean diurnal cycle within the box

plotted in Figure1(c) is considered, there are two clear peaks in

precipitation—one around 1100–1400 AWST and the other from

1700–2000 AWST. Furthermore, precipitation remains>0.1 mm

3 hr−1 after 2000 AWST, which may therefore be caused by the

same processes described in Sections3 and4.

As with ERA-Interim and Par12k, the mean diurnal cycle of the

925 hPa circulation is plotted in Figure2(i)–(l) for ACCESS1.0.

The mean diurnal cycle of the 925 hPa flow in ACCESS1.0 is

very similar to both ERA-Interim and Par12k, with a cyclonic

circulation over north-west Australia at 0800 AWST (Figure2(i)),

which weakens and turns cyclonically by 1400 AWST (Figure

2(j)). Again, it is the low-level turbulence from daytime surface

heating that acts to weaken the mean flow. Once the nocturnal

boundary layer forms at 2000 AWST (Figure2(k)), the flow

accelerates towards the climatological heat low centre and causes

an increase in convergence. The flow then turns anticyclonically

by 0200 AWST relative to 2000 AWST and the convergence

weakens as the flow tends towards geostrophic balance (Figure

2(l)). This sequence of events is ubiquitous in ACCESS1.0, ERA-

Interim and Par12k. In the next section therefore, a specific case

study is presented in order to ascertain whether the same processes

identified in Sections3 and4 also occur in ACCESS1.0.

c© 2013 Royal Meteorological Society Prepared usingqjrms4.cls
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Figure 9. ACCESS1.0 case study analysis of mean sea level pressure, hPa (solid
lines), 850 hPa winds, m s−1 (arrows), daily rainfall≥2 mm (blue shading), 850
hPa potential temperature≥312 K (amber shading) and identified heat low centres
(”+” in the figure) from the detection algorithm described in Section2.3 (all 6-
hourly detections are included in each daily plot) for (a) 6th February 1983, (b)
7th February 1983, (c) 8th February 1983 and (d) 9th February 1983.

5.2. Case study

A selection of days with relatively high proportions of nocturnal

precipitation are selected from the ACCESS1.0 simulation, as

was also the case for CMORPH and Par12k (see Sections3

and 4). Only one day is presented in the main text to highlight

the salient processes responsible for the nocturnal precipitation

(8th–9th February 1983); however, a similar analysis of the two

following days (9th–11th February 1983) are presented in the

supplementary material (Sections S3.1 and S3.2). Other nocturnal

rainfall cases have also been identified throughout the model

simulation, but are not shown (again for brevity). Furthermore,

the ACCESS1.0 dates do not correspond to the real-world date

and the actual weather in February 1983 (see Section2.2)

There is a heat low centre near to 130◦E and 24◦S (Figure

9(a)) on 6th February. A cyclonic circulation at 850 hPa is also

visible on 7th February with onshore northeasterly flow on to the

continent (north-east quadrant of Figure9(b)). The northeasterly

flow extends to approximately 130◦E and 22◦S and is associated

with precipitation. The heat low (indicated by the ”+”) moves

towards the coastline and extends westward on 8th–9th February

(Figures9(c) and (d)). The precipitation also extends towards the

south-west but remains within the northeasterly flow (that initially

developed on 7th). Overall, there is a clearly defined heat low and

precipitation on 8th and 9th February and again, there is little

precipitation within the identified heat low itself. As in Sections

3.2and4.2, the sub-daily circulation is now considered on one day

(8th February) in order to identify how the nocturnal convergence

initiates rainfall in ACCESS1.0.

The sub-daily (6-hourly) specific humidity, 925 hPa circulation,

precipitation and temperature fields are plotted in Figure10 for

ACCESS1.0 in the same way described in Section3.2 (Figure

4). A region of relatively moist air (specific humidity>8 g

kg−1) can be seen over the continent in Figure10A(i) along with

predominantly easterly flow over much of north-west Australia

southward of 22◦S (and westerly flow northward of that). There

is a convergence zone between 20◦S to 25◦S (at the boundary

between the easterly and westerly flow at 925 hPa), which is not

associated with precipitation westward of 130◦E (Figure10A(ii)).

There is a north-south moisture gradient along 130◦E (Figure

10A(iii)) with higher specific humidity in the north than the south.

The initial development of a heat low is also visible within Figure

10A(iii) where the isentropes intersect with the land surface

around 21◦S.

By 1400 AWST, the low-level flow (925 hPa) weakens over

the land (surface heating and an increase in the low-level drag)

relative to 0800 AWST (compare Figures10B(i) and A(i)). A

reduction in low-level specific humidity from 0800 AWST to 1400

AWST is also visible, which is associated with (dry) convection in

the boundary layer. Areas of precipitation (grey shading, Figure

10B(i)) are visible in the north-east corner of the plotted region

but there is little precipitation westward of approximately 130◦E.

The moisture flux convergence zones are weaker at 1400 AWST

relative to 0800 AWST (compare Figures10B(ii) and A(ii)) over

most of the land surface, except where there is precipitation. There

is a well-developed heat low (Figure10B(iii)) centred around

20◦S where the 310 K virtual potential temperature contour

intersects with the surface. Furthermore, the precipitation in the

plotted transect coincides with both a region of higher specific

humidity and ascent between 20◦S–24◦S.

The formation of the nocturnal boundary layer causes the

low-level flow to accelerate across the tongue of higher specific

humidity air at 2000 AWST (Figure10C(i)). A region of strong

moisture flux convergence forms where the flow converges

(dark shading, Figure10C(ii)) with the northern portion of the

convergence zone coinciding with the precipitation (±3 hours

of 2000 AWST). The highest precipitation is visible around

This article is protected by copyright. All rights reserved.
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Figure 10. Case study analysis of 6-hourly data from ACCESS1.0: top row—925 hPa flow (arrows, m s−1) and specific humidity (blue, g kg−1) with regions of
precipitation>0.25 mm 6hr−1 shaded grey-black; middle row—925 hPa flow (arrows, m s−1) and regions with moisture flux convergence>1.4x10-6 s−1 shaded black;
bottom row—vertical cross section along the orange line shown in the top two rows containing the combined horizontal and vertical flow (arrows, m s−1), virtual potential
temperature (orange contours, K) and specific humidity (blue shading, g kg−1) on pressure levels. Also shown in the bottom row is the rainfall±3 hr of the analysis time
(purple line, scale on right hand y-axis, mm). Vertical columns (left to right) are representative of these features at 0800 AWST 8th February, 1400 AWST 8th February,
2000 AWST 8th February and 0200 AWST 9th February 1983.

22◦S where there is also strong convergence and ascent (Figure

10C(iii)). In this case, the formation of the convergence zone

appears to play a key role in the development of the precipitation

after sunset in ACCESS1.0. Conversely, there is little precipitation

in the relatively dry air to the west of 125◦E despite the strong

convergence there.

The flow strengthens further by 0200 AWST relative to 2000

AWST (compare Figures10D(i) and C(i)) around 22◦S and

130◦E. The precipitation coincides with a convergence zone;

however, precipitation does not occur everywhere along the

convergence zone (Figure10D(ii)). The precipitation happens

within the tongue of moist air where there is ascent along the

isentropic surfaces (Figure10D(iii)). Both the vertical motion and

precipitation are considerably weaker at 0200 AWST than at 2000

AWST.

A similar set of processes (despite the geographical location

differing slightly) to those seen in the observations (see Section

3) occur in this ACCESS1.0 case—i.e. weakening of the daytime

circulation from dry convection and moisture convergence

maintaining or initiating rain at night. The convergence zones are

spatially larger in ACCESS1.0 than in ERA-Interim or the Par12k

model, which is a reflection of the lower resolution of ACCESS1.0

(∼150 km grid spacing).

5.3. Nocturnal convergence and associated precipitation

The frequencies of occurrence of convergence zones (% month−1)

in DJF simulated by ACCESS1.0 are plotted in Figures11(a)

and (b). Within the plotted box, convergence zones are typically

detected>30% of the time at both 2000 AWST and 0200 AWST

and correspond with the high climatological mean convergence

plotted in Figures2(k) and (l), respectively. The frequencies are

higher in ACCESS1.0 than in ERA-Interim; however, this is likely

to be due to the lower resolution of ACCESS1.0 than ERA-

Interim (i.e. fewer grid points over which convergence zones can
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Figure 11. The frequency of detected convergence lines at each grid point taken
for all DJFs (1979–2001) from ACCESS1.0 at (a) 2000 AWST and (b) 0200
AWST. The fraction of ACCESS1.0 DJF precipitation attributed to the identified
convergence zones±3 hours of (c) 2000 AWST and (d) 0200 AWST, taken over
the same years.

develop at any time—also see Section6). Despite the difference

in frequency, the highest proportion of convergence zones occur

parallel to the northern and western coasts at 2000 AWST, and are

then confined to a relatively narrow band orientated south-west to

north-east between 115◦E–135◦E (also seen for ERA-Interim—

compare Figures11(a) and (b), and5(a) and (b)).

The fractions of precipitation associated with the identified

convergence zones (%) are plotted in Figures11(c) and (d). At

both 2000 AWST and 0200 AWST>85% of the precipitation

(within ±3 hours of those times) can be attributed to convergence

zones. Again, this high proportion may be associated with the

search radius of±1 grid point, which is larger in the ACCESS1.0

simulations (∼150 km) than ERA-Interim/CMORPH (∼80 km).

It is clear from Figures11(c) and (d) however, that the formation

of convergence zones is key to causing precipitation overnight (as

in Par12k).

5.4. Discussion

As can clearly be seen in Figures1(c) and, 2(k) and (l)

the climatological nocturnal precipitation corresponds well

with the strong convergence, which is also seen in ERA-

Interim and CMORPH (Figures1(a) and,2(c) and (d)). More

importantly, when looking at the individual cases (Section5.2

and, Supplementary Material S3.1 and S3.2), precipitation only

occurs at night where there is sufficient moisture present i.e.

relatively dry convergence zones do not precipitate, which is

also seen in Par12k (Section4) and the observations (Section

3). Furthermore, the presence of a heat low is also necessary

to set up the conditions for nocturnal precipitation but, as in

the observations and Par12k, there is little precipitation within

the heat low itself (see Figure10). In the ACCESS1.0 case

(Figure10), precipitation occurs within the relatively moist tongue

of air adjacent to the heat low. The lifting of the relatively

moist air from the north is caused by the convergence with

the drier air to the south (i.e. a dryline, Figure10C(i)–(iii)).

The convergence zone and across-dryline moisture gradients are

spread over∼300 km (due to the coarse grid spacing), but

the precipitation occurs in the right place (relatively moist air)

for the right reason (convergence zone). Moreover,≥85% of

the nocturnal precipitation is associated with convergence lines,

which constitutes>33% of the total (day+night) DJF rainfall

and hence provides an important component to the climatological

mean. Overall, despite the errors in the daytime convection known

to occur in ACCESS1.0 (Ackerleyet al. 2014, 2015; Brown

et al. 2010), the processes driving nocturnal precipitation are

simulated well. The next section investigates whether the same

convergence zone-precipitation relationship exists in other GCMs

run in climate mode with grid spacing∼100+ km, or whether it is

idiosyncratic to ACCESS1.0 (and the MetUM).

6. CMIP assessment

Previous work by Ackerleyet al. (2015) shows that a selection

of GCMs, from the CMIP5 archive, produce the correct

climatological diurnal cycle in the 925 hPa circulation over north-

west Australia. The same 9 models from Ackerleyet al. (2015)

(see Table1) are now considered here to evaluate whether the

convergence-driven nocturnal precipitation is an idiosyncratic

feature of ACCESS1.0 or is a process that is common across

GCMs. For brevity, the climatological diurnal cycle (discussed

in detail in Ackerleyet al. 2015) and individual case studies

are not discussed in this section. Instead, the focus is on

identifying whether convergence lines typically form overnight in

this region (north-west Australia) and, that overnight precipitation

is predominantly associated with such convergence zones. If
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the models are predominantly producing precipitation associated

with convergence zones overnight (as shown for ACCESS1.0 in

Section5), then the processes causing that rainfall are likely to be

correct.

The results from running the convergence-precipitation

detection algorithm are plotted in Figure12. The first important

point to note is that the higher resolution models (e.g. BCC-

CSM1-1-m and MRI-CGCM3, see Table1) simulate a lower

frequency of convergence lines per grid point than the lower

resolution models (e.g. BCC-CSM1-1 and IPSL-CM5A-LR, see

Table 1). This is consistent with the analysis of the Par12k

simulation, which had fewer detections (per grid point) than

ACCESS1.0 given there were more grid points that convergence

zones could develop on at any given instance. Nevertheless,

convergence lines are detected& 25% of the time over north-

west Australia at 2000 AWST (Figure12, column 1), which is

consistent with the location of the highest climatological mean

convergence (see Figure 6 in Ackerleyet al. 2015) and shows

that the models represent the formation of nocturnal convergence

zones (as in ACCESS1.0).

Regarding precipitation (± 3 hr 2000 AWST, Figure12, column

2) in all models,& 75% of the precipitation can be attributed to

a convergence zone. Therefore, the CMIP5 models (presented in

Figure12 and Table1) require some form of dynamical forcing

in order to produce nocturnal rainfall (as is also the case in

ACCESS1.0 and Par12k).

By 0200 AWST, the number of convergence zones detected

decreases relative to 2000 AWST (compare Figure12 column

3 with column 1), which is consistent with the simulated

reductions in the climatological mean convergence in the same

CMIP5 models (see Figure 6 in Ackerleyet al. 2015) and also

ACCESS1.0 (Figure2(l)). Despite there being fewer detected

convergence lines,& 75% of the precipitation at 0200 is associated

with such lines (Figure12, fourth column).

Overall, & 75% of the precipitation that occurs overnight in

GCMs can be attributed to the presence of a convergence zone.

Therefore, the GCMs appear to be capable of simulating overnight

precipitation for the correct reasons (i.e. dynamically forced from

the formation of convergence lines).

7. Final summation and conclusions

The aims of this study are to identify how the north-

west Australian heat low is responsible for causing nocturnal

precipitation and, whether the same process is represented in

a selection of GCMs. While our results are consistent with

composites from past studies (Berryet al. 2011; Ackerleyet al.

2014, 2015), we show that on any given day precipitation is

focused on narrow, linear convergence zones, which give the

appearance of a broad area of convergence and rainfall when

aggregated over multiple days. Thus, in order to summarise the

main results of this work, the ”typical” sequence of events (based

on the 6–hourly analyses in Sections3–5) leading to nocturnal

precipitation are presented as a schematic (Figure13).

An intrusion of relatively moist tropical air (blue shading) is

advected into the periphery of the relatively dry, continental heat

low circulation (amber shading) with little mixing between the

two air masses (Figure13(a)). Insolation-driven surface heating

during the day (Figure13(b)) initiates convection, which increases

the low-level drag and decreases the humidity. Moist convection

may be initiated in the tropical air (”cloud shapes” in Figure

13(b)). After sunset (Figure13(c)), low level frictional drag

diminishes as the nocturnal stable layer forms and the flow

accelerates towards the low centre. Convergence zones (dashed

lines, Figure 13(c)) form within the continental air (amber

shading) but produce no precipitation. Air parcels accelerating

towards the low centre in the relatively moist (tropical) air mass

may encounter the relatively dry (continental) air mass and be

forced to ascend at the boundary (dryline). The forced ascent

then results in condensation and precipitation. The flow then turns

anticyclonically over time but the dryline and precipitation may

persist into the night (Figure13(d)). Overall, the presence of a heat

low is not sufficient to initiate nocturnal rainfall nor is the presence

of the tropical moisture intrusion but it is the boundary between

the two air masses that becomes the focus for precipitation.

The sequence of events associated with the high-resolution

model (Par12k, Figures13(e)–(h)) are slightly different to

those presented for the real world. The first difference is that

convective precipitation is triggered too early in the day (Figure

13(e)); however, this is ubiquitous in models with parametrized

c© 2013 Royal Meteorological Society Prepared usingqjrms4.cls



Figure 12. The fractional occurrence of convergence lines at a model grid point (% month−1) at 2000 AWST (from left to right, column 1) and the percentage of rainfall
associated with convergence lines±3 hr of 2000 AWST (%, column 2) for each model given in Table1 (consecutive rows and ordered alphabetically). The convergence
line occurrence (column 3) and rainfall associated with convergence lines (column 4) for each model (rows) are also plotted for 0200 AWST. Model data taken over 29
DJFs from 1979/80–2007/08.

convection as described in Ackerleyet al. (2015); Birchet al.

(2015); Brownet al. (2010); Dai (2006); Stratton and Stirling

(2012); Yang and Slingo (2001), and also Sections4 and5. More

importantly, the Par12k model does not produce precipitation in

the relatively dry continental air (as in the real world) therefore

the presence of a heat low circulation alone is not sufficient

to trigger precipitation. Furthermore, Par12k also simulates the

daytime flow weakening and humidity reduction associated with

turbulent mixing (Figure13(f)). After sunset, convection from

insolation-driven surface heating stops and the flow accelerates
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$ $ $ $ 

:.; =A== !)'(8 &*6>?4 :/; >@== !)'(8 &*6>?4 :0; ?=== !)'(8 &*6>?4 :1; =?== !)'(8 &*6>?4 

:*; =A== !)'(8 %+79 :+; >@== !)'(8 %+79 :,; ?=== !)'(8 %+79 :-; =?== !)'(8 %+79 

:2; =A== !)'(8 !""#''>9= :3; >@== !)'(8 !""#''>9= 
 

:4; ?=== !)'(8 !""#''>9= :5; =?== !)'(8 !""#''>9= 

$ $ $ $ 

$ $ $ $ 

Figure 13. Schematic diagram illustrating the diurnal cycle of the low-level (925 hPa) circulation, moisture and convection/rainfall for (a–d) the observed real world
(Obs.), (e–h) the 12 km grid spaced MetUM with parameterized convection (Par12k), and (i–l) ACCESS1.0. Arrows indicate the strength and direction of the flow, blue
(amber) shading denotes moist tropical (dry continental) air, the separation of the two air masses is the dryline (thick blue line), dashed lines indicate convergence zones,
grey ”cloud shapes” indicate isolated convection and solid grey boxes organised convection and rainfall along convergence zones (dashed lines only indicate convergence
and no precipitation). L denotes the centre of the heat low circulation. Times are given in Australian Western Standard Time (AWST, UTC+8). The blue dashed lines at
1400 AWST indicate the region where the moist air has been mixed sufficiently (relative to 0800 AWST) to be considered dry, continental air.

towards the local heat low centre (Figure13(g)). Convergence

zones and precipitation (where there is sufficient moisture present)

form along the dryline. Therefore, despite the misrepresentation

of daytime convection, the Par12k model simulates nocturnal

precipitation for the correct physical reasons. As in the real world,

the drylines may persist into the night along with the associated

precipitation (Figure13(h).

A similar sequence of events to Par12k also leads to nocturnal

precipitation in the ACCESS1.0 simulations. Convection is

triggered prematurely (Figure13(i)); however, the daytime

reduction in the low-level flow strength and humidity are

represented (Figure13(j)). Overnight, the low-level, turbulence-

induced drag diminishes and air parcels accelerate down

the pressure gradient, which results in the development of

convergence zones and precipitation (Figure13(k) and (l)). The

convergence zones in ACCESS1.0 cover a larger aerial extent that

those in Par12k (see Sections4 and 5); however, precipitation

only occurs where there is sufficient moisture present (i.e. not

within the drier continental air). Thus, the processes leading to

the formation of nocturnal precipitation are simulated at both low

(ACCESS1.0) and high (Par12k) resolution.

Although the schematic (Figure13) relates to the formation

of precipitation in the vicinity of a dryline, other convergence

features (for example sea breeze fronts) may also be strengthened

by the diurnal cycle in the low-level flow. Hence, the

fraction of nocturnal precipitation that can be attributed to any

convergence line is assessed for ERA-Interim/CMORPH, Par12k

and ACCESS1.0. Typically,>75% of overnight rainfall can be
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attributed to the presence of a convergence zone for ERA-

Interim/CMORPH, Par12k and ACCESS1.0 (see Figures3, 6 and

9, respectively). Moreover, a similar percentage (i.e.>75%) of

nocturnal precipitation is also attributed to convergence zones

in the selection of CMIP5 GCMs listed in Table1 (see Figure

12). Given that Ackerleyet al. (2015) show the climatological

convergence around the heat low strengthens overnight and

corresponds with increased precipitation for those same models

(listed in Table1), it is likely that they are also representing the

same process described above.

Overall, the processes that lead to the formation of nocturnal

precipitation over north-west Australia are represented in GCMs

with parametrized convection. Nonetheless, the models only

produce approximately 20–50% of the seasonal (DJF) rainfall

overnight whereas the contribution is>50% in the real world.

The smaller proportion of overnight rainfall (relative to the overall

total) in the models may be simply due to the large proportion of

daytime precipitation (i.e. the nocturnal contribution is correct).

Nonetheless, the lower proportion of nighttime rain may also

be partially due to the removal of atmospheric instability by

the daytime parametrized convection, which causes the nocturnal

atmosphere to be more stable (above the nocturnal boundary

layer). Thus, improving the representation of daytime convection

may lead to an increase in the contribution of the dynamically-

driven nocturnal precipitation. An area of future work therefore,

would be to run Numerical Weather Prediction-type (i.e. run the

model in “forecast mode”) simulations of specific case studies

identified over north-west Australia (and other areas of the globe)

at the various model resolutions described in this paper. The

resolution dependence and sequence of events described in this

paper could then be fully confirmed and the limitations of the

models verified.

Despite the nocturnal rainfall contribution to the seasonal total

being too low, the correct representation of the physical process

that cause it is encouraging and is important for two reasons:

(i) It may be possible to quantify how this process may change

under global warming and;

(ii) It may be applicable to other regions of the world that

have a summertime heat low circulation (e.g. North Africa

and specifically the nocturnal ”Monsoon Surge”, Parker

et al. 2005) or increased nocturnal convergence from the

reorganisation of the low-level flow (e.g. the mid-west of

the United States of America, Daiet al.1999)

For (i) above, the analysis would simply involve re-running the

convergence line detection and precipitation attribution method

described in this study. From such an analysis, the frequency

of convergence line formation and the amount of precipitation

associated with them could be diagnosed directly. For (ii)

above, the first step would be to identify whether the diurnal

cycle of the flow is represented correctly and then to identify

whether any nocturnal precipitation is produced as a result of

the reorganisation (perhaps using case studies as presented here).

Then the convergence line algorithm can be used to evaluate the

contribution of convergence zones to the nocturnal precipitation.

Finally, the process can be repeated on the future climate change

simulations to evaluate how the processes may (or may not)

change under global warming. Given the poor representation

of parametrized convection in GCMs during the daytime (see

Ackerley et al. 2015; Birchet al. 2015; Brownet al. 2010; Dai

2006; Stratton and Stirling 2012; Yang and Slingo 2001, and also

Sections4 and5), an analysis of larger-scale, dynamically driven

rainfall generation processes in the tropics and sub-tropics may

yield useful information of how precipitation may (or may not)

change in the future.
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