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Outline of talk 
	Mo$va$on	for	research	

	–	Heatwaves	
	–	Urban	heat	island	mi$ga$on	

	

	Model	valida$on	
	–	Soundings	
	–	Gridded	observa$onal	data	
	–	Weather	sta$on	data	

	

	No	urban	areas	experiment	
	
	



Motivation 
Heatwaves	è	heat	stress	è	high	overnight	temperatures	
have	greatest	effect	on	health	

50	%	of	worlds	popula$on	lives	in	ci$es	è	Urban	Heat	Island	
effect	è	ci$es	ho*er	at	night	than	rural	areas	

UHI	mi$ga$on	è	Green	roofs,	white	roofs,	increased	
irriga$on	è	cooler	ci$es	è	cooler	ci$zens	



Research	aims	

Model	best	configura$on	of	UHI	mi$ga$on	
infrastructure	in	Melbourne	during	a	heatwave	to	
improve	human	thermal	comfort	
	
–	Will	use	WRF	to	model	the	heatwave	
–	First	step:	model	valida$on	
	



First case study 

Jan	28-30	2009	heatwave		
over	Melbourne	
	

374	excess	deaths,	714	hospital		
admissions	for	heat	stress	
	

3	days	above	43˚C,	record	at	the	$me	
	

1	night	above	30˚C	



Region of study 
Melbourne,	popula$on	of	4	million 		
Second	largest	city	in	Australia	



WRF physics schemes 

One	of	the	best	combina/ons	of	physics	schemes	for	southeastern	Australia	on	
seasonal	(Evans	et	al.	2011)	and	sub-daily	/mescales	(Evans	and	Westra	2012)	

Noah	land	surface	
scheme	

Yonsei	University	
boundary	layer	scheme	

Dudhia	shortwave	
radia$on	scheme	

Kain-Fritsch	cumulus	
physics	scheme	

Monin-Obukhov	surface	
similarity	scheme	

WRF	Single	Moment	5-
class	microphysics	
scheme	

Rapid	Radia$ve	Transfer	
Model	longwave	
radia$on	scheme	



Data and domains 
Put	ERA	Interim	(Dee	et	al.	2011)	0.7˚x0.7˚	data	into	WRF	è	dynamically	downscale	it	to	
Melbourne	area	using	nested	domains	
	

Resolu$ons:	ERA	Interim	77km	è	domain	1	(10km)	è	domain	2	(2km)	 	 	 	 		

10km	 2km	red	=	urban	areas	

Simula$ons	run	
for	three	days	
with	the	first	day	
discarded	as	
model	spin	up.	



Single layer urban canopy model (Kusaka et al. 2001) 

–  Add	in	low,	medium	and	high	density	urban	categories	to	MODIS	land	surface	
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Figure 2. A schematic of the SLUCM (on the left-hand side) and the multi-layer BEP models (on the right-hand side).

and road layers (calculated from the thermal conduction
equation). Surface-sensible heat fluxes from each facet
are calculated using Monin–Obukhov similarity theory
and the Jurges formula (Figure 2). The total sensible
heat flux from roof, wall, roads, and the urban canyon is
passed to the WRF–Noah model as QHurb (Section 2.1).
The total momentum flux is passed back in a similar
way. SLUCM calculates canyon drag coefficient and
friction velocity using a similarity stability function for
momentum. The total friction velocity is then aggregated
from urban and non-urban surfaces and passed to WRF
boundary-layer schemes. AH and its diurnal variation are
considered by adding them to the sensible heat flux from
the urban canopy layer. SLUCM has about 20 parameters,
as listed in Table I.

2.4. Multi-layer urban canopy (BEP) and
indoor–outdoor exchange (BEM) models
Unlike the SLUCM (embedded within the first model
layer), the multi-layer UCM developed by Martilli et al.
(2002), called BEP for building effect parameterization,
represents the most sophisticated urban modelling in
WRF, and it allows a direct interaction with the PBL
(Figure 2). BEP recognizes the three-dimensional nature
of urban surfaces and the fact that buildings vertically dis-
tribute sources and sinks of heat, moisture, and momen-
tum through the whole urban canopy layer, which sub-
stantially impacts the thermodynamic structure of the
urban roughness sub-layer and hence the lower part of
the urban boundary layer. It takes into account effects of
vertical (walls) and horizontal (streets and roofs) surfaces
on momentum (drag force approach), turbulent kinetic
energy (TKE), and potential temperature (Figure 2). The
radiation at walls and roads considers shadowing, reflec-
tions, and trapping of shortwave and longwave radi-
ation in street canyons. The Noah–BEP model has
been coupled with two turbulence schemes: Bougeault
and Lacarrère (1989) and Mellor–Yamada–Janjic (Jan-
jic, 1994) in WRF by introducing a source term in the
TKE equation within the urban canopy and by modify-
ing turbulent length scales to account for the presence
of buildings. As illustrated in Figure 3, BEP is able to
simulate some of the most observed features of the urban
atmosphere, such as the nocturnal urban heat island (UHI)
and the elevated inversion layer above the city.

To take full advantage of BEP, it is necessary to
have high vertical resolution close to the ground (to
have more than one model level within the urban
canopy). Consequently, this approach is more appropriate
for research (when computational demands are not a
constraint) than for real-time weather forecasts.

In the standard version of BEP (Martilli et al., 2002),
the internal temperature of the buildings is kept con-
stant. To improve the estimation of exchanges of energy
between the interior of buildings and the outdoor atmo-
sphere, which can be an important component of the
urban energy budget, a simple building energy model
(BEM; Salamanca and Martilli, 2010) has been developed
and linked to BEP. BEM accounts for the (1) diffusion
of heat through the walls, roofs, and floors; (2) radiation
exchanged through windows; (3) longwave radiation
exchanged between indoor surfaces; (4) generation of
heat due to occupants and equipment; and (5) air con-
ditioning, ventilation, and heating. Buildings of several
floors can be considered, and the evolution of indoor
air temperature and moisture can be estimated for each
floor. This allows the impact of energy consumption due
to air conditioning to be estimated. The coupled BEP
+ BEM has been tested offline using the Basel UrBan
Boundary-Layer Experiment (Rotach et al., 2005) data.
Incorporating building energy in BEP + BEM signifi-
cantly improves sensible heat-flux calculations over using
BEP alone (Figure 4). The combined BEP + BEM has
been recently implemented in WRF and is currently being
tested before its public release in WRF V3.2 in Spring
2010.

2.5. Coupling to fine-scale T&D models

Because WRF can parameterize only aggregated effects
of urban processes, it is necessary to couple it with
finer-scale models for applications down to building-scale
problems. One key requirement for fine-scale T&D mod-
elling is to obtain accurate, high-resolution meteorolog-
ical conditions to drive T&D models. These are often
incomplete and inconsistent due to limited and irreg-
ular coverage of meteorological stations within urban
areas. To address this limitation, fine-scale building-
resolving models, e.g. Eulerian/semi-Lagrangian fluid
solver (EULAG) and CFD–urban, are coupled to WRF
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Land Use Category Land Use Description 
1 Evergreen Needleleaf Forest 
2 Evergreen Broadleaf Forest 
3 Deciduous Needlelaf Forest 
4 Deciduous Broadleaf Forest 
5 Mixed Forests 
6 Closed Shrublands 
7 Open Shrublands 
8 Woody Savannas 
9 Savannas 
10 Grasslands 
11 Permanent Wetlands 
12 Croplands 
13 Urban and Built-up 
14 Cropland/Natural Vegetation Mosaic 
15 Snow and Ice 
16 Barren or Sparsely Vegetated 
17 Water 
18 Wooded Tundra 
19 Mixed Tundra 
20 Barren Tundra 
31 Low density urban 
32 Medium density urban 
33 High density urban 
 

Jackson	et	al.	(2010)	

(Chen	et	al.	2011)	



Modelling the 3 day heatwave 
–	Showing	from	11pm	Jan	27	2009	-	10am	Jan	31	2009	AEDT	



–	Observa$ons	are	in	black,	WRF	is	in	pink.	Day$me	temperature	profile	very	good	
–	WRF	is	too	moist	at	the	surface	and	in	the	boundary	layer	during	the	day		
	

Compare WRF soundings to observations 

(11am)	00UTC	Jan	29	2009	 (11pm)	12UTC	Jan	29	2009	



Compare WRF to gridded observations 
–	WRF	(2kmx2km)	compared	to	Australian	temperature	gridded	observa$onal	data	
set	(5kmx5km)	
–	WRF	minimum	temperature	is	too	high,	WRF	maximum	temperature	is	too	low	

Jan	29	2009	



3 hourly 2m temperature 11am Jan 27 - 9am Jan 31 2009 

–	WRF	does	not	capture	
diurnal	variability	during	
heatwave,	poten$ally	due	
to	soil	being	too	moist	
	
–	This	results	in	a	larger	
RMSE	
	
–	A	longer	spin	up	$me	
does	not	decrease	the	soil	
moisture	

Essendon	 Laverton	 Melbourne	Airport	

Moorabbin	 Viewbank	 Scoresby	

Correla$on:	0.91	
RMSE:	3.3˚C	

Correla$on:	0.95	
RMSE:	2.8˚C	

Correla$on:	0.93	
RMSE:	2.8˚C	

Correla$on:	0.92	
RMSE:	3.1˚C	

Correla$on:	0.91	
RMSE:	3.4˚C	

Correla$on:	0.91	
RMSE:	3.6˚C	



Experiment:	no	urban	surfaces	
–  Urban	land	surface	category	removed	with	nearest	neighbour	method	
–  Mostly	croplands	(olive	green)	and	evergreen	broadleaf	forest	(dark	green)	
–  See	how	much	urban	effects	or	geography	impact	heatwave	in	Melbourne	

è	

Land Use Category Land Use Description 
1 Evergreen Needleleaf Forest 
2 Evergreen Broadleaf Forest 
3 Deciduous Needlelaf Forest 
4 Deciduous Broadleaf Forest 
5 Mixed Forests 
6 Closed Shrublands 
7 Open Shrublands 
8 Woody Savannas 
9 Savannas 
10 Grasslands 
11 Permanent Wetlands 
12 Croplands 
13 Urban and Built-up 
14 Cropland/Natural Vegetation Mosaic 
15 Snow and Ice 
16 Barren or Sparsely Vegetated 
17 Water 
18 Wooded Tundra 
19 Mixed Tundra 
20 Barren Tundra 
31 Low density urban 
32 Medium density urban 
33 High density urban 
 
Land Use Category Land Use Description 
1 Evergreen Needleleaf Forest 
2 Evergreen Broadleaf Forest 
3 Deciduous Needlelaf Forest 
4 Deciduous Broadleaf Forest 
5 Mixed Forests 
6 Closed Shrublands 
7 Open Shrublands 
8 Woody Savannas 
9 Savannas 
10 Grasslands 
11 Permanent Wetlands 
12 Croplands 
13 Urban and Built-up 
14 Cropland/Natural Vegetation Mosaic 
15 Snow and Ice 
16 Barren or Sparsely Vegetated 
17 Water 
18 Wooded Tundra 
19 Mixed Tundra 
20 Barren Tundra 
 



No urban surface experiment 
–	Minimum	temperatures	would	be	1-3˚C	colder	during	the	hogest	night	of	the		
heatwave	

Difference	in	2m	
temperature	at	3am		
Jan	29	2009	



Conclusions 
–	WRF	can	accurately	simulate	from	the	boundary	layer	to	the	top	of	the	
atmosphere	during	a	heatwave	
	

–	WRF	maximum	temperatures	are	too	low	compared	to	observa$ons	
	

–	WRF	minimum	temperatures	are	too	high	compared	to	observa$ons	
	

–	WRF	cannot	replicate	the	diurnal	temperature	variability,	though	this	will	be	
improved	with	beger	soil	moisture	data	
	

–	When	the	urban	areas	are	removed	can	see	that	minimum	temperatures	in	
Melbourne	would	be	1-3˚C	colder	
	
	



Future work 
–	We	will	model	the	effec$veness	of	green	infrastructure	(green	roofs,	white	
roofs)	in	Melbourne	during	the	heatwave	
	
–	We	will	find	the	best	configura$on	of	infrastructure	to	improve	human	thermal	
comfort	on	a	city	wide	scale	
	
–	We	plan	to	dynamically	downscale	CMIP5	GCM	model	data	and	repeat	these	
experiments	using	future	scenarios	to	test	the	resilience	of	the	infrastructure	to	
weather	systems	from	the	FUTURE 
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