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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 (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
Within the tropics and sub-tropics, precipitation maxima tend to o o
flow around the heat low acts to initiate or maintain
occur in the mid-to-late afternoon (Yang and Smith 2006). Despite o
precipitation after sunset;
a good understanding of the physical processes that cause the mid- ) o ) ]
(iii) Identify where that precipitation forms in relation to the
afternoon peak in rainfall, General Circulation Models (GCMs)
heat low centre;
simulate the timing (and intensity) of the rainfall maximum poorly ]
(iv) Investigate whether GCMs can also represent the same
(Yang and Slingo 2001; Dai 2006; Dirmeyet al. 2012). The ) ) )
physical processes and also simulate nocturnal rainfall for
poor representation of daytime, tropical precipitation in GCMs )
the right reasons.
is primarily caused by the parametrization of convection (Betts

nd Jakob 2002a,b; Dai 2006; Neale and Slingo 2003; StrattonAS parametrized convection is used extensively in atmospheric

d Stirling 2012: Yang and Slingo 2001). Nevertheless, Wherpeodellmg (and in simulations of future climate), this study

. . s . . focuses only on such models. This study does not address the
ﬂplcal and sub-tropical precipitation maxima are not driven by

. . . errors in the simulated daytime precipitation as the reasons for
ytime solar heating (such as over north-west Australia, sée % precip

(ry et al. 2011), GCMs may be able to simulate the processggCh errors are documented elsewhere (Betts and Jakob 2002a,b;

. Dai 2006; Neale and Slingo 2003; Stratton and Stirling 2012;
t cause rainfall correctly.

This paper explores the resolution dependence of GCM-
ring the austral summer (December, January, February—from

simulated nocturnal rainfall by using relatively high (approxi-
w, DJF) is important in causing precipitation to occur after . . o
< ) P g precip mately 12 km grid spaced Met Office Unified Model—MetUM)

H Yang and Slingo 2001).
= The development of a heat low over north-west Australia

sunset (Berryet al. 2011). The development of the nocturnal . . . .
( ¥e ) P and low resolution100 km grid spaced Australian Community

boundary layer reduces the low-level friction, which allows air_ . . .
vy éllmate and Earth System Simulator—ACCESS) model simula-

rcels to accelerate down-gradient and converge (the process . .
ﬁ g ge (the p tions. The study is then extended to a selection of GCMs from the

di di detail in R d Smith 1999; S . .
iscussed in more detail in racz and smi pengIlleiﬁh Coupled Model Intercomparison Project (CMIP5) to evalu-

t al. 2005; Spengler and Smith 2008). This continental-scale .
ate whether the processes that cause nocturnal rainfall are model

rganisation of the heat low circulation is actually representggpendent or not, which is an approach that is also undertaken in

Il in low-resolution GCMs, and there is evidence that the . . .
r\/elllnga et al. (2016). If the sub-daily, nocturnal rain-generating

sociated nocturnal convergence initiates precipitation (see .
processes are modelled correctly, then such mechanisms may also

ey et al. 2014, 2015). Nevertheless, the actual "weather” ) ) L
y ) [)e correct in (for example) climate change projections. Moreover,

cesses that occur on sub-daily timescales are not investigated jn . .
@ y g |?the GCMs simulate the processes well over north-west Australia
e

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

they may also do well in other regions of the globe (e.g. the West
ckerleyet al. (2014, 2015), who both use composite averages . .
@ y ( ) P gA%rlcan monsoon surge and the low-level nocturnal jet over North

infer the precipitation—circulation relationship. Therefore, in ) . .
precip P America, see Parkest al. 2005; Daiet al. 1999, respectively).

er to properly identify whether the nocturnal precipitatio . .
property fy precip Rlevertheless, the impact of future climate change on nocturnal

isf simulated correctly in the models, an understanding of the, . . .
y 9 rainfall and expanding the analysis beyond north-west Australia
physical processes that occur on sub-daily time scales is required.

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

he daily-to-sub-daily atmospheric processes that causerk.
nocturnal precipitation in the real world and a selection of GCMs Section 2 outlines the data and methods used in this
is presented in this study. Using a combination of case studies aady. Section3 describes the physical processes that cause

composites (climatologies), the aims of this paper are to: nocturnal precipitation over north-west Australia. An evaluation

This article is protected by copyright. All rights reserved.



of these processes in high-resolution and low-resolution GCMssigpplementary material (Sections S1.1 and S1.2) as further

presented in Sectiorsand5, respectively. A selection of CMIP5 evidence. The YOTC data therefore, provide more detail (i.e.

models are assessed in Sectioio identify whether other GCMs higher resolution) on the specific case study described in Section

can represent the same physical processes described in S&ctidha.

— 5. The final discussion and conclusions are given in Section While reanalysis data are not observations and may have

There is also a significant supplementary material section wheignificant biases in areas with a sparse observational network

other case studies are presented from the analysis in Se8tiéns(e.g. sub-Saharan Africa see, Garcia-Carretas. 2013; Roberts

and5, which provides further evidence to validate our hypothesest.al. 2015), over north-west Australia there are numerous surface
observations with which to constrain the moderhe reanalysis

2. Data.and models data provide a 6—-hourly, instantaneous measure of the state of the

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

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

-

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

1

The dynamical and thermodynamical properties of the atmosphgre Precipitation

nal and meridional flow, mean sea level pressure, specific

- . In order to assess the processes leading to nocturnal rainfall over
midity and air temperature) from the European Centre for

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

¢

1

dium-Range Weather Forecasts Interim Reanalysis (ECM\N
method (CMORPH) dataset (Joyes al. 2004) are used for

t

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

I;

. th
to,understand the physical processes that cause nocturnal ralnf§I

over north-west Australia. Data are taken from the ERA-Interirlra}tltblde_lOngItUde spacing of 0.25x 0.25 between +60°

a(tlgtitude). Consecutive 3-hourly CMORPH data are summed

period 1998-2014. The gridded CMORPH data have a

rchive for each DJF from 1979/80-2012/13. The 6-hourly d

A

are available at 0800, 1400, 2000 and 0200 Australian Westé?nglve accumulationst:3 hours of the reanalysis data times

) . i.e. 0500-1100, 1100-1700, 1700—2300 and 2300-0500 AWST).
ndard Time (AWST, UTC+8 hours). The ERA-Interim datge an )

. . . . ﬁiven that the reanalysis data provide a 6-hourly instantaneous
used to make composites of the diurnal circulation over the

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

d

stralian continent for the 34 DJFs available (Sectiot) and,

. . . o is an accumulatiort=3 hours of the analysis times, an exact
identify heat low centres associated with the specific case study

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

ife

en in Sectior8.2.

. . zones) with the analysed precipitation should not be expected.
n order to better identify the weather features (e.g. convergence ) y precip P

. Tpe CMORPH data are used to produce composites of the diurnal
that are important for the development of nocturna

s . . . cycle in precipitation over Australia over all available DJFs (16
cipitation, this study also uses the high-resolution (25 kn¥ precip (

nyears, Sectio.1) and to identify the location of precipitation in

YR

id spacing) ECMWF-YOTC (Year Of Tropical Convectio

. . . . the case study (Sectidh?).
ncrieff et al. 2012) temperature, circulation and moisture y( )

¢

The main limitation of the CMORPH data is associated with
tent dataset. The ECMWF-YOTC (from now YOTC) data are n fimitat ! ! W

h llite-deri i in rainfall being | hat that of
ailable from May 2008—April 2010, which provides a relativelyt/ e satellite-derived maximum in rainfall being later that that o

ain gauge estimates (Dat al. 2007). Nevertheless, Ackerley

.

. . . . r
rrow time frame (only 2 years) from which to identify nocturnal

. . .._et al. (2014) showed that the timing of the CMORPH-derived
rajnfall events. Nevertheless, several cases where precipitation

grecipitation maximum over north-west Australia agrees well

A

inCreases or is initiated overnight are identified during the tw

. . ith surface-based pluviograph measurements from Betrigl.
year period. For brevity, only one case on‘t@l1*" January with su pluviograp . B

o . . 2011). Therefore the 6-hourly CMORPH estimates are unlikel
2010 is discussed in the main text; however, two other cas(es ) y y

are presented (171—12”1 and 12}7’—1?}1 January 2010) in the *seehttp : wwwbomgovauwaobservationsmapshtml
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to be affected by the delay in peak rainfall described byd®ail. The version of ACCESS1.0 used here comprises 38 vertical
(2007). levels and has a grid spacing of 1.87%®ngitude by 1.2%

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

2.2. Models for more details). Parametrized physical processes within the

2.2.1. MetUM with 12 km grid spacing (Par12k) model include radiation, surface energy exchange, precipitation,
clouds and convection. For a more detailed discussion of
A global, high-resolution (0.175longitude by 0.117 latitude, the ACCESS1.0 configuration see Bt al. (2013). Despite
equivalent to 12 km grid spacing at mid-latitudes) GlobgdCCESS1.0 comprising an older configuration of the MetUM
Atmosphere/Global Land (GA4, Waltees al. 2014) version of than Parl2k, the compatibility of the convection schemes
the Met Office Unified Model (MetUM) is used in this study(ACCESS1.0 also uses the Gregory and Rowntree 1990, scheme)
(and referred to throughout as Parl2k). Finer details of thgovides a platform from which to compare a lower (ACCESS1.0)
@oerimental setup and model parametrizations are given in Bitghd higher (Par12k) resolution model more directly. Furthermore,
al. (2015) and Walterst al. (2014). Pertinent to this study as ACCESS1.0 is one of the models used in the Fifth Coupled
ﬂthe representation of convection within the model, which jodel Intercomparison Project (CMIP5), the analyses used to

< p" ametrized (Gregory and Rowntree 1990) and the same sche@i@pare Par12k with ACCESS1.0 can then be extended into the

Is used by the low-resolution GCM (ACCESS) described belowCcMIP5 models too (see below).
o
he model uses prescribed (daily) sea surface temperatures and
l se

i trati f O ti | Sea Surf T t . L
a |ce concentrations from Lperafional sea surlace fempera ur'Fhe ACCESSL1.0 simulation is run fronf®lJanuary 1978 to

Ice Analysi TIA, Donl l. 2012 . Th . .
d Sea Ice Analysis (OSTIA, Donlaet al. 2012) dataset. The 15t March 2001 with prescribed monthly sea surface temperatures

del was initialised in March 2008 in a "free-running mOd?SSTs) and sea ice conditions as per the specifications
(i.e. no data assimilation). DJF data are taken from a three y%?r

an "Atmosphere Model Intercomparison Project” (AMIP)

i 2008-09, 2009-1 2010-11) f in thi lysis. .
period (2008-09, 2009-10 and 2010-11) for use in this anayséipenment (Gates 1992; Gatesal. 1999; Tayloret al. 2000),

hile the SST field is representative of the observed state du“vr\]/ﬂereby monthly SST and sea ice are interpolated and updated
8-2011, the actual weather systems will not match those tgghy, The first eleven months (January

November 1978) are
disregarded to allow for the model to "spin-up” then each

specific dates is somewhat arbitrary and serves only for easesﬁ)l];sequent DJF (1979-2001) is considered for the analysis

iewing for the reader. Composites of circulation and precipitati%ne

Gtually occurred between these dates. Therefore, the reference

low (Section5). Again (as with Parl2k), while the SST

Qade for all three DJFs (Sectiéri) and the circulation and field is representative of the period 1979-2001, the actual

itation associated with the specific case study are described .
P y weather systems will not match those that actually occurred on

B . . h
QSectlom.Z For brevity, only one case on 16-17" January those specific dates (and those of the presented case studies—

10 is discussed in the main text for Par12k; however, two other . o .
see Sectiorb.2). Therefore, the reference to specific dates is

es are presented (1718" and 18"-19" January 2010) in _ .
somewhat arbitrary and serves only for ease of viewing for the

e supplementary material (Sections S2.1 and S2.2) as furtpeee{der. Composites of circulation and precipitation are made for

dence all 21 DJFs (Sectiorb.1) and the circulation and precipitation

associated with the specific case study are described in Section
2.2.2. ACCESS1.0

5.2. For brevity, only one case on'8-9" February 1983 is
The atmosphere-only component of the Australian Communityscussed in the main text for ACCESS1.0; however, two other
Climate and Earth System Simulator version 1.0 (ACCESS1@ses are presented{910" and 16"-11" February 1983) in

is used in this study and is very similar to the HadGEM2(r1.1pe supplementary material (Sections S3.1 and S3.2) as further

version of the MetUM (Hewitiet al. 2011; Martinet al. 2011). evidence.

This article is protected by copyright. All rights reserved.



2.2.3. CMIP5 models (a) CMORPH

The models used in this study, their horizontal and vertical
resolutions, and their relevant references are listed in Table

Nine different model simulations were chosen and are identical

to those used in Ackerlegt al. (2015). Data are taken from the
AMIP simulations from the fifth Coupled Model Intercomparison
Project (CMIP5, Taylort al. 2012). The AMIP simulations are

used here to extend the analysis presented in Acketlaly(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
re in-depth discussion of the models used in this study (and

ﬂzir biases) are presented in Ackerlglyal. (2015), which the
: jader is referred to for more details. Here, the focus is on the

cturnal (2000 and 0200 AWST) circulation and precipitation

® oy (see Sectio). ooty e
‘ 2.3. Heat low detection —

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

I

and the Parl2k and ACCESS1.0 model data, using the method

Rainfall (mm)

scribed by Lavender (2017). This detection algorithm analyses

7 20 2
Local time of day (UTC+8)

regions that exceed the daily 90percentile threshold of 850

a potent|a| temperature for low pressure Systems with heat |6gpre 1. The mean contribution (%) of nocturnal (2000-0800 AWST) rainfall
to the daily total (0800—0800 AWST) from (a) CMORPH, (b) Parl2k and, (c)

‘g . _ ESS1.0. (d) The mean diurnal cycle of precipitation (mm 3hrwithin the
aracteristics. To be defined as a heat low the mean sea-| éid region (120E-130E and 185-25'S) in Figs. 1(a)~(c) for CMORPH

.. . . X . (black line), Par12k (purple line) and ACCESSL1.0 (blue line).
ssure must be a minimum relative to surrounding grid points

d

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

e

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

he case studies (i.e. one full 24-hour period), no tracking of the To examine precipitation associated with convergence lines, the

I?

systems is done in the present study. same technique described in Wellerr al. (2017) is employed.

Precipitation is associated with objectively identified convergence

C

4. Convergence line/zone identification
lines when they are found to occur within close proximity to each

C

rizontal wind fields from reanalysis and climate model dagher for each 6-hourly field. In the current study, a surrounding
ts are examined using the objective instantaneous CONVErgeRBe (+-1 grid point in size) is searched for the existence of an
e identification method described in detail by Wellerr al.  jgentified convergence line for each rain grid point. The search
17), which is a modified version of that developed by Berry angcounts for any rainfall that may be related to a broader, synoptic-

Reeder (2014). Convergence line points are identified as locatigpg|e system that is associated with any such convergence line.

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

*

A

used to link the points into organised convergence lines. In theln this paper the terms "convergence line” and "convergence
current study, the method is applied to 6-hourly divergence fieldsne” are considered to be equivalent and are used interchange-

calculated at 925 hPa. ably.

This article is protected by copyright. All rights reserved.



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, 1.875x 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, 1.9 (26 levels) Woeet al. (2010); Xinet al. (2013)
BNU-ESM [T42, 2.82] (26 levels) Jiet al. (2014)
CCswm4 [1.25 x 0.9°] (26 levels) Genet al. (2011)
IPSL-CM5A-LR [3.75 x 1.875] (39 levels) Dufresnet al. (2013)
MIROC5 [T85, 1.4] (40 levels) Watanabet al. (2010)
MRI-CGCM3 [T159, 1.1258] (48 levels) Yukimotoet al. (2012)
NorESM1-M [2.5 x 1.9°] (26 levels) Bentsert al. (2013)
3. Observations: Climatology and case study turns anticyclonically at 0200 AWST relative to 2000 AWST and

the convergence weakens as the flow tends towards geostrophic
Mean diurnal circulation and nocturnal rainfall

C

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

1

. . the circulation around heat lows over relatively flat terrain (Racz
Previous work (Berryet al. 2011) has shown that there is

o s and Smith 1999; Spenglet al. 2005; Spengler and Smith 2008).
endency for the majority of precipitation over north-west

¢

. . . ... .. Th i f st t I bet 2000-
stralia to happen overnight. The fraction of DJF precipitation © reglon of strong nocturnal convergence between

AWST ith th i h % of th
t occurs between 2000 AWST and 0800 AWST fror%800 ST corresponds with the region wher&0% of the

{1

! . . ipitati t night Fi d,2
CMORPH (averaged across 1998-2014) confirms this (FlgLPrreeCIpI ation occurs at night (compare Figur®) and, 2(c)

1(a)), with a broad region over the north-west of the continet. d (d)). Berryet al. (2011) however, show that the nocturnal

. nvergen lone is not sufficient t recipitation an
m approximately 120E-135E and 17.8S-25S) where convergence alone is not sufficient to cause precipitation and a

. . synoptic-scale change in the circulation from dry southeasterlies
0% of the DJF precipitation occurs overnight. ynop 9 y

AL

) to _relatively moist northeasterlies is required to provide the
Over north-west Australia, sunset occurs between 1800-1900

. . necessary water for precipitation to occur. Beatyal. (2011)
ST and sunrise between 0500-0600 AWST during DJF,

. .. make composites of the circulation on days with and without
refore surface solar heating cannot act to destabilise the

. . . . rainfall to show the mean change in the synoptic-scale circulation
-level air and cause moist convection between these times.

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

ed

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

) . As the aim in this study is to identify the specific processes
rnal cycle of the heat low circulation can cause the necessary

. . L responsible for nocturnal precipitation at weather time scales (i.e.
vergence to initiate nocturnal precipitation. This is illustrated

) . sub-daily to daily) it is therefore useful to look at a case study
ures 2(a)—(d), which show the mean diurnal cycle of

. .instead of a composite. Such a case study should illustrate how,
the 925 hPa flow from ERA-Interim. At 0800 AWST there is

. ) . .and why, the reorganisation of the heat low circulation causes or
edominantly easterly flow over the continent with cyclonic

enhances rainfall overnight. Furthermore, the case study should

[

e o

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

&

. ) . . ) ) elucidate why convergence alone is not the governing factor for
ociated with the climatological location of the continental heat

. nocturnal precipitation.
w in DJF (Lavender 2017). The 925 hPa flow weakens at 1400

ST relative to 0800 AWST (Figur@(b)) from the increase
3.2. Case study

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

AgG

(turbulence). By 2000 AWST the nocturnal boundary layer formia order to identify how the reorganisation of the heat low
as the surface cools, which reduces the low-level friction amitculation actually initiates or enhances precipitation after
the flow accelerates down the pressure gradient into the lgunset, a specific case is considered when such a sequence of

centre and converges (grey shading, Fig2(®). The flow then events occurs (i.e. nocturnal convergence and precipitation). For

This article is protected by copyright. All rights reserved.
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ure 2. Composited ERA-Interim (1979/80-2012/13) DJF 925 hPa flow (vectors;, h and negative divergence (i.e. convergence)sa) 0800 AWST, (b) 1400
ST, (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.

Heat low centres are identified using the algorithm described
in Section2.3to 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-

S e e e e e s e e e e e e level flow (discussed in SectioB.1), the detection algorithm

(d) 11 Jan 2010

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

158 158

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

208 208

255 255

results in the multiple heat low centre detections plotted in Figure

308 305+

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

ted Article

e M

(B \ N
110E  115E 120E 126E 130E 135E 140E 110E 115E 120E 125E 130E 135E 140E

and hence location of the detected minimum pressure (as well as
. ERA-Interim case study analysis of mean sea level pressure, hPa (salid f . | forth ltipl
ines), 850 hPa winds, m™s (arrows), daily rainfal>>2 mm (blue shading), 850 Some movement of non-stationary lows), accounts for the multiple

a potential temperature312 K (amber shading) and identified heat low centres . .
(41n the figure) from the detection algorithm described in Sectidall 6-hourly ~ detections throughout the day. The detections therefore, show the
ections are included in each daily plot) for (&) 8anuary 2010, (b)¢ January

2010, (c) 10" January 2010 and (d) 11 January 2010. broad location of any heat low on a given day.

kP

On 8"—9" January 2010, there is a heat low located around

vity, only one case is considered; however, an inspectionIdf7°’E and 22S as indicated by the co-located amber shading

(C

her nocturnal precipitation cases (not shown) display similand detections (the in Figures3(a) and (b)). There is a cyclonic
cesses at work. We identified a period of increased nocturnatulation around the low centre and precipitation occurs only

rajnfall in the CMORPH dataset that occurred from thé”1® where there is onshore westerly or northeasterly flow. The heat

A

13" January 2010; however, only the first day(:011"") of the low remains stationary over the north-west of the continent on
event is considered here. The salient features of the other two dyes 16”11 January 2010 but the region of precipitation (and
are given in the supplementary material (S1.1 and S1.2) to provitie associated northeasterly flow) moves westward relative to the

further supporting evidence. 8!"—g" January (compare Figurégc) and (d) with (a) and (b)).
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mrg
a

hPa flow (arrows, ms') and specific humidity (blue, g kg') with regions of precipitation~0.25 mm 6hr! shaded grey-black; middle row—925 hPa flow (arrows,

m s~ 1) and regions with moisture flux convergensé.0x10~ 7 s~! shaded black; bottom row—uvertical cross section along the orange line shown in the top two rows
taining the combined horizontal and vertical flow (arrows, T)svirtual potential temperature (orange contours, K) and specific humidity (blue shading,'y kg
on'pressure levels. Also shown in the bottom row is the raiaf&llhr 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 January, 1400 AWST 16 January, 2000 AWST 16 January and 0200 AWST 11 January 2010. Circulation
fields and specific humidity are plotted from the YOTC reanalysis and precipitation data are from CMORPH.

ere is very little precipitation within the heat low centre itselfportheasterly flow at low levels (925 hPa). There are also some
ich suggests there is insufficient moisture to allow it (Figuresnall regions of precipitation in the north-east of the plotted

c) and (d)). domain at 0800 AWST (grey shading, Figudi(i)). The heat low

) i detections in Figur&(c) correspond with the region of relatively
Overall, there is a clearly defined heat low structure on the 8

o . low specific humidity (i.e.<13 g kg ' in Figure 4A(i)) and
nuary 2010. Furthermore, there is little or no precipitation

) . . cyclonic circulation, westward of approximately TE There
hin the heat low centre itself, which also suggests that the

) - are narrow bands of strong moisture flux convergence (Figure
esence of a heat low alone is not sufficient to cause nocturnal

4A(ii), black shading) over western Australia and along 5A

h

P

-

rainfall. Given the different synoptic situation during*1012"

¢

. . h developing heat low is also visible (Figurd\(iii) near 126°E,
anuary (Figuré), the 6-hourly evolution for 16—11*" January

) ) ) ) isothermal layer from the surface to approximately 900 hPa). Also
investigated in more detail, to better understand the specific

notice the region of reduced specific humidity, which coincides

C

chanisms at work (Figur®. The low-level specific humidity

. . with the developing heat low and is a signature of dry convection
and flow (top row), moisture flux convergence (middle row) and

. o . acting to reduce the low-level moisture (through vertical mixing).
rtical transects of humidity, temperature and winds (bottom

row) are plotted in Figuré. )
By 1400 AWST, surface solar heating has caused the low-

There is a tongue of relatively moist air over the continetével winds (925 hPa) to weaken (as described in Seciidh

(blue shading, FiguréA(i)), which is associated with easterly toand turn cyclonically relative to 0800 AWST (FiguréB(i) and

This article is protected by copyright. All rights reserved.
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B(ii)). Rainfall is visible in the relatively moist air (blue shading ininto disparate convergence zones or lines (Arnup and Reeder
Figure4B(i)). A convergence zone has formed along the bounda2p07; Deslandest al. 1998). The nocturnal rearrangement of the
between the relatively high and low specific humidity air madew-level flow (around the heat low) can intensify local moisture
(127E, Figure4B(ii)). The heat low has also deepened betweegradients at the boundary between moist (tropical) and dry
0800 to 1400 AWST (compare FigurdB(iii) and A(iii)), with  (continental) air masses. Such boundaries are termed "drylines”
the isothermal layer extending to approximately 775 hPa. Asceahd are a common feature over northern Australia (Arnup and
associated with the convergence zone in Figlsgii), is also Reeder 2007). As the air masses do not mix across the dryline,
visible in Figure4B(iii) around 127E. they are also the focus of convergence and ascent (Arnup and
Rainfall increases and becomes more widespread around 288@der 2009) and (it would seem) can play a key role in the
AWST relative to 1400 AWST (compare FiguretC(i) and development of nocturnal rainfall. Furthermore, there is evidence
B(i), darker shading) despite insolation reducing during this tinieat other types of convergence zones (for example a sea-breeze

(3unset occurs between 1800-1900 AWST). The 925 hPa wifieght—see Section S1.2.3 in the Supplementary Material) may

-

trengthens relative to 1400 AWST, which is indicative of &trengthen as the flow rearranges overnight and can also become

]

reduction in the low-level drag (discussed in Sectidf). Air the focus for precipitation.
cels tend to accelerate down the pressure gradient as the drdgis clear from Figure5 (and those in the Supplementary

reduces. The nocturnal convergence however, is not solely focubgaferial) that the along-convergence line boundary may extend

1C

ithin the centre of the heat low (around PE{ 22°S in Figure for thousands of kilometres but the cross-convergence line

L

3(c)) and there are several convergence lines over the continegndary is much narrower (10-100 km, see Arnup and Reeder

L.

gure 4C(ii), black shading). The convergence and ascent a#809). Therefore, as in the case presented in Figyend those
o visible in the horizontal cross section (Figd@iii)) around in the Supplementary Material) the actual convergence zones that

126°E. Precipitation is visible in the ascending, higher specifform on any given day are likely to cover a much smaller area than

A

humidity air to the east of 12% but there is no precipitation thatimplied by the climatological analysis in FiguteDiagnosing
tween 123E—125E where the specific humidity is lower. any such convergence features and attributing rainfall to them is

Around 0200 AWST, the precipitation lies within thethe focus of the next sub-section in order to address their general

d

latively) moist, northeasterly flow (Figu#®(i)). The relatively importance from a climatological perspective.

-

gher humidity air is advected westward relative to 2000 AWST
3.3. Nocturnal convergence lines and precipitation
hin the prevailing northwesterly to northeasterly flow (compare

[

ures4C(i) and D(i)). The flow also turns anticyclonically byThe frequency of convergence lines (% month at each grid

H

WST relative to 2000 AWST (i.e. geostrophic balanc@oint from ERA-Interim over north-west Australia in DJF are

sée Sectio3.1). The remaining convergence zones lie within thglotted in Figure5. Within the domain of interest (box in Figure

¢

elatively moist air (compare Figuret)(i) and D(ii)); however 5) convergence zones are detectetD% of the time on individual

C.

convergence zones northward of’80are weaker at 0200 grid points at 2000 and 0200 AWST (Figuréga) and (b)),

ST relative to 2000 AWST. Along the transect, the easterbbnsistent with the climatological mean presented in Figa(e)s

G

-level flow rises up the isentropic surfaces around °E4 and (d).
ich is associated with the leading edge of the precipitation The fraction of total precipitation associated with convergence

along the cross section (Figu#B(iii)). lines over north-west Australia is plotted in Figure&) and

A

In this case, the nocturnal convergence around the heat I@y (for 2000:3 hr and 0208-3 hr AWST, respectively). The
circulation does not occur over a broad area (as could be impligldorithm used identifies precipitation first and then associates
from Figures2(c) and (d) where the strong convergence occuits with nearby convergence zones, therefore non-precipitating

over much of the continent); instead, the convergence is organisedvergence lines are eliminated from the analysis. It is clear

This article is protected by copyright. All rights reserved.



a) DJF ERA-I, 2000 AWST b) DJF ERA-I, 0200 AWST in Figure4), the assessment of the sub-daily processes at work is
2 10°S A A

- even more important.
20°S1
25% One of the important ingredients for causing nocturnal rainfall

30°S

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

35°S

sl i R TS reorganisation of the flow around it. A heat low is visible on
° e % month % © 10" January and had been present from th& @igure 3).
c) DJF ERA-I/CMORPH, 2000 AWST d) DJF ERA-I/CMORPH, 0200 AWST

10% 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

T AR .

115°E 125%E 185%E

within that relatively dry air are not associated with precipitation

50 60 e o 8 80 100 (see FigureglC(i) and (ii)). Therefore, convergence alone is not

le

ure 5. The frequency of detected convergence lines at each grid point taken &#fficient to initiate precipitation, which is consistent with the
Il DJFs (1979-2013) from ERA-Interim at (a) 2000 AWST and (b) 0200 AWST.

fraction of CMORPH (1998-2013) precipitation attributed to the identifiefindings of Berryet al. (2011).

\vergence zones3 hours of (c) 2000 AWST and (d) 0200 AWST.

16,

Conversely, where there is sufficient moisture present, the
that most of the climatological rainfalt(70%) at 2000 AWST _ )
down-pressure gradient acceleration of the flow around 2000

s associated with a convergence line within the region of interest o ) o }
AWST strengthens the existing moisture gradient into a dryline

gure 5(c)) and the fraction increases (te80%) around 0200

(

I

(as described in Arnup and Reeder 2007). These drylines
ST (Figure5(d)). Ergo, when sufficient moisture is available, ]
may then become the primary focus for convergence (ascent)
it js the narrow convergence lines that form around the heat S )
and precipitation (compare Figure£B(iii) and C(iii)). The
low (and not a broad, continental-scale region of convergence as = ] S )
precipitation forms on the relatively moist side of the dryline
plied in Figures2(c) and (d)) that deliver the majority of the

A\

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

d

Therefore, it is the reorganization of the flow at the dryline that
drives precipitation and the heat low itself is only responsible

. Discussion for creating the necessary conditions for that reorganisation

te

to happen. Furthermore, precipitating convergence zones are
kerley et al. (2014, 2015) and Bernet al. (2011) show

responsible for causing-70% of the precipitation that occurs
there is a tendency for more precipitation over nortla'vernight

st Australia overnight than during daylight hours (also see

&

igurel(a)). Nevertheless, both Ackerley al. (2014, 2015) and  As the features identified above (convergence zones and heat

G

rry et al. (2011) present composites (i.e. an average) of th@wvs) span hundred of kilometres, it may be possible for coarse-

culation features that bring rainfall to north-west Australiagsolution GCMs to represent such circulation features over

(

ich smooths the features identified in Secti®fA. Instead of north-west Australia (especially as GCMs have been shown to
road area of nocturnal convergence within the heat low ovepresent analogous mid-latitude features, i.e. fronts—see Catto

narth-west Australia (as can be seen in Figu?és) and (d)), etal.2012). Furthermore, the GCMs used in CMIP5 also simulate

A

distinct convergence lines develop and the resulting precipitatiasecondary increase in convergence and precipitation overnightin
is organised around those zones. Furthermore, given compositeth-west Australia (Ackerlegt al. 2015). If precipitation in the
may not be representative of the weather on any single day (3CMs is associated with convergence across e.g. a dryline, and

individual events do not look exactly like the average—as seant widespread nocturnal convergence, then it can be argued that
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they are capturing the correct physical processes that cause night- — e - SRRUALE L
time rainfall. This is investigated for a selection of models in the

following sections.

4, MetUM: Parl12k simulation

4.1. Mean diurnal circulation and nocturnal precipitation

The fraction of precipitation that occurs overnight (2000 AWST-

0800 AWST) from Parl2k (averaged over all 3 years of the

¥ 7 S \ 7

: : Dt > 355 1015 : Y e
110E 115 120 125E 130E {35 140E 110E 115E 120E 125E 130E 136 140E

simulation) is plotted in Figurel(b). There are many areas
Figure 6. Par12k case study mean sea level pressure, hPa (solid lines), 850 hPa
where more than 35% of the precipitation occurs between sungetis, m s (arrows), daily rainfall>2 mm (blue shading), 850 hPa potential
temperature>312 K (amber shading) and identified heat low centres {fi the
; ; i i ; i figure) from the detection algorithm described in Secidi(all 6-hourly detections
sunrise (dark shading in Figuigc)), which is a smaller a?e inzzluded in each daily pglot) for (a) 44 January 2053(, (b) 18 Ja%uary 2010,
(c) 16 January 2010 and (d) 17 January 2010.

¢

proportion than for CMORPH (compare with Figuré&) and

b)). The small nocturnal rainfall contribution (to the daily
the air accelerates towards the north-west of the continent at 2000
al) is due to most of the precipitation falling between 1100—
AWST (as the nocturnal stable layer forms) causing an increase in
00 AWST, which is associated with the early triggering of
convergence over the land (Figui@)). By 0200 AWST, the flow
tAe parametrized convection (and is a common problem across
has turned anticyclonically relative to 2000 AWST and circulates

cl

1

models, see Yang and Slingo 2001; Dai 2006; Dirmegteal.
around approximately 2% and 124E (Figure2(h)). There is also
2012; Ackerleyet al.2015; Birchet al.2015). Nevertheless, when

a broad area of convergence visible at 2000 and 0200 AWST,
mean diurnal cycle is considered (Figuxe), purple line),

which compares well with ERA-Interim (Figurg(d)). The co-
there is a clear secondary peak in precipitation between 2000—
incidence of the secondary nocturnal precipitation peak (between
2300 AWST that cannot be associated with a destabilization of

2000-2300 AWST) and the increased convergence would suggest
boundary layer from solar heating. This secondary peak is

the two are related. Therefore, itis worth investigating a case study
ociated with the triggering of the "mid-level” (i.e. above the

to identify whether the processes described in Se@&iafi.e. for
cturnal boundary layer) convection scheme in the MetUM (see

the real world) also occur in the Par12k simulation.

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

d, At

e

sociated with the daytime convection are discussed elsewhere
4.2. Case Study

g. Ackerleyet al. 2014, 2015; Browret al. 2010; Stratton and

P

2012), it is worth focussing on the cause of the nocturnAk with the reanalysis-CMORPH case study (Sectif), a

cipitation peak here to see whether it is caused by the sapeeiod of increased nocturnal rainfall is identified from the Par12k

¢

rocesses described in Sectitin simulation between 4-17" January 2010 (reminder: Par12k

C

he first step is to identify whether the mean diurnal circulatiohiates do not correspond to the real-world date and the actual

i) Par12k is comparable with the reanalysis data. The meagather in January 2010, see Sectibf). Again, for brevity,

G

iurnal, 925 hPa circulation (averaged over the three simulatealy one day (18'-17") is considered despite there being several
ars) at 0800, 1400, 2000 and 0200 AWST are plotted in Figueter case studies that could have been used (not shown); however,

2(e)—(h), respectively. There is a cyclonic circulation centre ovtire two days that follow (17—19" January) are provided in

A

north-west Australia with predominantly easterly flow over ththe supplementary material (S2.1 and S2.2) for further supporting
rest of the continent at 0800 AWST, which then weakens am#lidence of the atmospheric processes at work.
turns cyclonically by 1400 AWST (Figurexe) and (f)) and is  The synoptic situation for TA—17" January 2010 from the

also seen for ERA-Interim (FigureXa) and (b)). Furthermore, Par12k simulation is presented in Figufe (using the same
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igure 7. Case study analysis of 6-hourly data from the Par12k simulation: top row—925 hPa flow (arrows) ans specific humidity (blue, g kg') with regions of
precipitation>0.25 mm 6hr* shaded grey-black; middle row—925 hPa flow (arrows, ™)sand regions with moisture flux convergensé.0x10-7 s * shaded black;
bottom row—uvertical cross section along the orange line shown in the top two rows containing the combined horizontal and vertical flow (arfgwsrtuas potential
perature (orange contours, K) and specific humidity (blue shading; t)kan pressure levels. Also shown in the bottom row is the raiaf8lihr 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 AWamUESy, 1400 AWST 18 January,
2000 AWST 16" January and 0200 AWST 17 January 2010.

vention for the variables as in Figufe There is a heat low which is associated with onshore (northerly) flow across the north-

d

d associated cyclonic circulation between “B5125E and west Australian coastline.

C

proximately 22.5S (Figure6(a)) with precipitation primarily

{

ated within the northeasterly flow to the east of the low. The The sub-daily 925 hPa circulation, precipitation, humidity and

at low centre remains in the north-west corner of the Contin%ulation features are plotted in Figuiefor Par12k in the

h_16" January (Figure$(b) and (c), respectively) but

B

same way described in Secti@rB3 (Figure4). A broad region of

the region of precipitation, embedded within the easterly anh specific humidity air$10 g kg~') lies over the domain in

ortherl

G

y 850 hPa flow, moves westwards. The heat low is SEj“)rthwesterly-to-northeasterly 925 hPa flow (Figurgi)) with

¢

. . . . h
arly visible in the north-west comer of the continent 0/'17 1o, humidity air in southerly-southeasterly flow. Precipitation is

nuary and the precipitation extends across the whole land MASHle eastward of 125 at 0800 AWST, which is characteristic

rthward of 20S (within the easterly flow, Figuré(d)).

G

of parametrized convection being triggered too early (Ackerley
et al. 2015; Birchet al. 2015; Brownet al. 2010; Dai 2006;
There is a clearly defined heat low for the *4417" Stratton and Stirling 2012; Yang and Slingo 2001). There are

A

January with precipitation primarily to the east of the lowswo main convergence zones at 0800 AWST—one along the
centre. The majority of the precipitation is embedded within tHeundary of the northwesterly and southeasterly 925 hPa flow
northerly/easterly flow and not the continental southeasterly floand the other between the northeasterly and northwesterly flow,

Nevertheless, there is precipitation within the heat low itseijong 129E (Figure7A(ii)). There is a tongue of relatively high
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specific humidity air over the continent (at 925 hPa) that extend  a) pJr par12«, 2000 awsT b) DJF Part2k, 0200 AWST
D = ~ 10°S —

to approximately 24S (Figure7A(iii)).

':l

35°5 L2 K 7
115°E 125°E 135°E

(compare Figure3A(i) and B(i)). There are many small regions

20 30 40
L . . . . - % month™!
of convergence within the precipitating region (FigufB(ii)), ¢) DJF Par12k, 2000 AWST d) DJF Par12k, 0200 AWST
10°S B
which are consistent with the ERA-Interim case (see Sectio
15°s

10°S

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

continental southeasterly flows. The highest rainfals fours of

@OO AWST) is visible within a region of relatively high specific . .
L . 50 60 70 80 90 100
umidity (between 206—-24'S), bounded by two regions of lower L

i o . s Figure 8. The frequency of detected convergence lines at each grid point taken for
specific humidity air (at 195 and 26S) where the precipitation ;o 1’3 yvears) from Pari2k at (a) 2000 AWST and (b) 0200 AWST. The fraction

. . of Par12k DJF precipitation attributed to the identified convergence #ii8kours
istalso lower (see FigureB(iii)). of (c) 2000 AWST and (d) 0200 AWST, taken over the same years.
t 2000 AWST, the 925 hPa flow strengthens (reduced

low-level drag as the nocturnal boundary layer forms) arPnvergence line however (parallel to the coast neag2Bigures

¢l

% the precipitation organises into two lines—one at the northe?ﬁ:(')_('"))’ resembles a sea breeze front that has accelerated

extent of the southeasterly flow and the other parallel Hpshore from the coast following the nocturnal re-arrangement

northern coastline (FigureC(i). Both precipitation lines of the flow. Nocturnal convergence and precipitation associated

are associated with high values of moisture flux convergen®@h an onshore flow is also visible for the YOTC-CMORPH
(compare FiguregC(i) and C(ii)). The precipitation occurs at theanalysis (supplementary material Section S1.2 and Figure S1.2),
rthern and southern boundaries of the relatively moist r(—:AgionV\{;t'ich suggest that sea breeze fronts may also be important

roximately 18S and 255 (see FiguregC(iii) and Biiii)). for the development of nocturnal precipitation in both Parl2k

d.A

By 0200 AWST, the flow strengthens further and turn‘gnd the real world. Precipitation associated with both drylines

C

ticyclonically relative to 2000 AWST (compare Figur (i) and sea breeze fronts is identified by the convergence line

h 7C()). The northernmost line of precipitation moves inlamgetecnon algorithm described in Secti@nt as the calculations

d strengthens but the southern one has diminished (Figapcley consider convergence and not the thermodynamic properties

of the atmosphere. Given that similar atmospheric processes in

[

P

Both convergence zones (highlighted in Figuf€(ii))

visible at 0200 AWST (FiguraD(ii)), but precipitation is Par12k (relative to YOTC-CMORPH) appear to be responsible for

C

estricted to the more northern zone where the northeasterFR/Cturnal precipitation, the climatological (3-year) proportion of

i northwesterly flows converge. Furthermore, specific humidﬂ)?cmmal rainfall associated with convergence zones is presented

lues are higher around 26-22'S (within the convergence of in the next section.

e northeasterly and northwesterly flow) than arountS226' S

4.3. Nocturnal precipitation and convergence
the convergence of the southeasterly and northerly flow, Figure

7D(iii)). The frequency of convergence zones (% monjithat occur in

ACC

In this case there appear to be two different convergenbdF in the Parl2k simulation are plotted for 2000 AWST and
lines that are responsible for causing the nocturnal precipitati@200 AWST in Figures$(a) and (b), respectively. The areas with
The southern convergence zone26°S, Figures7C(i)—(iii)) is the highest number of detected convergence zones at 2000 and

similar to the dryline case described in Sect®& The northern 0200 AWST correspond well with the region of higher nocturnal
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14 Ackerley et al.

convergence in the climatological mean (compare Fig@@} precipitation seems to form under the correct synoptic conditions

and (b) with Figure(g) and (h)), as is also the case for ERAin the Par12k simulation.

Interim (see Sectior8.2). There are fewer convergence zone aying identified that the processes are represented well in a
detections in Par12k{18%-22%, Figures(a) and (b)) than for pigh-resolution GCM 412 km grid spacing), the next section
ERA-Interim (~25%, Figures(a) and (b)); however, this is due tofocyses on whether a low-resolution GCM simulatierL60 km

the smaller grid spacing in the Par12k simulationd? km) than grid spacing) can also represent the same processes.

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 Sectiérend6). 5. ACCESS1.0 N96

The fraction of precipitation associated with the convergence
zones at 2000 and 0200 AWSE @ hr) in Par12k are plotted in 5.1. Nocturnal precipitation and mean diurnal cycle
Figures6(c) and (d), respectively. At 2000 AWST, precipitation
is associated with a convergence |lin@0% of the time (Figure The fraction of precipitation that occurs between 2000 AWST and
8(c)) and>60% of the time at 0200 AWST (Figugd)), whichis 0800 AWST in ACCESS1.0 is plotted in Fig(c). Between 35%
comparable with the ERA-Interim analysis (Figut€s) and (d)). and 50% of the simulated precipitation occurs when surface solar
Itis also clear that nocturnal precipitation in the Par12k simulatidreating does not destabilise the boundary layer (i.e. overnight),
is primarily driven by the convergence zones forming overnighghich is lower than the CMORPH-derived estimate (FigL(es).
provided there is sufficient moisture. On the other hand, when the mean diurnal cycle within the box
plotted in Figurel(c) is considered, there are two clear peaks in
44, Discussion precipitation—one around 1100-1400 AWST and the other from

1700-2000 AWST. Furthermore, precipitation remais1 mm

The climatological location of nocturnal precipitation anc NI~ after 2000 AWST, which may therefore be caused by the

convergence coincide in Par12k simulation (Figui@s and,2(g) S&me processes described in Sectibaad4.
and (h)). On the other hand, only some convergence zones ar@s with ERA-Interim and Par12k, the mean diurnal cycle of the
associated with precipitation overnight (see Figdyes is also 925 hPa circulation is plotted in Figugfi)—(I) for ACCESSL1.0.
seen in the observations (Figudg Precipitation only occurs at The mean diurnal cycle of the 925 hPa flow in ACCESS1.0 is
night where there is sufficient moisture present (i.e. relatively dwery similar to both ERA-Interim and Par12k, with a cyclonic
convergence zones do not precipitate). It seems that the preseamcailation over north-west Australia at 0800 AWST (Figa(®),
of a heat low is also necessary to set up the conditions fehich weakens and turns cyclonically by 1400 AWST (Figure
nocturnal precipitation in Par12k (as also seen in the reanaly3{p). Again, it is the low-level turbulence from daytime surface
data) but, as in the observations, there is little precipitation withireating that acts to weaken the mean flow. Once the nocturnal
the heat low itself (see Figuré). Precipitation is also seen toboundary layer forms at 2000 AWST (Figug&k)), the flow
occur at the boundary between moist and dry air masses aroandelerates towards the climatological heat low centre and causes
the heat low as the flow reorganises (e.g. where drylines develap;increase in convergence. The flow then turns anticyclonically
Figures7C(i)—(iii)). Furthermore, precipitation also forms alongpy 0200 AWST relative to 2000 AWST and the convergence
the leading edge of a region of onshore flow (i.e. a sea breezeakens as the flow tends towards geostrophic balance (Figure
front). Finally, precipitating convergence zones are responsible ffl)). This sequence of events is ubiquitous in ACCESS1.0, ERA-
70% of the rainfall that occurs overnight. Therefore, despite theterim and Parl12k. In the next section therefore, a specific case
error in the daytime convection (a consequence of the triggerisdy is presented in order to ascertain whether the same processes

mechanism in the convection parametrization) the nocturridéntified in Section8 and4 also occur in ACCESS1.0.

(© 2013 Royal Meteorological Society Prepared usingyjrms4.cls



(8" February) in order to identify how the nocturnal convergence
initiates rainfall in ACCESSL1.0.
The sub-daily (6-hourly) specific humidity, 925 hPa circulation,

precipitation and temperature fields are plotted in FigLodor

110E HLSE 12‘0E 12‘55 IS‘DE IG‘EE 14(
(c) 8 Feb 1983

ACCESSL1.0 in the same way described in Secfiah (Figure

(d) 9 Feb 1983

N AAss///,/-A- 3

4). A region of relatively moist air (specific humidity-8 g
kg~1) can be seen over the continent in Figfi\(i) along with
predominantly easterly flow over much of north-west Australia

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

Q 1
4 4} 355 T T T T Y
115E  120E 125E 130E 1356 140E 110E 115 120E 125E 130E 185E 140

is a convergence zone betweer’80to 25S (at the boundary

Figure 9. ACCESSL1.0 case study analysis of mean sea level pressure, hPa (solid . .
lines), 850 hPa winds, mrs- (arrows), daily rainfall>2 mm (blue shading), 850 between the easterly and westerly flow at 925 hPa), which is not

hPa potential temperature312 K (amber shading) and identified heat low centres ) ) o ) .
("+" in the figure) from the detection algorithm described in Sectioh(all 6-  associated with precipitation westward of 2BQFigurel10A(ii)).

hourly detections are included in each daily plot) for (4} &ebruary 1983, (b)
7" February 1983, (c)'® February 1983 and (d)'9 February 1983. There is a north-south moisture gradient along “B@Figure
10A(iii)) with higher specific humidity in the north than the south.

5.2. Case stud
Y The initial development of a heat low is also visible within Figure

A selection of days with relatively high proportions of nocturnatOA(iil) where the isentropes intersect with the land surface
precipitation are selected from the ACCESS1.0 simulation, 8&und 21S.
was also the case for CMORPH and Par12k (see SecBons By 1400 AWST, the low-level flow (925 hPa) weakens over
and4). Only one day is presented in the main text to highligithe land (surface heating and an increase in the low-level drag)
the salient processes responsible for the nocturnal precipitatféfative to 0800 AWST (compare Figuré$B(i) and A(i)). A
(8"~9" February 1983); however, a similar analysis of the twegduction in low-level specific humidity from 0800 AWST to 1400
following days (9"—11"" February 1983) are presented in thé&WST is also visible, which is associated with (dry) convection in
supplementary material (Sections S3.1 and S3.2). Other noctuth&l boundary layer. Areas of precipitation (grey shading, Figure
rainfall cases have also been identified throughout the modéB(i)) are visible in the north-east corner of the plotted region
simulation, but are not shown (again for brevity). Furthermorbut there is little precipitation westward of approximately 180
the ACCESS1.0 dates do not correspond to the real-world ddige moisture flux convergence zones are weaker at 1400 AWST
and the actual weather in February 1983 (see Se&ti)n relative to 0800 AWST (compare Figuré&6B(ii) and A(ii)) over
There is a heat low centre near to 280and 24S (Figure mostofthe land surface, except where there is precipitation. There
9(a)) on 8" February. A cyclonic circulation at 850 hPa is alsés a well-developed heat low (Figur0B(iii)) centred around
visible on 7" February with onshore northeasterly flow on to the0°S where the 310 K virtual potential temperature contour
continent (north-east quadrant of Figui@)). The northeasterly intersects with the surface. Furthermore, the precipitation in the
flow extends to approximately 138 and 22S and is associated plotted transect coincides with both a region of higher specific
with precipitation. The heat low (indicated by the”y moves humidity and ascent between29-24'S.
towards the coastline and extends westward8r8" February ~ The formation of the nocturnal boundary layer causes the
(Figures9(c) and (d)). The precipitation also extends towards tHew-level flow to accelerate across the tongue of higher specific
south-west but remains within the northeasterly flow (that initiallgumidity air at 2000 AWST (Figur@0C(i)). A region of strong
developed on*"). Overall, there is a clearly defined heat low andhoisture flux convergence forms where the flow converges
precipitation on 8" and 9" February and again, there is little(dark shading, Figuré0C(ii)) with the northern portion of the
precipitation within the identified heat low itself. As in Sectionsonvergence zone coinciding with the precipitatien3(hours

3.2and4.2, the sub-daily circulation is now considered on one dayf 2000 AWST). The highest precipitation is visible around
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Figure 10. Case study analysis of 6-hourly data from ACCESS1.0: top row—925 hPa flow (arrows;)rasd specific humidity (blue, g kg') with regions of

precipitation>0.25 mm 6hr ! shaded grey-black; middle rown—925 hPa flow (arrows, ™)sand regions with moisture flux convergensé.4x10-6 s * shaded black;
bottom row—vertical cross section along the orange line shown in the top two rows containing the combined horizontal and vertical flow (arfgwsiriuas potential

temperature (orange contours, K) and specific humidity (blue shading; f)kamn pressure levels. Also shown in the bottom row is the rainfallhr 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/ ARRTugry, 1400 AWST ‘& February,

2000 AWST 8" February and 0200 AWST!9 February 1983.

22°S where there is also strong convergence and ascent (Figdreccur in this ACCESS1.0 case—i.e. weakening of the daytime
10C(iii)). In this case, the formation of the convergence zormrculation from dry convection and moisture convergence
appears to play a key role in the development of the precipitatioraintaining or initiating rain at night. The convergence zones are
after sunsetin ACCESS1.0. Conversely, there is little precipitatispatially larger in ACCESS1.0 than in ERA-Interim or the Par12k
in the relatively dry air to the west of 12k despite the strong model, which is a reflection of the lower resolution of ACCESS1.0

convergence there. (~150 km grid spacing).

The flow strengthens further by 0200 AWST relative to 2000

) ] ) 5.3. Nocturnal convergence and associated precipitation
AWST (compare FigureslOD(i) and C(i)) around 22S and

130°E. The precipitation coincides with a convergence zonghe frequencies of occurrence of convergence zones (% mbnth
however, precipitation does not occur everywhere along the DJF simulated by ACCESS1.0 are plotted in Figuidga)
convergence zone (Figure0D(ii)). The precipitation happens and (b). Within the plotted box, convergence zones are typically
within the tongue of moist air where there is ascent along tl@tected>30% of the time at both 2000 AWST and 0200 AWST
isentropic surfaces (FigufedD(iii)). Both the vertical motion and and correspond with the high climatological mean convergence
precipitation are considerably weaker at 0200 AWST than at 208ftted in Figure2(k) and (I), respectively. The frequencies are
AWST. higher in ACCESS1.0 than in ERA-Interim; however, this is likely
A similar set of processes (despite the geographical locatitm be due to the lower resolution of ACCESS1.0 than ERA-

differing slightly) to those seen in the observations (see Sectibrierim (i.e. fewer grid points over which convergence zones can

This article is protected by copyright. All rights reserved.



a) DUF ACCESS1.0, 2000 AWST b) DJF ACCESS1.0, 0200 AWST occurs at night where there is sufficient moisture present i.e.
10°S Ro= — 10°S | 3

relatively dry convergence zones do not precipitate, which is

15°S 158

20°s 20°s also seen in Parl2k (Sectigt) and the observations (Section

25%8 25°S

‘ ; | 3). Furthermore, the presence of a heat low is also necessary
30°S >

115°E 125°E 135°E

30°S

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

8575 35°S

,,,,,,,,, the observations and Parl2k, there is little precipitation within
0 10 20 30 40
<) DJF ACCESS1.0, 2000 AWST e ——— the heat low itself (see Figur&0). In the ACCESS1.0 case

10°s 10°S = . s L . .

B (Figurel10), precipitation occurs within the relatively moist tongue
15°S 6 7 15°S
of air adjacent to the heat low. The lifting of the relatively

20°S 20°S

25°8 | § 25°5 | § moist air from the north is caused by the convergence with

30°s 30°s

the drier air to the south (i.e. a dryline, Figut@®C(i)—(iii)).

35°S 357" o
115°E 125°E 135°E 115°E 125°E 135°E

The convergence zone and across-dryline moisture gradients are

5lo ‘ evo 70 80 90 100 i .
% spread over~300 km (due to the coarse grid spacing), but

Figure 11. The frequency of detected convergence lines at each grid point tali‘gﬂ? recipitation rs in the riaht ol relativelv moi ir
for all DJFs (1979-2001) from ACCESS1.0 at (a) 2000 AWST and (b) 020 precipitation occurs the right place (relatively moist air)

AWST. The fraction of ACCESS1.0 DJF precipitation attributed to the identifief the right M veB5% of
convergence zones3 hours of (c) 2000 AWST and (d) 0200 AWST, taken ove or the right reason (Convergence Zone)- oreoveBp% o

the same years. L . . . .
the nocturnal precipitation is associated with convergence lines,

develop at any time—also see Secti@)n Despite the difference which constitutes>33% of the total (day+night) DJF rainfall

in frequency, the highest proportion of convergence zones oc@unrd hence provides an important component to the climatological

parallel to the northern and western coasts at 2000 AWST, and gigan. Overall, despite the errors in the daytime convection known

then confined to a relatively narrow band orientated south-westfo °ccur in ACCESS1.0 (Ackerlegt al. 2014, 2015; Brown

north-east between 116-135E (also seen for ERA-Interim— et al. 2010), the processes driving nocturnal precipitation are

compare Figures1(a) and (b), and(a) and (b)). simulated well. The next section investigates whether the same

The fractions of precipitation associated with the identifietPnvergence zone-precipitation refationship exists in other GCMs

convergence zones (%) are plotted in Figutag) and (d). At run in climate mode with grid spacingl00+ km, or whether it is
both 2000 AWST and 0200 AWSE85% of the precipitation 'diosyncratic to ACCESS1.0 (and the MetUM).
(within £3 hours of those times) can be attributed to convergence

6. CMIP assessment
zones. Again, this high proportion may be associated with the
search radius ot1 grid point, which is larger in the ACCESS1.0Previous work by Ackerlewet al. (2015) shows that a selection
simulations €150 km) than ERA-Interim/CMORPH~80 km). of GCMs, from the CMIP5 archive, produce the correct
It is clear from Figured.1(c) and (d) however, that the formationclimatological diurnal cycle in the 925 hPa circulation over north-
of convergence zones is key to causing precipitation overnight (@sst Australia. The same 9 models from Ackerttyal. (2015)
in Par12k). (see Tablel) are now considered here to evaluate whether the

. . convergence-driven nocturnal precipitation is an idiosyncratic

5.4. Discussion

feature of ACCESS1.0 or is a process that is common across
As can clearly be seen in Figureqc) and, 2(k) and () GCMs. For brevity, the climatological diurnal cycle (discussed
the climatological nocturnal precipitation corresponds welh detail in Ackerleyet al. 2015) and individual case studies
with the strong convergence, which is also seen in ERAre not discussed in this section. Instead, the focus is on
Interim and CMORPH (Figured(a) and,2(c) and (d)). More identifying whether convergence lines typically form overnight in
importantly, when looking at the individual cases (Sectio@ this region (north-west Australia) and, that overnight precipitation

and, Supplementary Material S3.1 and S3.2), precipitation ondy predominantly associated with such convergence zones. If
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18 Ackerley et al.

the models are predominantly producing precipitation associatéd Final summation and conclusions

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

Section5), then the processes causing that rainfall are likely to Bdie aims of this study are to identify how the north-
correct. west Australian heat low is responsible for causing nocturnal
&recipitation and, whether the same process is represented in

The results from running the convergence-precipitati

. . - o a selection of GCMs. While our results are consistent with
detection algorithm are plotted in Figut®. The first important

) . . . omposites from past studies (Beeyal. 2011; Ackerleyet al.
point to note is that the higher resolution models (e.g. BCC?- P P (Bery 4

2014, 2015 h that i d ipitation i
CSM1-1-m and MRI-CGCMS3, see Tabl® simulate a lower ' ), we show that on any given day precipitation is

. . . focused on narrow, linear convergence zones, which give the
frequency of convergence lines per grid point than the lower

appearance of a broad area of convergence and rainfall when
resolution models (e.g. BCC-CSM1-1 and IPSL-CM5A-LR, seepp g

L . . . regated over multiple days. Thus, in order to summarise the
Table 1). This is consistent with the analysis of the ParlZﬁgg g v HHp 4 us: | . I

. . . . . ) main results of this work, the "typical” sequence of events (based
simulation, which had fewer detections (per grid point) than yp g (

on the 6-hourly analyses in Sectiogs5) leading to nocturnal
ACCESSL1.0 given there were more grid points that convergence y 4 ) g

. . recipitation are presented as a schematic (Fif@ye
zones could develop on at any given instance. Neverthele%s, P P (Figey

convergence lines are detecte®5% of the time over north- An intrusion of relatively moist tropical air (blue shading) is

west Australia at 2000 AWST (Figure2, column 1), which is advected into the periphery of the relatively dry, continental heat

consistent with the location of the highest climatological medfW circulation (amber shading) with little mixing between the

convergence (see Figure 6 in Ackerley al. 2015) and shows two air masses (Figur&3(a)). Insolation-driven surface heating

that the models represent the formation of nocturnal convergef4ing the day (Figuré3(b)) initiates convection, which increases

zones (as in ACCESSL1.0). the low-level drag and decreases the humidity. Moist convection

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

Regarding precipitatiortf 3 hr 2000 AWST, Figuré 2, column

13(b)). After sunset (Figurel3(c)), low level frictional drag
2) in all models, 75% of the precipitation can be attributed to

diminishes as the nocturnal stable layer forms and the flow
a convergence zone. Therefore, the CMIP5 models (presented in

accelerates towards the low centre. Convergence zones (dashed
Figure 12 and Tablel) require some form of dynamical forcing

lines, Figure 13(c)) form within the continental air (amber
in order to produce nocturnal rainfall (as is also the case in

shading) but produce no precipitation. Air parcels accelerating
ACCESS1.0 and Par12k).

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

By 0200 AWST, the number of convergence zones detectgghy encounter the relatively dry (continental) air mass and be
decreases relative to 2000 AWST (compare Figliecolumn  orced to ascend at the boundary (dryline). The forced ascent
3 with column 1), which is consistent with the simulateghen resuilts in condensation and precipitation. The flow then turns
reductions in the climatological mean convergence in the sa@@icyclonically over time but the dryline and precipitation may
CMIPS models (see Figure 6 in Ackerl@f al. 2015) and also persist into the night (Figurg3(d)). Overall, the presence of a heat
ACCESS1.0 (Figure()). Despite there being fewer detecteqqy s not sufficient to initiate nocturnal rainfall nor is the presence
convergence lines, 75% of the precipitation at 0200 is associategf the tropical moisture intrusion but it is the boundary between

with such lines (Figure 2, fourth column). the two air masses that becomes the focus for precipitation.

Overall, 75% of the precipitation that occurs overnight in The sequence of events associated with the high-resolution
GCMs can be attributed to the presence of a convergence zanedel (Parl2k, Figuresl3(e)—(h)) are slightly different to
Therefore, the GCMs appear to be capable of simulating overnigihtose presented for the real world. The first difference is that
precipitation for the correct reasons (i.e. dynamically forced frooonvective precipitation is triggered too early in the day (Figure

the formation of convergence lines). 13(e)); however, this is ubiquitous in models with parametrized

(© 2013 Royal Meteorological Society Prepared usingyjrms4.cls
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Figure 12. The fractional occurrence of convergence lines at a model grid point (% mbgt 2000 AWST (from left to right, column 1) and the percentage of rainfall
associated with convergence ling8 hr of 2000 AWST (%, column 2) for each model given in Tabl@Eonsecutive 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 Ackerley al. (2015); Birchet al.

the presence of a heat low circulation alone is not sufficient

(2015); Brownet al. (2010); Dai (2006); Stratton and Stirlingto trigger precipitation. Furthermore, Parl12k also simulates the

(2012); Yang and Slingo (2001), and also Sectiémnd5. More daytime flow weakening and humidity reduction associated with

importantly, the Par12k model does not produce precipitation turbulent mixing (Figurel3(f)). After sunset, convection from

the relatively dry continental air (as in the real world) thereforasolation-driven surface heating stops and the flow accelerates
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(a) 0800 AWST: Obs. (b) 1400 AWST: Obs. (c) 2000 AWST: Obs. (d) 0200 AWST: Obs.
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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-I) 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 (Figut&(g)). Convergence convergence zones and precipitation (Figugék) and (I)). The
zones and precipitation (where there is sufficient moisture presesajivergence zones in ACCESS1.0 cover a larger aerial extent that
form along the dryline. Therefore, despite the misrepresentatithose in Parl2k (see Sectiodsand 5); however, precipitation

of daytime convection, the Parl2k model simulates nocturratly occurs where there is sufficient moisture present (i.e. not
precipitation for the correct physical reasons. As in the real worldjthin the drier continental air). Thus, the processes leading to
the drylines may persist into the night along with the associatdte formation of nocturnal precipitation are simulated at both low
precipitation (FigureL3(h). (ACCESSL1.0) and high (Par12k) resolution.

A similar sequence of events to Par12k also leads to nocturnallthough the schematic (Figuré3d) relates to the formation
precipitation in the ACCESS1.0 simulations. Convection isf precipitation in the vicinity of a dryline, other convergence
triggered prematurely (Figurel3(i)); however, the daytime features (for example sea breeze fronts) may also be strengthened
reduction in the low-level flow strength and humidity ardy the diurnal cycle in the low-level flow. Hence, the
represented (Figurg3(j)). Overnight, the low-level, turbulence-fraction of nocturnal precipitation that can be attributed to any
induced drag diminishes and air parcels accelerate doamnvergence line is assessed for ERA-Interim/CMORPH, Par12k

the pressure gradient, which results in the development afd ACCESS1.0. Typically>75% of overnight rainfall can be
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attributed to the presence of a convergence zone for ERA- et al. 2005) or increased nocturnal convergence from the
Interim/CMORPH, Par12k and ACCESS1.0 (see Fig&esand reorganisation of the low-level flow (e.g. the mid-west of

9, respectively). Moreover, a similar percentage (&5%) of the United States of America, Def al. 1999)

nocturnal precipitation is also attributed to convergence zones, (i) above, the analysis would simply involve re-running the

in the selection of CMIP5 GCMs listed in Table(see Figure convergence line detection and precipitation attribution method

12). Given that Ackerleyet al. (2015) show the climatological described in this study. From such an analysis, the frequency

convergence around the heat low strengthens overnight aqd . . -
of convergence line formation and the amount of precipitation

corresponds with increased precipitation for those same mOdaegSsociated with them could be diagnosed directly. For (il

(listed in Tablel), it is likely that they are also representing th%bove, the first step would be to identify whether the diurnal

same process described above. cycle of the flow is represented correctly and then to identify

Overall, the processes that lead to the formation of nocturna}I1 S
whether any nocturnal precipitation is produced as a result of

precipitation over north-west Australia are represented in GCI\{hse reorganisation (perhaps using case studies as presented here).

with parametrized convection. Nonetheless, the models OrJI]Men the convergence line algorithm can be used to evaluate the

. o .
produce approximately 20-50% of the seasonal (DJF) ralnfggntribution of convergence zones to the nocturnal precipitation.

. S
overnight whereas the contribution js50% in the real world. Finally, the process can be repeated on the future climate change

The smaller proportion of overnight rainfall (relative to the overall. .
simulations to evaluate how the processes may (or may not)

total) in the models may be simply due to the large proportion 8I1ange under global warming. Given the poor representation
daytime precipitation (i.e. the nocturnal contribution is correct)).f parametrized convection in GCMs during the daytime (see

Nonetheless, the lower proportion of nighttime rain may alsXckerleyet al. 2015; Birchet al. 2015; Brownet al. 2010; Dai

be partially due to the removal of atmospheric instability b¥006' Stratton and Stirling 2012; Yang and Slingo 2001, and also

the daytime parametrized convection, which causes the nocturgglction s and5), an analysis of larger-scale, dynamically driven

atmosphere to be more stable (above the nocturnal bounda% . . . .
rainfall generation processes in the tropics and sub-tropics may

layer). Thus, improving the representation of daytime convectn))/peld useful information of how precipitation may (or may not)

may lead to an increase in the contribution of the dynamica”}éhange in the future
driven nocturnal precipitation. An area of future work therefore,

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

model in “forecast mode”) simulations of specific case s,tudi(%sf1is project was funded by the Australian Research Council

identified over north-west Australia (and other areas of the gIOb(%ntre of Excellence for Climate System Science (CE11000128).

at the various model resolutions described in this paper. TR%CESSLO simulations and data storage were undertaken at

resolution dapendence and sequence of events described 'ntHBS Australian National Computational Infrastructure (NCI)

paper could then be fully confirmed and the limitations of thﬁational Facility, which is supported by the Australian

models verified. Government. Data from CMIP5 were made available through

Despite the nocturnal rainfall contribution to the seasonal tolg~| .q the Earth System Grid Federation (2013-2014)

being too low, the correct representation of the physical Proc&S8 A _interim and YOTC data were provided by the ECMWF

that cause it is encouraging and is important for two reasons: and the CMORPH rainfall data were provided by UCAR at

(i) It may be possible to quantify how this process may changptps://climatedataguide.ucar.edu/climate-data/cmorph-cpc-
under global warming and; morphing-technique-high-resolution-precipitation-60s-60n.

(ii) It may be applicable to other regions of the world that The authors gratefully thank Malcolm Roberts for the Par12k
have a summertime heat low circulation (e.g. North Africaimulation data, which was produced on the Met Office

and specifically the nocturnal "Monsoon Surge”, Parkesupercomputer with support from the Joint U.K. BEIS/DEFRA
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Met Office Hadley Centre Climate Programme (GA01101), and The influence of convective parameterization in weather and climate model

distributed via the JASMIN superdata cluster (Lawrence et al.biasesJ. Climate28: 8093-8108.
2012) managed by the Science and Technology Facilities CounBéﬁwn JR, Jakob C, Haynes JM. 2010. An evaluation of rainfall frequency and

o ) intensity over the Australian region in a global climate modeClimate23:
Scientific Computing Department (SCD) on behalf of the Centre 65046525

for Environmental Data Archival. Catto JL, Jakob C, Berry G, Nicholls N. 2012. Relating global precipitation to

atmospheric frontsGeophys. Res. Le®9. L10805.
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