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Introduction
On January 28-30, 2009 the city of Melbourne in south--

eastern Australia experienced a record- breaking heat--
wave with three days above 43˚C and one night above 
30˚C. Following the event, over 374 excess deaths and 
714 hospitalisations were attributed to the heatwave 
(Victorian Department of Health 2009). 

Heatwaves in southeastern Australia are typically 
driven by synoptic scale processes comprising an anti--
cyclone to the east of the continent that advects hot dry 
air from the desert interior of Australia to the southeast 
of the country, where Melbourne is located (Pezza et al. 
2011). Heatwaves in southeast Australia have also been 
associated with large scale modes of variability such as 
the negative phase of the Southern Annular Mode (Mar--
shall et al. 2013) and the La Niña phase of the El Niño 
Southern Oscillation (Parker et al. 2014). 

Perkins (2015) found that antecedent soil moisture 
conditions had a large impact on Australian heatwaves, 
where drier soils mean longer, hotter and more heat--
wave days per season. Indeed, antecedent soil moisture 
and its negative correlation with maximum temperature 
was shown to contribute greatly to the intensity and 
spatial extent of the January 2009 heatwave when simu--
lated with a short lead time (Kala et al. 2015).

For urban areas, where soil or vegetation covered surfac--
es are increasingly being replaced by impervious surfaces, 
soil moisture can impact the magnitude of the urban heat 
island (Hafner & Kidder 1999), as well as the soil tempera--
ture and air pollution concentration (Jacobson 1999). 

The January 2009 heatwave event came at the end of 
a 13-year drought for southeastern Australia (Ummen--
hofer et al. 2009). As such, there was no rain recorded at 
Melbourne Airport weather station between January 9, 
2009 and February 7, 2009 (Engel et al. 2013). The daily 
maximum temperature in Melbourne is known to be 1-
3˚C higher after drought conditions (Nicholls and Larsen 
2011), which may have contributed to the intensity of 
the 2009 heatwave. 

For southeastern Australia, accurate soil moisture pro--
files for model initialisation are essential for simulating the 
spatial extent and intensity of heatwaves (Kala et al. 2015). 
Our research tests this by simulating the January 28-30, 
2009 heatwave using two different methods of initialis--
ing soil moisture, one wetter and one drier, to determine 
whether improving the accuracy of soil moisture measure--
ments can improve the representation of extreme heat in 
urban areas using Melbourne as a case study. 

The motivation for this research is that heatwaves over 
Australia are predicted to become hotter, longer and 
more frequent with climate change (Cowan et al. 2014), 
and they have been shown to exacerbate the urban heat 

Local soil moisture product improves Australian heatwave simulation

island (Li and Bou-Zeid 2013), which creates a higher risk 
of heat stress in urban areas (Fischer et al. 2012). There 
is also evidence that human resilience to heat is very 
sensitive to particular temperature thresholds (Nicholls 
et al. 2008), making more accurate simulations crucial, 
particularly over cities. Therefore, it remains pertinent to 
simulate heatwaves accurately and understand the full 
impact of soil moisture initialisation for the modelling of 
Australian heatwaves, particularly in urban areas. 

Data and methods
This study uses a modelling framework and compares 

simulations to instrumental near-surface temperature 
observations to determine how different soil initialisa--
tion techniques affect the accuracy of a modelled Aus--
tralian heatwave.

 Model framework
We used the Weather Research and Forecasting mod--

el (WRF) V3.6.0 (Skamarock et al. 2008) driven by 0.7˚ x 
0.7˚ gridded ERA Interim reanalysis data (Dee et al. 2011) 
to simulate the January 28-30, 2009 heatwave at a 2km 
spatial resolution over Melbourne. WRF was coupled to a 
single layer urban canopy model (Kusaka et al. 2001; Chen 
et al. 2011) to better represent the urban features of the 
city. WRF has been extensively used to simulate urban ar--
eas (Argüeso et al. 2014, 2015; Salamanca et al. 2012) and 
heatwaves (Kala et al. 2015; Stegehuis et al. 2015).

We used the MODIS land surface categories in WRF 
which as a default have only one urban category. How--

Figure 1. Domain 1 covers the entire figure at a 10km 
grid resolution and the red box shows the 2km inner 
domain for Melbourne and its surrounding areas.
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ever, the single layer urban canopy model in WRF allows 
for three different urban categories: low, medium and 
high density, so to define these three urban categories 
for Melbourne, the land surface data set from Jackson et 
al. (2010) was used. The low, medium and high density 
urban fractions in WRF were set to 0.71, 0.77 and 0.8 re--
spectively based on values in Coutts et al. (2007). These 
values were chosen as the fraction of urban surface that 
is not vegetation. We used two domains in the WRF sim--
ulations with Melbourne and its surrounding areas as 
the innermost domain. The largest domain had a 10km 
resolution and the innermost domain a 2km resolution 
(Figure 1). All domains used one-way nesting.

The physics schemes used in WRF were the Noah land 
surface scheme, the Yonsei University boundary layer 
scheme, the Kain-Fritsch cumulus scheme (only for the 
larger domain with a resolution of 10km), the Dudhia 
shortwave radiation scheme, the Monin-Obukhov sur--
face similarity scheme, the Rapid Radiative Transfer Mod--
el longwave radiation scheme and the WRF Single Mo--
ment 5-class microphysics scheme. This group of physics 
schemes has been deemed one of the best combinations 
for southeastern Australia on seasonal (Evans and McCabe 
2010) and diurnal timescales (Evans and Westra 2012). 

Experimental design
To determine the sensitivity of temperatures in heat--

waves to the initial conditions of soil moisture, two ex--
periments were performed. Experiment 1) ran WRF using 
ERA Interim as the model driver for three days with the 
first day discarded as model spin up and repeated this 
process until the heatwave was fully simulated. These 
three-day simulations were repeated 8 times to form an 8-

member ensemble to reduce the sensitivity to initial con--
ditions (Georgescu et al. 2014). Each ensemble member 
was initialised 6 hours apart. Experiment 2) ran WRF with 
the same setup as Experiment 1, but the top layer of ERA 
Interim soil moisture (0-7cm) was replaced with gridded 
0.05˚ x 0.05˚ soil moisture data from the Australian Water 
Availability Project (AWAP, http://www.csiro.au/awap/). 
The AWAP soil moisture is a locally made high resolution 
soil moisture reanalysis product, which has undergone 
local verification on monthly and weekly time scales 
(Raupach et al. 2009). The top layer AWAP soil moisture 
is an order of magnitude drier than the ERA Interim soil 
moisture, showing the large difference between the two 
products (Figure 2). We ran each ensemble from 18UTC 
January 24, 2009 until 18UTC January 31, 2009.

Observational data
To test the accuracy of our two model experiments 

we validate WRF against two observational datasets. 
First, we obtained gridded AWAP maximum and mini--
mum temperature data (Jones et al. 2009). This data has 
been interpolated from observational weather stations 
around Australia to a 0.05˚ x 0.05˚ grid. To compare the 
2km resolution WRF to the ~5km resolution gridded 
data we interpolated the WRF data to the AWAP grid us--
ing a nearest neighbour method so that the two datas--
ets were directly comparable.

Next, three-hourly 2m temperature data from six ur--
ban Australian Bureau of Meteorology weather stations 
in Melbourne were obtained to compare the results 
from the closest WRF gridpoint to the weather stations. 
We calculated a root mean square error (RMSE) between 
WRF and the weather station for the warmest part of 

Figure 2: The ERA Interim top layer of soil moisture used in Experiment 1 compared to the AWAP soil moisture 
used as the top layer of the simulation in Experiment 2. The AWAP soil moisture is an order of magnitude dryer. 
Note that this scale only varies between 0 and 0.3. The soil moisture variable actually varies between 0 and 1, 
though not in this domain, where water covered surfaces (shown here in white) have a soil moisture of 1.
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the day (12pm-6pm) for the three days of the heat wave 
and the coolest part of the day (12am-6am) for the two 
middle nights of the heatwave. A cold front swept across 
Melbourne at 6pm on the final day of the heatwave, yet 
in Experiments 1 and 2, WRF simulated the cold front at 
8pm. This resulted in an unusually large error between 
the observed 2m temperature and the WRF values, which 
lead to an over inflation of the RMSE values. Therefore, for 
our warmest part of the day RMSE calculations, we have 
excluded the 6pm value on January 30, the final day of 
the heatwave. The observational data is from 00:00 Janu--
ary 28 2009 until 00:00 January 31 2009 (local Australian 
Eastern Daylight time) and the weather station details are 
in Table 1.

These simple measures of validating WRF against near-
surface temperature will highlight which soil moisture 
initialisation experiment best simulates the January 2009 
heatwave over Melbourne.

Results
The area-averaged urban temperature bias of the WRF 

heatwave simulations show that the maximum tempera--
ture is underestimated and the minimum temperature is 
overestimated for both Experiment 1 and 2. Experiment 
1 had an ensemble mean maximum temperature bias 
of -2.92˚C and a minimum temperature bias of 4.68˚C, 
whereas Experiment 2 had an ensemble mean maximum 
temperature bias of -1.87˚C and a minimum temperature 
bias of 3.86˚C. The maximum and minimum temperature 

bias for Experiment 2 is over 1˚C lower than for Experi--
ment 1 indicating that the drier soil simulation is better at 
achieving the extremely high maximum temperatures of 
the heatwave in Melbourne as well as the cooler nights. 

The large minimum temperature bias for both experi--
ments is partially due to the extremely high observational 
minimum temperature on the first night of the heatwave. 
Throughout this night the minimum temperature was 
30.5˚C at Melbourne Airport weather station, and while 
WRF is prone to overestimating the minimum tempera--
ture, it still did not achieve this unusually high night-time 
temperature.

The explanation for these results is that the anteced--
ent soil moisture conditions are known to have a negative 
correlation with maximum temperature (Kala et al. 2015). 
This is because liquid water has a higher heat capacity 
than air, meaning it takes more time to heat up and cool 
down. Drier soils are filled with more air than water and 
so are able to warm up during the day and cool down at 
night faster than soils with a higher moisture content.   

When comparing the 2m temperature from 6 urban 
weather stations to the closest WRF gridpoint we found 
that Experiment 2 performed better for the warmest part 
of the day (12pm-6pm) and the coolest part of the day 
(Table 2). This confirms the ensemble mean results where 
having the drier AWAP soils in the simulation enables WRF 
to better simulate the diurnal variability of the heatwave. 
It is worth noting that WRF is on a 2km grid and so choos--
ing one representative point to compare to a weather sta--

Table 1. The latitude, longitude and altitude of the 6 urban weather stations.

Station name Latitude (˚) Longitude (˚) Altitude (m)

Essendon Airport
Laverton RAAF
Melbourne Airport
Moorabbin
Scoresby
Viewbank

-37.73
-37.86
-37.67
-37.98
-37.87
-37.74

144.91
144.76
144.83
145.10
145.26
145.10

78.4
20.1

113.4
12.1
80.0
66.1

Table 2. The root mean square error (RMSE,  in oC) between the observational urban weather stations and the 
closest WRF grid point over the warmest part of the day and the coolest (bold indicates lower RMSE value).

Experiment 1 (ERA Interim soil moisture) Experiment 2 (AWAP soil moisture)

Weather Station 12pm-6pm 12am-6am 12pm-6pm 12am-6am

Essendon Airport
Laverton RAAF
Melbourne Airport
Moorabbin
Scoresby
Viewbank

1.68
1.15
1.56
2.07
2.47
2.72

2.84
1.95
2.07
3.41
3.15
2.63

1.29
1.15
1.03
1.65
1.83
2.21

2.81
1.69
2.47
3.04
2.59
2.33
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tion is a strict test of the model. Nevertheless, the weather 
station results broadly agree with the gridded data.

Using Moorabbin as an example, Figure 3a shows that 
Experiment 2 has a greater diurnal variability than Exper--
iment 1, and when compared to observations it clearly 
performs better during the warmest and coolest parts 
of the heatwave. It is clear that the timing of the cold 
front in the observations is earlier than the WRF simula--
tions resulting in unusually large errors at 6pm on the 
final day of the heatwave (Figure 3b). This is why the final 
6pm timestep was excluded from RMSE analysis.

At Melbourne Airport weather station Experiment 1 
performs better during the coldest part of the day (Table 
2). It is clear from Figure 4a that Experiment 2 performs 

best at Melbourne Airport during the warmest part of 
the day and during the second night of the heatwave 
with a temperature difference of less than 1˚C (Figure 
4b). However, the RMSE discrepancy is due to the unusu--
ally hot first night of the heatwave, which was particu--
larly prominent at Melbourne Airport compared to the 
other five weather stations analysed. Experiment 1 has 
wetter soils and so does not cool down as much as Ex--
periment 2, which for this first night meant that its errors 
were smaller at Melbourne Airport, resulting in a smaller 
overall RMSE for Experiment 1. These results suggest that 
the errors are not uniform across the heatwave and that 
each experiment performed better during different days 
and nights of the heatwave.

Figure 3: (a) The 3 hourly 2m temperature for Moorabbin weather station observational data (grey), Experimm
ment 1 (blue) and Experiment 2 (orange). (b) Experiment 1 minus observations (blue) and Experiment 2 minus 
observations (orange). The warmest and coolest parts of the day 12pmm6pm and 12am to 6am, respectively, are 
shown in bold. It is from the bold values that the RMSE in Table 2 are calculated. Times are in Australian Eastern 
Daylight Time (+11UTC).
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Conclusions 

Antecedent soil moisture conditions are crucial for de--
termining the length, intensity and number of heatwave 
days per season in Australia. With regards to modelling, 
if simulating with a short lead time accurate soil mois--
tures are fundamental in determining the spatial extent 
and intensity of Australian heatwaves. Heatwaves are also 
known to exacerbate the urban heat island, posing in--
creased heat stress risks for urban residents. 

With this as motivation we performed a small model 
validation on the ability of WRF to simulate the near-sur--
face temperatures of the January 2009 heatwave over Mel--
bourne. We conducted two experiments, the first using 

the default ERA Interim reanalysis soil moistures in WRF 
and the second replacing the top layer of ERA Interim soil 
moisture with the much drier Australian made AWAP soil 
moisture product. Our results showed that the drier soil 
moisture product enabled WRF to more accurately simu--
late the diurnal variability of the heatwave in the urban 
environment. By using this alternate and arguably more 
accurate product, we can improve accuracy of WRF simu--
lations during heatwaves. This avoids the use of long runs, 
which, while they can improve the soil moisture initialisa--
tion are also more computationally expensive. For future 
research we plan to use the drier soil simulations as a con--
trol run for testing urban heat mitigation scenarios during 
heatwaves in Melbourne.

Figure 4: (a) The 3 hourly 2m temperature for Melbourne Airport weather station observational data (grey), 
Experiment 1 (blue) and Experiment 2 (orange). (b) Experiment 1 minus observations (blue) and Experiment 2 
minus observations (orange). The warmest and coolest parts of the day 12pmm6pm and 12am to 6am, respecmm
tively, are shown in bold. It is from the bold values that the RMSE in Table 2 are calculated. Times are in Australian 
Eastern Daylight Time (+11UTC).
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