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Abstract This study examines the impact of future urban

expansion on local near-surface temperature for Sydney

(Australia) using a future climate scenario (A2). The

Weather Research and Forecasting model was used to

simulate the present (1990–2009) and future (2040–2059)

climates of the region at 2-km spatial resolution. The

standard land use of the model was replaced with a more

accurate dataset that covers the Sydney area. The future

simulation incorporates the projected changes in the urban

area of Sydney to account for the expected urban expan-

sion. A comparison between areas with projected land use

changes and their surroundings was conducted to evaluate

how urbanization and global warming will act together and

to ascertain their combined effect on the local climate. The

analysis of the temperature changes revealed that future

urbanization will strongly affect minimum temperature,

whereas little impact was detected for maximum temper-

ature. The minimum temperature changes will be notice-

able throughout the year. However, during winter and

spring these differences will be particularly large and the

increases could be double the increase due to global

warming alone at 2050. Results indicated that the changes

were mostly due to increased heat capacity of urban

structures and reduced evaporation in the city environment.

Keywords Regional climate model � Urban heat island �
Climate change � Temperature

1 Introduction

Urban population has experienced a substantial increase in

the last 30 years and the latest estimate indicates that in

2011 it amounted to more than half of the total world

population (UN World Population Prospects 2012). The

global percentage is projected to exceed 65 % of the total

population by 2050.

The growth of urban population has increasingly drawn

the scientific community’s attention to urban climate and

the effects of urbanization at different scales (Arnfield

2003; Kalnay and Cai 2003). The relative warmth of the

urban areas with respect to the rural surroundings is

undoubtedly the most prominent of these effects. The so-

called Urban Heat Island (UHI) is primarily caused by the

heat-storing structures that increase the heat capacity of the

cities. Some studies have also identified the anthropogenic

heat sources as an important contributor to this warming

(Childs and Raman 2005; Kusaka and Kimura 2004a),

especially in regions of intense energy consumption and

low net radiation. The imperviousness of urban surfaces

was also found to enhance the UHI through inhibition of

evaporative cooling (Lynn et al. 2009).

Since the UHI was first investigated by Howard (1833),

the mechanisms involved in its generation and develop-

ment have been well documented using both modeling and

experimental approaches (Grimmond 2006; Masson 2006;

Memon et al. 2009). However, with global warming being

one of the major challenges in the next few decades, the

question that arises is how greenhouse gases (GHGs) and

urbanization will act together in the future. Only recently

have the combined effects of GHGs and urban expansion

been addressed (Janković and Hebbert 2012).

The study of the conjunction of both phenomena has

been previously carried out from a global perspective
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(McCarthy et al. 2010), however its characterization at fine

scales requires downscaling climate change information

from General Circulation Models (GCMs) to bridge the gap

between the coarse-resolution global projections and the

spatial scale of the urban processes. Regional Climate

Models (RCMs) are a valuable tool to dynamically

downscale large-scale climate information from GCMs to

both simulate present climate and generate high-resolution

climate change projections (Rummukainen 2010). Yet, the

spatial resolution has not been fine enough to adequately

describe the urban climate because of the computational

costs associated to long-term high-resolution simulations.

Despite the fact that the spatial resolution of recent

climate change projections is getting close to resolving the

urban climate (Argüeso et al. 2012a; Wagner et al. 2012),

the 3-dimensional structure of the urban areas and its effect

on local processes remains to be included in most regional

climate models. Actually, both very high spatial resolution

and a coupled urban model are equally important to rep-

resent the urban processes (Chin et al. 2005).

The Weather Research and Forecasting (WRF) model-

ing system (Skamarock et al. 2009) is a mesoscale

numerical weather prediction model designed for opera-

tional forecasting and atmospheric research that has also

been employed as a RCM by numerous authors (Argüeso

et al. 2012b; Evans and McCabe 2010; Jourdain et al. 2011;

Kusaka et al. 2010). These studies highlighted the com-

petence of WRF to produce accurate high-resolution cli-

mate simulations in a breadth of locations. In addition, it

includes an option to incorporate the effects of urbanized

areas through the urban physics parameterization. There-

fore, the WRF modeling system can be used to explore the

impact of growing urban areas on the local and regional

scales under future climate conditions.

Some of the few experiments that have investigated the

effect of urbanization under climate change scenarios were

actually performed using WRF (Georgescu et al. 2012b;

Kusaka et al. 2012b). These studies were focused on

megapolitan expansion effects and were limited to summer

because the population usually endures the highest heat

stress during the warmest period of the year. Georgescu

et al. (2012a) analyzed seasonal differences in the impact

of urbanization using WRF and indeed found the UHI to be

particularly intense during summer, in accordance with

previous studies (Oke 1982). These studies used future

climate information from various sources, either different

emission scenarios or different GCMs, but run the model

for only a few years (1–3) assuming such a period of time

to be fairly representative of the climate.

A different approach is adopted in this paper. We

selected WRF to examine the climate implications of urban

growth in the Sydney area (Australia) under the conditions

of the SRES A2 scenario (Nakicenovic et al. 2000). The

study is focused on more moderate changes of land-use

under a high-emission scenario to ascertain whether the

impact of urbanization will still be detectable and deter-

mine its magnitude with respect to the climate change

signal. But more important, the assessment is performed

over two 20-year periods (1990–2009 and 2040–2059) and

during all seasons so that the results are climatologically

meaningful.

Bearing in mind the definition of the UHI (urban areas

are generally warmer than their rural counterparts), the

analyses focus on near-surface temperature, although other

authors have also studied differences in other variables

such as the skin temperature (Jin et al. 2005). Seasonal

changes in maximum and minimum temperature are

examined, but also the changes in the daily cycle and the

occurrence of extreme events. However, the UHI cannot be

characterized in terms of temperature changes alone and

other variables (e.g. surface evapotranspiration) must also

be analyzed to comprehend the physical processes associ-

ated with urban expansion in a climate change scenario.

2 Experimental design

2.1 Model setup

The Advanced Research WRF (ARW) version 3.3.1 was

used to downscale the information provided by the CSIRO

MK3.5 GCM (Gordon et al. 2010) for a high-emission

scenario (A2) over the Sydney region. Two periods were

completed spanning 20 years each to simulate the recent

past (1990–2009) and the future (2040–2059) at 2-km

spatial resolution.

The boundary conditions were obtained from a previously

performed experiment that consisted of two WRF simula-

tions (present and future) over the region using two one-way

nested domains covering southeastern Australia, at 10- and

50-km resolution respectively (Fig. 1). These two simula-

tions were driven by CSIRO MK3.5 GCM, which is the

primary source of large-scale climate information in this

region (Evans and McCabe 2013). The vertical is described

using 30 eta-coordinate levels spaced closer together in the

lower atmosphere. The suite of WRF physical parameter-

izations chosen to generate the boundary conditions fol-

lowed Evans and McCabe (2010), where an evaluation of

WRF driven by reanalysis data was carried out over the same

region. At 10 km resolution the model was found to perform

well over time scales ranging from diurnal (Evans and

Westra 2012) to inter-annual (Evans and McCabe 2010).

Accordingly, the model used the following physics

schemes: WRF Single Moment 5-class microphysics

scheme; the Rapid Radiative Transfer Model (RRTM)

longwave radiation scheme; the Dudhia shortwave
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radiation scheme; the Monin–Obukhov surface layer sim-

ilarity; the Noah land-surface scheme; the Yonsei Univer-

sity boundary layer scheme and the Kain-Fritsch cumulus

physics scheme.

For the 2-km simulation no cumulus physics is required

because the resolution is fine enough to resolve most of the

convective processes. However, the cloud microphysics

scheme then plays a more important role warranting the use

of a more complex scheme. Here the Thompson micro-

physics scheme (Thompson et al. 2004) is used. The single-

layer Urban Canopy Model (UCM) (Kusaka et al. 2001;

Chen et al. 2011) option was selected to describe the urban-

scale processes. All urban grid points are set to the default

high-density residential category. The most important

parameters that define the category are detailed in Table 1.

The default land use dataset, which is derived from

satellite-based global datasets, was replaced by a dataset

derived primarily from New South Wales (NSW) statewide

land use data generated by the office of environment and

heritage (OEH) of the NSW state government (Fig. 2a).

The OEH land-use was translated into the 24-class USGS

classification. The most remarkable differences between

the WRF-default and the OEH-present maps is due to the

default map misclassifying large areas as savanna or dry-

land crop and pasture, while the OEH-present map char-

acterizes these regions as either urban or grassland.

In addition to the present map, the OEH also generated a

future land-use map of the region that contains minor

changes indicating areas of urban expansion (Fig. 2b). The

OEH-future map is based on data from the NSW Depart-

ment of Planning, which plans future urban expansion and

consolidation. Further details in the elaboration of these

maps can be found in (Turner 2012).

The differences between present and future land-use

dataset (Fig. 2c) show the areas where the land use is pro-

jected to be altered in the future. The comparison of the

spatial distribution of the changes projected by WRF for the

different variables with the map of the land use differences

is a good indicator of the potential footprint of urbanization

in the local climate. Also, the changes in areas with land use

changes are compared with the surrounding unmodified grid

cells (Fig. 2c) to elucidate the differences between areas

affected by both the global warming and the urban expan-

sion and those influenced by global warming alone.

2.2 Observational data and model evaluation

Any future climate projection has to be preceded by the

evaluation of the model to determine its capabilities and

limitations in representing the climate of a region.

Fig. 1 Topography of the region. a Location of the WRF domains. The map covers the outer 50-km domain and the black rectangles delimit the

10-km and the 2-km domains. b Topography of the 2-km domain over the Sydney area

Table 1 Parameters of high-density residential category in the sin-

gle-layer Urban Canopy Model

Parameter name Value

Roof level (building height) 7.5 (m)

Standard deviation of roof height 3.0 (m)

Roof width 9.4 (m)

Road width 9.4 (m)

Grid fraction without vegetation 0.9

Heat capacity of buildings 1.0E6 (J/m3K)

Heat capacity of ground 1.4E6 (J/m3K)

Anthropogenic heat 0 (W/m2) [switched off]

Urban surface albedo 0.20
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Different datasets can be used and different approaches

made to evaluate the model depending on the needs. Here,

a gridded dataset created within the Australian Water

Availability Project (AWAP) framework was chosen to

assess the performance of WRF in terms of temperature.

The AWAP dataset was generated by interpolating surface

station measurements on a 0.05� 9 0.05� (*5 km by

5 km) grid over Australia and includes daily maximum and

minimum temperature, precipitation and vapor pressure.

The number of stations used in its generation varies with

time and variable, but in the case of temperature the grid

was produced using between 600 and 850 stations over the

entire Australian continent. A detailed description of the

dataset can be found in Jones et al. (2009).

Although gridded datasets are prone to biases due to

their construction, they are generally the most appropriate

type of observation-based product to verify the model’s

ability to simulate the present climate. This is especially

true in our case, because the model and the grid spatial

resolution are comparable and thus they represent a similar

spatial scale. Also, the spatial coverage of AWAP allows

for evaluation of the model over the entire domain and not

only in locations where measurements are available. It is

also possible to perform a bias correction of the simulated

temperature fields at every model grid-point.

2.3 Bias correction

Here, the WRF outputs (maximum and minimum temper-

ature from hourly values) were corrected to remove, at

least in part, the errors with respect to AWAP. The bias

correction is based on a distribution mapping proposed by

Piani et al. (2010), where the cumulative density function

(CDF) was adjusted to a theoretical distribution. Despite

the fact that the algorithm was originally designed to cor-

rect precipitation, it can be easily adapted to temperature

by choosing an appropriate theoretical distribution. Teu-

tschbein and Seibert (2012) tested a normal distribution to

adjust temperature and found this method to be preferable

over others they tested.

In this study, we introduced an additional modification

to the algorithm that takes into consideration areas of

affinity within the Sydney region. That is, 4 temperature

regions were identified (Fig. 3) using an objective multi-

step regionalization (Argüeso et al. 2011) consisting in the

successive application of a Principal Component Analysis,

an agglomerative clustering and a non-hierarchical clus-

tering to daily values. The AWAP and the model grid-

points (excluding the outermost 5 points because they

belong to the buffer zone) are pooled into 4 regions and

separate normal distributions are calculated for AWAP and

Fig. 2 a Dominant land-use category for OEH-present. b Dominant land-use for OEH-future. c Differences between present and future land uses

(red) and surrounding areas (4 grid-points) with no land-use changes (blue)
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WRF for each of the regions. Then each of the WRF events

is corrected by adjusting the CDFs from WRF towards the

AWAP ones on a region-by-region basis.

Finally, the future-climate simulation is corrected using

the same approach. It is assumed that the distribution of the

biases is maintained in time. This implies that the errors are

dependent on the magnitude of the variable and such

dependency is intrinsic to the model.

2.4 Assessment of the impacts

The study of the land use change effects under climate

change conditions was performed in stages. Firstly, the

changes in near-surface maximum and minimum temper-

ature were analyzed at seasonal timescales to determine the

time of year when the impacts are largest and identify the

mechanisms that might dominate.

Then, the daily temperature cycle was studied by com-

paring areas projected to undergo land use changes with the

surroundings that did not (Fig. 2c). Despite the fact that

this strategy does not allow the study of urbanization and

GHG effects separately and thus it implicitly includes their

non-linear interactions, it made possible the comparison of

areas that are subjected to both climate change and

urbanization with others that are affected only by climate

change. The differences in their daily temperature cycle

give insight into the processes that control the UHI inten-

sification. Varying UHI intensity during the day has

already been observed in the present climate (Arnfield

2003) and thus it is interesting to see whether a similar

behavior might be expected under land use change and

climate change conditions.

An excerpt of the temperature extreme indices proposed

by the Team on Climate Change Detection and Indices

(ETCCDI, http://cccma.seos.uvic.ca/ETCCDI/indices.shtml)

was selected to analyze their changes. Particular attention

was paid to those indices that might substantially change in

the future having an impact on population health (e.g., the

occurrence of warm nights, the length of warm spells).

A comprehensive description of the urbanization effect

on future climate was sought in this study and therefore not

only temperature was analyzed but other variables too. The

annual wind speed, the annual and seasonal surface

evapotranspiration and the daily cycle of the energy bal-

ance components were examined with the aim of deter-

mining their role in the future temperature changes

associated with urbanization.

3 Results and discussion

3.1 Model evaluation

The model ability to reproduce near-surface temperature

over the region was evaluated at different timescales, of

which two are presented here: the seasonal means and the

probability density functions (PDFs) of daily maximum

and minimum temperature. The original and bias-corrected

WRF outputs were compared with AWAP, so that not only

the model performance was validated but also the bias-

correction methodology.

Figure 4 illustrates summer (DJF) and winter (JJA)

means of daily maximum (Tmax) and minimum (Tmin)

temperature according to AWAP, the original WRF and the

bias-corrected WRF. Spring and autumn maps are omitted

for brevity. The model capability to reproduce the magni-

tude of both Tmax and Tmin over the Sydney area was

good overall, but it introduced non-negligible biases in

both Tmin and Tmax over all seasons. Minimum temper-

ature was overall overestimated, especially during summer

and autumn, when most of the biases ranged between 2 and

3 �C. During winter and spring Tmin biases were slightly

smaller and fell to between 1 and 2 �C in most cases. On

the other hand, Tmax was generally underestimated,

although some exceptions were found in the westernmost

area and parts of the coast. Also, Tmax errors were more

moderate, between -2 and 1.5 �C, and only very isolated

areas in the mountains had larger biases. The broad over-

estimation of Tmin and underestimation of Tmax suggests

that WRF tends to produce a narrower range of temperature

and hence less temperature variability than AWAP.

Despite the deviations, it is worth noting that WRF

shows good skill in capturing the spatial patterns of Tmax

Fig. 3 Four climatological temperature regions obtained from an

objective multi-step regionalization technique, which includes both

daily maximum and minimum temperature
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and Tmin, generating temperature gradients from the

interior to the coast that are very similar to AWAP. The

seasonal maps of maximum and minimum temperature also

reveal that WRF was able to provide finer spatial details

than AWAP due to its higher spatial resolution. For

instance, it is possible to discern the current city boundaries

of Sydney in the WRF simulations, whereas AWAP is not

able to capture this feature. Also the model provides a finer

representation of the topography as evidenced by the more

intricate surface isotherms.

In general the model showed good performance, but the

aforementioned biases should be corrected to obtain more

realistic outputs. The model outputs were corrected using

the distribution mapping methodology and the corre-

sponding seasonal means were also calculated (Fig. 4).

WRF temperature outputs after the bias correction are in

much better agreement with the observations. The tem-

perature biases were substantially reduced in the corrected

version and remained between -1 and 1 �C over almost

the entire region for both Tmax and Tmin. Some excep-

tions were found for Tmin during autumn and Tmax during

spring, when the biases were slightly higher (0–2 �C).

A further evaluation of WRF and the bias correction

methodology was carried out using daily maximum and

minimum temperature PDFs. Every grid-cell of AWAP and

the two model versions (original and corrected) were

classified according to the 4 affinity regions described

previously (Fig. 3) and a PDF was calculated for each of

them. The PDFs of AWAP, the original WRF and the bias-

corrected WRF were compared region by region (Fig. 5).

The temperature PDFs confirmed that WRF tends to

overestimate Tmin and to a lesser extent, underestimate

Tmax. Indeed, Tmax extremes were well described by

WRF, whereas all Tmin PDFs were shifted toward higher

values, particularly in the upper tail of the distribution. The

benefit provided by the bias correction methodology is

highlighted in this comparison and both Tmax and Tmin

distributions are represented very accurately in every

Fig. 4 Seasonal means of daily maximum temperature for DJF (a–c) and JJA (d–f), and daily minimum temperature for DJF (g–i) and JJA (j–l).
In rows, values from AWAP, original WRF outputs and bias-corrected WRF outputs
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region. In fact, the bias corrected WRF (solid) and AWAP

(dotted) PDFs are barely distinguishable. The model results

show a comparable performance over the different regions

and only minor differences were observed among the 4

climate divisions.

Although these results do not constitute any guarantee

that the bias corrected WRF provides better estimates for

future temperatures, it is unavoidable to assume that the

biases are inherent to the experiment design (e.g., boundary

conditions, regional climate model, region). Under this

assumption, it is reasonable to expect improved projections

using the bias corrected fields and thus they were used to

study future temperature response to land use change.

3.2 Temperature changes

Temperature changes due to both climate change condi-

tions and future urbanization was characterized through

changes in the seasonal means. The dominant mechanisms

that respond to land-use changes under future scenarios

differ through the year and thus the study of seasonal

changes provides valuable information to identify their

relative importance.

Seasonal changes of daily maximum temperature are

projected to be similar over the domain (Fig. 6a). None-

theless, WRF indicates that slightly larger changes are

expected in the inner west of the model domain, especially

during winter (JJA). Indeed, it is during winter and over

this area that the largest Tmax increases are projected,

which could reach up to 2.5 �C. At the other end of the

spectrum we find summer (DJF) Tmax changes, which are

projected to range between 1.0 and 1.5 �C in most of the

region. However, there is no signal of land-use change

effects on maximum temperature. The statistical signifi-

cance of the changes was determined using a two-sided

Student’s t test at a 95 % confidence level, which resulted

in more than 94 % of the grid cells projected to undergo

significant changes. Grid cells with non-significant changes

were removed from the map.

The most remarkable feature of Tmin seasonal changes

is indeed the evident footprint of the newly urbanized areas

(Fig. 6b). The areas subjected to future land-use changes

are clearly identifiable (see Fig. 2c) in the Tmin seasonal

changes because they are projected to experience sub-

stantially larger increases. The changes are relatively

moderate during summer (*2.5 �C) and particularly

marked during winter and spring, when they are projected

to reach up to 4 �C in the new urban areas whereas they

rarely exceed 2 �C in the surroundings. The UHI was

generally found to be best displayed during the summer

months (Wilby 2008), except for high-latitude cities where

radiation has a very strong seasonal cycle and the UHI is

Fig. 5 Probability density functions of daily maximum (red) and minimum (blue) temperature. Bias-corrected (solid) and original (dashed)

WRF PDFs are shown along with AWAP (dotted) PDFs for each of the 4 temperature regions
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stronger during winter (Hinkel et al. 2003; Steinecke

1999). However, some authors detected either a more

intense UHI during cold months (Kim and Baik 2002) or,

as in our case, a higher intensification of UHI with time

during winter. Despite the seasonal differences, the land

use change footprint is clearly noticeable in all seasons.

The projected changes were statistically significant over

more than 99.9 % of the grid cells according to a Student’s

t test at 95 % confidence level. The rest were removed

from the map.

In order to provide further evidence of the urbanization

impact on temperature changes in the maximum and

minimum temperature PDF are illustrated in Fig. 7. In

particular, the changes in the PDFs over altered areas are

compared with the surroundings (see Fig. 2c), which have

been further divided into rural and urban for this specific

plot. Changes in maximum temperature over altered areas

are barely discernible from changes in surrounding urban

areas (Fig. 7a) and very similar to changes in surrounding

rural areas. However, minimum temperature is much more

responsive to urbanization and its changes (Fig. 7b) over

newly urbanized areas is larger than over the surroundings,

both rural and urban. To further support this evidence, the

present and future PDFs are compared through their

overlapping areas following Perkins et al. (2007). For

maximum temperature, the overlapping area between

present and future PDFs is very similar among the three

categories above: 89.4 % for urban surroundings, 89.5 %

for rural surroundings and 87.9 % for areas of urban

expansion. In the case of minimum temperature the per-

centage are very similar for both rural and urban sur-

roundings (87.9 and 87.7 %), whereas the areas exposed to

urbanization only share 78.9 % of their minimum tem-

perature PDF.

The contrasting response between Tmax and Tmin

seasonal changes is in agreement with previous studies that

characterized the UHI for present climate and found greater

UHI intensity during night (Arnfield 2003; Grimmond and

Oke 1999) and implies a substantial reduction of the daily

temperature range over urban areas. This is explained by

the higher heat capacity of urban structures that stores more

energy during daytime and slowly releases it during

nighttime. The urban canopy model within WRF actually

assigns larger volumetric heat capacity to urban areas and

thus reproduces the Tmax and Tmin distinct response to

land-use changes. The three-dimensional structure of the

urban landscape, and the reduction of Sky View Factor

(SVF), also plays an important role because it contributes

to delaying the loss of heat through multiple reflections and

the trapping of near-surface air. An additional factor that

Fig. 6 Bias corrected WRF projected changes of daily maximum (a) and minimum (b) temperature seasonal means (2030–2049 minus

1990–2009). Grid points with non-significant changes using a two-sided Student’s t test at 95 % confidence level were set to white
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has been determined to increase UHI intensity during the

night is the anthropogenic heat (Kusaka and Kimura

2004b), which is an option in the single layer UCM in

WRF but was switched off in our simulations. Its effect

would have made the urban footprint even more

pronounced.

Although hourly temperature could not be corrected

because the observations are daily measurements, it is

interesting to analyze the changes in the diurnal cycle of

temperature from the original WRF outputs in order to

understand its response to future urban expansion

throughout the day, when different mechanisms are in play.

Figure 8 illustrates present and future diurnal cycles of 2-m

temperature over areas with projected land use changes and

the surroundings, where the land use is not modified, as

shown in Fig. 2c. The comparison demonstrates the dif-

ference between areas exposed to urbanization and climate

change and areas subjected only to the latter.

It can be seen that global warming and urbanization

acting in conjunction produces an increase in Tmin that is

substantially larger than the increase due to global warming

alone. For instance, when the maximum difference was

obtained (05 UTC ? 10) the average change in the modi-

fied areas was 3.2 �C, whereas in the surroundings the

average change remained at 1.9 �C. Unlike nighttime

temperature, during the warmest hours of the day urbani-

zation has only a small affect on temperature. When the

highest temperature is usually reached (14 UTC ? 10) the

difference between these two areas is almost negligible:

1.7 �C in urbanized areas versus 1.6 �C in the

surroundings.

The diurnal evolution of the UHI has already been

studied from a modeling perspective (Georgescu et al.

2011; Kusaka et al. 2012a). However, this is the first

approach to the authors’ knowledge that analyzes changes

in the UHI diurnal cycle under climate change conditions.

The newly urbanized areas will store more heat than in the

present and once the surface layer reaches its maximum

temperature, it will experience a slower cooling. However,

over the areas with no land use changes only a displace-

ment of the entire temperature cycle towards higher values

is projected. The difference sheds light on the urbanization

contribution to nighttime warming.

The unprecedented length of such a high-resolution

climate simulation makes it possible to obtain results with

Fig. 7 Changes in the probability distribution for daily maximum

(a) and minimum (b) temperature over areas with projected land use

changes (red) and the surroundings with no land use changes: urban

(black) and rural (blue)

Fig. 8 Diurnal cycle of 2-m temperature for areas with projected land

use changes (red) and the surroundings with no land use changes

(blue) as described in Fig. 2c. Both present (solid lines) and future

(dashed lines) daily cycles are included
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climatological significance and allows unique investigation

of the distribution tails that could not be examined other-

wise. For that purpose, some of the indices proposed by

ETCCDI to study temperature extremes were selected

(Table 2).

Figure 9 illustrates the changes in the number of days

above or below the 10th and 90th percentiles for both

Tmax and Tmin. The statistical significance of the changes

was evaluated using a two-tailed Kolmogorov–Smirnov

(K–S) test at 95 % confidence level due to its less

restrictive assumptions regarding the data distributions.

Non-significant changes were marked using black dots.

They show that minimum temperature extreme values at

both ends of the distribution are projected to change more

than the Tmax extremes over nearly the entire domain.

These differences are particularly marked over grid cells

with expected land use changes where the footprint of

urbanization is clearly distinguishable. TN90p indicates

that temperature response over newly urbanized areas will

shift all future Tmin values above the current 90th per-

centile threshold. Moreover, even areas already urbanized

in the present will experience larger changes in TN10p and

TN90p than the rural areas, suggesting that there could be

positive feedbacks between urban expansion and global

warming at the local scales. On the other hand, no land use

signal is perceptible in TX10p and TX90p, which show a

relatively homogeneous change throughout the domain

(between -5 and 9 % for TX10p, and 10 to 15 % for

TX90p) and confirm the dominance of the large scale

warming in the changes of Tmax extremes. Most of these

changes are statistically significant according to the K–S

test as indicated by the few grid cells marked with black

dots (Fig. 9).

This behavior of temperature changes is further cor-

roborated by indices characterizing more moderate

extremes, such as the number of summer days (SU) and the

number of tropical nights (TR) (Fig. 10). Largest values

and changes of SU are expected in the Sydney basin and

the northeast of the domain (between 35 and 45 days more

per year), but not necessarily associated with land use

changes. As for TR, a similar pattern is observed with

higher values in the same areas as SU. But additionally, the

urban areas will undergo larger changes that could be

particularly large in areas with projected land cover

changes (up to 40 more nights per year). However, while

still detectable in TR changes, the footprint of the land use

changes is not as clear as in previous Tmin results. Large

areas of non-significant changes were found for moderate

extreme indices according to the K–S test, especially for

TR, but they were all located in the western part of the

domain, far from the main urban areas.

The clustering of particularly warm or cold conditions is

described by the warm and cold spell duration indices

(WSDI and CSDI). These indices are highly dependent on

TX90p and TN10p changes respectively, and thus only for

CSDI is a response to land use changes expected, however

it is difficult to attribute any particular impact on either

CSDI or WSDI to urban expansion (not shown). WSDI is

projected to increase everywhere in the domain, whereas

CSDI is expected to decrease to values close to 0 days

year-1 in most of the region.

3.3 Wind speed, surface evapotranspiration and surface

energy balance

Changes in annual mean 10-m wind speed show an intri-

cate spatial pattern (Fig. 11a) and both decreases and

increases are projected over the region, ranging from

-0.6 m s-1 to more than 1 m s-1. Despite the heteroge-

neous spatial configuration of the wind speed changes, the

outline of the new urban areas is discernible, which indi-

cates that urbanization has a noticeable impact on wind

speed. Indeed, wind speed is projected to increase from 0.2

to 0.4 m s-1 more in the new urban areas than in the

surroundings.

The effect of urban structures on wind speed is highly

complex and it depends on several features of the city as

well as on the wind regime itself. For example, wind speed

over rural areas tends to be larger than over the city under

strong wind conditions, but the opposite applies under

Table 2 Name and definition of the temperature extreme indices selected from ETCCDI

Definition

TX10p Percentage of days when Tmax \ 10th percentile

TX90p Percentage of days when Tmax [ 90th percentile

TN10p Percentage of days when Tmin \ 10th percentile

TN90p Percentage of days when Tmin [ 90th percentile

Summer days (SU) Number of days with Tmax [ 25 �C

Tropical nights (TR) Number of days with Tmin [ 20 �C

Warm spell duration index (WSDI) Annual number of days with at least 6 consecutive days when Tmax [ 90th percentile

Cold spell duration index (CSDI) Annual number of days with at least 6 consecutive days when Tmin \ 90th percentile

D. Argüeso et al.

123



lighter winds due to increased instability within the city

(Childs and Raman 2005). We have analyzed the annual

changes for wind speeds below and above 4 m s-1 sepa-

rately (Fig. 11b, c), which is an approximate threshold that

differentiates between these two regimes (Wong and Dirks

1978). We found no appreciable signal of urbanization in

the changes of wind speed above 4 m s-1, but the contour

of the areas with land use changes is evident in the map of

light wind changes. Therefore, the different effect of

urbanization on the wind speed depending on the regime

that was already detected in the observations is here

reproduced by WRF. The wind changes for all regimes are

statistically significant over urban areas at 95 % confidence

level according to the K–S test, but non-significant changes

also exist in the domain, particularly for light winds

changes. The overall impact of urban expansion on the

wind speed is that of an increase due to the dominance of

the changes in light winds (i.e., the wind speed in the

region is usually below 4 m s -1). This could work as a

negative feedback by increasing potential evaporation

provided that there are no water availability limitations.

However, the impermeability of urban surfaces reduces the

available moisture for evaporation to almost zero much of

the time and thus very little surface evaporation takes place

Fig. 9 Changes in ETCCDI extremes (2030–2059 minus

1990–2009): TX10p (a), TX90p (b), TN10p (c) and TN90p (d), as

the difference between future and present in the percentage of days

exceeding each threshold. Present climate values are by definition

10 % of the total number of days. Areas with black dots indicate that

the null hypothesis of equal distribution of the data cannot be rejected

using a using a two-tailed Kolmogorov–Smirnov test at 95 % level of

confidence
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in the cities, most of it coming from vegetation covered

areas.

The model accurately represents this feature of the UHI

and very little surface evapotranspiration (ET) is produced

in the present climate simulation of the urban areas

(Fig. 12a). This is also extendable to the projected future,

when newly urbanized areas will be subjected to very large

decreases in ET. It should be mentioned that while ET is

projected to decrease in areas of urban expansion, the city

surroundings will be exposed to an overall increase of ET

according to the model. A warmer atmosphere and an

environment with enough soil water are the ingredients that

explain the broad ET increase. The current and future

boundaries of the city are clearly visible in all ET maps

stressing the key role played by the urban surface in ET.

Surface evapotranspiration in areas with land use changes

is projected to decrease from *60 mm month-1 to

\10 mm month-1 (Fig. 12c), which critically affects

temperature due to alterations in the heat flux partitioning.

Most of the grid cells are projected to undergo non-sig-

nificant ET changes according to the K–S test, except for

some isolated regions and the areas of urban expansion.

The increase of sensible heat flux produced by both a

higher heat capacity of the city structures and a new par-

tition of surface fluxes is the most important factor in the

development of the UHI. Figure 13 illustrates the daily

cycle of 3-h surface energy fluxes (present and future) and

the seasonal changes of surface evaporation in two differ-

ent seasons (DJF and JJA). Similar to what was done with

daily temperature cycle, the surface energy components

were calculated over areas with projected land use changes

and the surroundings, as shown in Fig. 2c. Positive

Fig. 10 Present (1990–2009), future (2030–2059) and changes of the

annual number of days with: a Tmax [ 25 �C (summer days) and

b days with Tmin [ 20 �C (tropical nights). Areas with black dots

indicate that the null hypothesis of equal distribution of the data

cannot be rejected using a using a two-tailed Kolmogorov–Smirnov

test at 95 % level of confidence
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(negative) flux means gain (loss) of energy by the infini-

tesimal surface layer.

Sensible heat flux changes in winter (JJA) and during

daytime are very similar between areas with land use chan-

ges (Fig. 13b) and the surroundings (Fig. 13d), which partly

explains that no effect of urbanization was observed on

maximum temperature. It does not fully explain the lack of

impact on maximum temperature however because an

increase in sensible heat during summer daytime is also

expected (Fig. 13a) and thus other factors must contribute

too. At its peak (13 UTC ? 10), the upward sensible heat

flux is projected to increase from about 200 to 250 W m-2

over areas of urban expansion, and the change will be

particularly marked after sunset when it will event change its

direction from 20 W m-2 downward to 30 W m-2 upward.

The location of Sydney beside the ocean is a good reason for

maximum near-surface temperature not to be affected by

urbanization changes because cool air transported by typical

summer winds from the ocean replaces the warm air dis-

placed by convection due to warm urban surfaces and hence

it cancels the increase of sensible heat. However, nocturnal

conditions are completely different because the land usually

absorbs heat form the surface layer and hence it cools the air,

as shown by downward sensible heat fluxes. Nearly no

changes are projected for areas without land use changes at

any time in the day (Fig. 13c, d), but sensible heat flux is

Fig. 11 Changes (2030–2059 minus 1990–2009) in annual mean of

wind speed (a), of light (\4 m s-1) wind speed (b) and of strong

(\4 m s-1) wind speed (c). Areas with black dots indicate that the

null hypothesis of equal distribution of the data cannot be rejected

using a using a two-tailed Kolmogorov–Smirnov test at 95 % level of

confidence

Fig. 12 a Present (1990–2009) and b future (2030–2059) annual

mean surface evapotranspiration, and c projected changes of annual

mean surface evapotranspiration (2030–2059 minus 1990–2009).

Areas with black dots indicate that the null hypothesis of equal

distribution of the data cannot be rejected using a using a two-tailed

Kolmogorov–Smirnov test at 95 % level of confidence
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projected to remain upward through the night over areas of

urban expansion in the future (approximately 10 W m-2) as

opposed to the dominant downward flux in the present (about

20 W m-2). Therefore, the ground will not contribute to

nighttime cooling but rather it will act as a heat source. As a

consequence the changes in minimum temperature are con-

siderably larger over areas of urbanization. In addition,

nighttime is characterized by a more stable PBL and winds

from the ocean tend to be much weaker or even coming from

the interior. During winter nights the situation is very similar,

although sensible heat reaches positive values (downward)

in all cases. Urban expansion reduces the ground efficiency

cooling the air due to its higher capacity as shown by the

smaller downward sensible heat flux projected (from about

35 W m-2 to about 25 W m-2).

As for the latent heat flux, the pattern is similar in both

seasons and the model projects a marked decrease over

areas with land use changes (Fig. 13a, b). The areas of

urban expansion are all grassland in the present climate

simulation, whereas the surroundings are a mixture of

urban and rural. Accordingly, the newly urbanized areas

have a higher latent heat flux in the present. In contrast,

future latent heat flux over these areas will be almost

0 W m-2 during future nights. Only during daytime will it

reach higher values, although on average it will be reduced

from above 230 W m-2 to below 30 W m-2 in summer

(Fig. 13a) and from above 140 W m-2 to below

20 W m-2 in winter (Fig. 13b). On the other hand, areas

with no projected changes in the land cover only show

minor changes in the latent heat flux in the central hours of

the day (Fig. 13c, d), which is in accordance with a warmer

atmosphere that could hold more water vapor and thus

enhances evaporation when enough soil moisture is avail-

able. These changes remain within the range 0–10 W m-2

Fig. 13 Daily cycle of surface energy balance components over areas

of urban expansion in DJF (a) and JJA (b), and over areas without

land use changes in DJF (c) and JJA (d). Net radiation (red), ground

heat flux (green), latent heat flux (cyan) and sensible heat flux

(purple) are represented for both present (solid) and furue (dashed)

climates. Positive (negative) flux indicates gain (loss) of energy by the

infinitesimal surface layer. Seasonal changes (2040–2059 minus

1990–2009) of surface evapotranspiration during DJF (e) and JJA (f).
Areas with black dots indicate that the null hypothesis of equal

distribution of the data cannot be rejected using a using a two-tailed

Kolmogorov–Smirnov test at 95 % level of confidence
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and never represent more than 10 % of the present climate

flux magnitude.

The daily cycle of the other two components of the

surface energy balance (i.e., net radiation and ground heat

flux) were also calculated to complete the description of the

surface energy fluxes. No detectable changes are projected

over the unchanged areas (Fig. 13c, d), whereas areas of

urban expansion will experience a decrease in the down-

ward net radiation, particularly during daytime (Fig. 13a,

b), due to changes in the surface albedo and emissivity. At

night, the outgoing long wave radiation dominates and net

radiation takes negative values. The higher heat storage of

newly urbanized areas result in higher nighttime upward

radiation. The ground heat flux daily cycle barely changes

in the surrounding areas, but its amplitude increases con-

siderably over areas of urbanization. This validates the

picture of a surface with increased ground heat storage that

is released later during the night.

To examine the impact of the future flux partition on

surface evapotranspiration, its seasonal changes are also

calculated and shown in Fig. 13e, f. During both summer

and winter, the marked decrease in latent heat flux over

areas of urban expansion is reflected in a well-defined

footprint on ET, which is statistically significant at 95 %

confidence according to a two-sided K–S test. On the rest

of the region, a different response to GHGs is projected.

During summer, both decreases and increases ranging from

-20 to 18 mm month-1 are expected. Over the areas

around the newly urbanized grid cells the changes appear

to compensate, leading to the unchanged diurnal cycle

observed in Fig. 13c. On the other hand, an overall but

slighter increase (\8 mm month-1) is projected over most

of the region during winter. However, most of these

changes are not statistically significant over unchanged

land cover areas.

4 Summary and conclusions

The main objective of this paper was to ascertain the

combined effect of urbanization and climate change on

near-surface temperature as simulated by the WRF model.

Projected urban expansion was incorporated in the future

climate simulation and a comparison of temperature

changes between unaltered and urbanized regions was

performed to determine the magnitude of the urbanization

impact with respect to the climate change signal.

In agreement with previous studies, our model results

show that the decrease in surface evapotranspiration and

the thermal properties of the urban structures are the two

major drivers of the temperature response to urbanization.

Both factors alter the surface energy flux partitioning and

the daily cycle of the surface fluxes. The sky view has also

to be considered as an additional contributor to the urban

heat island thorough trapping the air and thus delaying the

release of heat to the outer atmosphere.

Urbanization has an important effect on almost every

variable that was analyzed. Urban expansion footprint was

clearly discernible in the future climate projections of all

variables, except for maximum temperature and the related

extremes indices (e.g. SU, TX90p, TX10p) that are little, or

not at all, affected by urbanization. In particular, the pro-

jected land use changes were found to have a strong effect

on future minimum temperature that adds to the warming

caused by GHGs. Indeed, minimum temperature is sys-

tematically projected to increase more in newly urbanized

areas. The changes are noticeable all through the year, but

they are especially marked during winter and spring, when

minimum temperature increases over these areas could

actually double the increase due to global warming alone

by 2050. The analysis of the annual-averaged daily tem-

perature cycle shows that the magnitude of the urbanization

impact on Tmin is locally comparable to the climate

change signal.

The indices that measure the frequency of moderate

warm conditions reveal that urban areas will be particularly

exposed to higher number of tropical nights. Areas already

urbanized at present will also experience fewer cold nights

in the future than the rural areas, suggesting that urbani-

zation could enhance the climate change signal at local

scales. In contrast, the number of summer days seems to be

mostly related to topography rather than land use changes.

In terms of the more extreme events, only global warming

appears to be responsible for the changes in maximum

temperature extremes, whereas urbanization plainly con-

tributes to increase (reduce) the occurrence of particularly

warm (cold) nights. We also note that no relationship was

found between urban expansion and the changes in the

consecutive number of cold or warm days.

Wind speed was also projected to increase over areas that

will be urbanized, although only under light wind condi-

tions. No difference was observed between newly urbanized

areas and the surroundings for stronger winds, which is a

feature of the UHI that has already been detected in past

observations (Bornstein and Johnson 1977; Lee 1979).

The results presented in this study depict a future urban

environment that could be more uncomfortable than the

surrounding areas as a consequence of higher heat storage

and lower evaporative cooling. Nighttime temperature

changes are projected to be larger in areas of urban

expansion, which could have important implications since

the persistence of warm conditions during the night are

known to negatively effect population health through heat

stress accumulation and sleeping disorders. Furthermore,

there are other factors not considered in this study such as

the anthropogenic heat that have been found to contribute
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to UHI intensification in the past and could play an

important role in the future. We acknowledge that the

methodology used in this paper does not allow the isolation

of purely urbanization impacts from climate change, but

rather it explores their combined effects. In order to study

both factors separately, further simulations would be

required, which are planned for future research. Also the

efficiency of strategies such as placing parks, green cover

or water bodies to mitigate the UHI remains a matter of

future investigation.
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