	Project No. 036961

D11.3.3 Report on the CIRCE urban heat island simulations
	[image: image10.png]CLIMATE CHANGE AND IMPACT RESEARCH:
THE MEDITERRANEAN ENVIRONMENT








[image: image1.png]CLIMATE CHANGE AND IMPACT RESEARCH:
THE MEDITERRANEAN ENVIRONMENT





Integrated Project
[image: image20.png]No. Hot Nights

Athens Hot Nights (>25C) Alexandria Hot Nights (>25°C) Beirut Hot Nights (>25°C)
a0

e w0
e e &
£ £
Ey Z w0 Zw
2 2
l ) S )
o IS
197190 204150 197190 204150 197190 204150
Athens Hot Days (>40°C) Alexandria Hot Days (>40°C) Beirut Hot Days (>40°C)
e e w0
Rural
e Uban o @
Urban+1sWm* o o
w0l UrbansasWin® S S
E E
= El

-

197190 204150 197190 204150 197190 204150





D11.3.3 Report on the CIRCE urban heat island simulations
Project No. 036961 – CIRCE
Sixth Framework Programme

6.3 Global Change and Ecosystems
	Start date of project: 01/04/07
	Duration: 48 months

	Due date of deliverable: 31/03/2009 (M24)
	Actual Submission date: 31/03/2009


Lead Partner for deliverable: Met Office
Author: Mark McCarthy
	Project co-funded by the European Commission within the Sixth Framework Programme (2002-2006)

	Dissemination Level

	PU
	Public
	X

	PP
	Restricted to other programme participants (including the Commission Services)
	

	RE
	Restricted to a group specified by the Consortium (including the Commission Services)
	

	CO
	Confidential, only for members of the Consortium (including the Commission Services)
	


Document

 Release Sheet
	Distribution:
	All CIRCE consortium 

	Select one choice


 Table of Contents

41. Publishable Executive Summary


52. Including cities in a regional climate model


52.1.
An urban surface scheme for a regional climate model


52.1.1.
The Met Office Hadley Centre Regional Climate Model (HadRM3)


62.1.2.
The Met Office Surface Exchange Scheme (MOSES2)


62.1.3.
The Met Office urban surface exchange model.


82.2.
RCM simulations for Mediterranean cities


82.2.1.
RCM simulations to explore urban climate sensitivity.


103. Climate change in cities


103.1.
Simulated urban climates


103.1.1.
Europe


113.1.2.
Athens, Alexandria, and Beirut – RL11 case study cities


153.2.
Simulated urban climate change


153.2.1.
Mean Climate Change - Europe


163.2.2.
Impact of anthropogenic heating – Europe


163.2.3.
Athens, Alexandria, and Beirut – RL11 case study cities


184. Discussion




1. Publishable Executive Summary
Human activity influences the climate across a wide range of space and timescales. Global climate responds to the radiative forcing and feedbacks resulting from emissions of well-mixed greenhouse gases while regional climates will further respond to such drivers as land-use change, agriculture, deforestation, and irrigation. In addition localised micro-climates can develop as a result of immediate human activity and settlements, and perhaps one of the most apparent and widely known expressions of this is the urban heat island effect where urban areas are measurably warmer than surrounding rural environments.
As part of the CIRCE RL11 integrated impacts assessment we have conducted a number of novel climate model simulations that include a sub-grid urban land-surface model with the aim of quantifying the cumulative impact, and relative importance, of climate change and urban heat islands to the exposure of urban populations to temperature extremes. To the best of the authors knowledge this type of experiment has not been conducted before.
The key findings of this investigation are:
· The Met Office urban surface scheme coupled to the regional climate model is able to simulate the meteorological characteristics of a Mediterranean urban heat island determined from observational data. 
· For a single urban classification located across the European domain, the Mediterranean climate supports the largest potential urban heat island.

· The simulated average night time urban heat island for Athens and Alexandria are of order 2oC to 3oC. For Beirut the simulated average heat island exceeds 7oC during the summer.
· Generally climate change is similar for urban and non-urban areas, but small modifications to the urban heat islands can result from climate change, so it is not appropriate to assume that climate change can be added to a present day urban heat island.

· Anthropogenic heat emissions within cities (such as those from heating and cooling buildings, traffic, and human metabolism) are an important driver of local climate change, and increases in energy use in the future will exacerbate the rising temperatures resulting from global warming trends.

· If urban heat islands are ignored then the frequency of extreme temperature events in the future will be grossly underestimated. For example hot nights for non-urban surface in Athens rise from 4 events per year in 1971-90 to 20 events per year in 2041-60, but for the urban surface they go from 25 events per year 1971-1990 to 75 events per year by 2041-60.  

2. Including cities in a regional climate model
Urbanization greatly affects surface characteristics and its interaction with the wider atmosphere. This leads to distinct urban climates that can differ substantially from rural environments. The most apparent consequence of this is the urban heat island. The capacity for the built environment to store heat during the day and release it at night, along with the direct release of heat through human activity (for example heating or cooling of buildings, traffic, and human metabolism) contribute to higher temperatures within cities compared to their rural surroundings. The urban heat island is also sensitive to the ambient weather and climate. At the scale of a global climate model the influence of urban areas on the climate is negligible, and has generally been ignored within the climate change modelling community. However, the ever increasing resolution of limited-area regional climate models are now achieving spatial resolution equivalent to the size of some cities. 

Urban populations are therefore exposed to both urban induced local climate modification and larger scale greenhouse gas forced climate change. Non-linear associations between the urban heat island and climate create a requirement for the inclusion of cities within climate models in order to study climate impacts on our urban populations. The challenge is that even the highest resolution regional climate model tends to be at a scale larger than required to explicitly capture urban heat islands, and such models cannot practically be run for extended periods of time. The Hadley Centre regional climate model (HadRM3) runs at 25km for a limited area, in this case Europe. The influence of global climatic change is introduced at the boundaries and by prescribing sea surface temperatures. Even at this resolution urban areas are poorly resolved, but we have developed a methodology to capture the city-scale impacts of urbanisation at this resolution.
2.1. An urban surface scheme for a regional climate model
2.1.1. The Met Office Hadley Centre Regional Climate Model (HadRM3)
The Met Office Hadley Centre regional climate model (RCM) is used to downscale climate change projections from the Hadley Centre Global climate Model (HadCM3). The purpose of the RCM is to provide a high resolution climate projection consistent with its driving GCM projection at spatial scales skilfully resolved by the latter, but adding realistic detail at finer scales. This is the "dynamical downscaling" process. For these RCM experiments a transient projection from the medium emissions (SRESA1B) transient climate change scenario spanning 1950-2099 were used as boundary conditions to drive the RCM for a transient experiment spanning the range 1950-2099 and a number of time-slice experiments to test urban sensitivity to the climates of 1971-1990 and 2041-2060. The HadCM3 model configuration is described in Collins et al. (2006, version 3.0 in their Table 1) and the RCM is a nested version over the European domain at approximately 25km resolution. 
2.1.2. The Met Office Surface Exchange Scheme (MOSES2)

Even at 25km resolution variations in land surface types are poorly resolved. In order to address this problem for both operational weather forecasts and climate change studies, the Met Office have developed a “tiled” surface scheme that allows for sub-grid scale variations at the model surface (Essery et al. 2003). Each model grid box is composed of a varying mix of five vegetation types (broadleaf tree, needleleaf tree, C3 grass, C4 grass, and shrub), and four non-vegetation surfaces (bare soil, inland water, ice, and urban). The transport of heat and water (and consequently near-surface temperature, and humidity) between the atmosphere and surface is then calculated explicitly for each surface type within the grid cell as shown in the schematic in Fig. 1. Vertical fluxes are then averaged using blending height techniques to give grid-box average values. This is a more appropriate treatment of the surface exchanges than determining effective land surface properties to conduct a single surface exchange (Essery et al. 2003). In addition to the heat and moisture fluxes, the scheme allows for surface and air temperatures to be diagnosed individually for each surface type.  
[image: image10.png]
Figure 1: Schematic of a surface tile scheme, representing land surface exchanges within a single model grid cell.
2.1.3. The Met Office urban surface exchange model.
The urban tile within the MOSES2 is utilised to provide representation of cities at sub-grid resolution. A more complete description of the model formulation can be found in Best (2005) and Best et al. (2006). The urban tile is modelled in a simple way by introducing a canopy that has the thermal properties of urban elements. This canopy is radiatively coupled to the underlying soil scheme. Fig. 2 provides a schematic representation of the surface energy balance of the urban canopy model. There are relatively few parameters used for the urban tile which include surface albedo, aerodynamic roughness length, and heat capacity. In addition the urban surface is considered impermeable, increasing surface runoff, and limiting evaporation to water lying on the surface following precipitation. If the urban surface is dry there is no evaporation. The model contains no information about the true morphology of cities, and the tile scheme can not describe the spatial distribution of different surface types within a grid cell. It is beyond the scope of this investigation to determine geographically varying urban parameters and so we rely upon the default parameter settings described in Best et al. (2006) with the exception of the ratio of the roughness lengths of heat and momentum which is reduced to from 0.1 to 10-7, reducing the efficiency of heat transfer away from the surface, and in better agreement with observed values.
An additional and well documented driver of urban climate is anthropogenic heat released to the environment through human activity in cities such as heating and cooling of buildings, traffic, and even human metabolism. A number of attempts have been made to estimate the magnitude of this heat source for global cities ranging from tens of Wm-2 in European and U.S. cities (e.g. Sailor and Lu 2004, Pigeon et al. 2007), to peaks of 1590Wm-2 for the business district of Tokyo (Ichinose et al. 1999). This heat is included in the model as an additional source to the surface energy balance equation of the urban tile. 

Energy use statistics for London and Manchester have been analysed to estimate the heat flux for these cities (Smith Greater London Authority, 2006). The results suggest heat fluxes averaged over a 25km grid cell located over the city centres to be of order 25Wm-2, and for urban areas not including the core to be of order 15Wm-2. We have used the more conservative value of 15Wm-2 as a default heat flux estimate at the RCM resolution, but have conducted a set of sensitivity tests with the heat flux at 0Wm-2, 15Wm-2, and 45Wm-2. It is outside the scope of this investigation to conduct detailed assessments of current and future energy use projections for the case study locations, but these experiments will provide a quantitative assessment of the sensitivity of urban areas to changes in the anthropogenic heating. 
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Figure 2: Surface energy balance of the urban canopy model. From Best et al. 2006
2.2. RCM simulations for Mediterranean cities
2.2.1. RCM simulations to explore urban climate sensitivity.
	Name
	Period
	Anthro. heat flux
	Notes

	Transient
	1950-2060
	15Wm-2
	Fully coupled urban model.

	NoUrbNoAnth
	1971-1990  2041-2060
	0Wm-2
	Urban fraction set to zero. Urban tile temperatures are calculated but do not feedback into the atmosphere or soil models.

	UrbNoAnth
	1971-1990  2041-2060
	0Wm-2
	Fully coupled urban model.

	UrbAnth
	1971-1990 2041-2060
	15Wm-2
	Fully coupled urban model, including additional anthropogenic heating term for the urban tile.

	Urb3Anth
	1971-1990  2041-2060
	45Wm-2
	Identical to UrbAnth, but with tripled anthropogenic heat flux.


Table 1: Summary of the RCM-urban models.
In total 9 simulations have been conducted to test four different urban model conditions for the present day and a future A1B climate. The experiments are summarised in Table 1.
The simulated present day climate for 1961-90 from Transient is compared to observational datasets for the same period in Fig. 3 for temperature and Fig. 4 for precipitation. The RCM data have been regridded onto the 1o latitude x 1o longitude of the observational datasets. Differences in winter temperatures for coastal gridcells are a result of an overweighting of the sea surface temperature data in the blending of the land and marine datasets for HadCRUT3 (Brohan et al. 2006) and therefore do not reflect model bias. A continental summer warm bias in the model is evident. Small scale precipitation features are captured by the model when compared to the Global Precipitation Climatology Center (GPCC, Schneider et al. 2008) such as those found along the Atlantic coasts, North Mediterranean coast, and Alpine precipitation during summer.  


[image: image3]
Figure 3: Comparison of observed and modelled near surface temperature for 1961-1990. Model resolution has been degraded to 1x1o to match the observations dataset.

[image: image4]
Figure 4: As fig. 3 but for precipitation.
3. Climate change in cities
3.1. Simulated urban climates
3.1.1. Europe
Figure 5 shows the simulated urban heat island from experiment NoUrbNoAnth 1971-90. This is determined as the difference between the urban tile and grid cell mean 1.5m temperatures. The feedback of the urban heat island to the atmosphere is not included to simplify the definition of the heat island in this case for European wide analysis. Definition of urban climates is non-trivial and readers are directed to Oke (2004) for further details. The results presented here show a simulated urban heat island for one description of a simple urban surface, at all locations within the model domain. 

Heat islands are larger for night minimum temperatures (Tmin), and generally much smaller for day time maximum (Tmax). Heat islands are larger during the summer than winter. Mediterranean regions support the largest potential urban heat islands. Low soil moisture resulting in low heat capacity of soil and vegetation surfaces yield large diurnal temperature ranges in this region. The urban tile reduces the night cooling rate resulting in larger night time urban heat islands for the Mediterranean in the summer.

The model also simulates lower Tmax for the urban tile in some coastal regions of the Mediterranean during summer, particularly along the North African coastline. The specific mechanism for this apparent “cool island” in the model is not certain and requires further analysis, but the impacts on temperature are much smaller than the night time urban heat island which will be the focus of this report.  
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Figure 5: Temperature differences (oC) between urban tile temperature and grid cell mean temperature for Tmin (upper) and Tmax (lower) in winter (DJF, left) and summer (JJA, right).
3.1.2. Athens, Alexandria, and Beirut – RL11 case study cities
Kassomenos and Katsoulis (2006, hereafter KK06) provide a characterisation of the urban heat island for Athens, based on differences in 0600 local time temperatures between a rural and a variety of urban areas of the city. As far as possible we have replicated the results of this study using the output from the climate model. There are a number of important distinctions in the classification of the urban heat island between the model and KK06. The model uses differences in Tmin between the urban tile and the gridcell mean (in this case from simulation NoUrbNoAnth 1971-90). The Tmin values for the urban tile and gridcell mean may not be coincident in time. Parameters other than temperature are based on 24 hour mean values for the model. Whereas the observations are based on temperature differences between two specific climate stations located 1km and 20km from the urban centre of Athens respectively, and from 0600 local time measurements. Any local or micro-meteorology associated with the geographical placement of these sites could not be simulated by the RCM. For these and other reasons the following comparison is a qualitative assessment of the meteorological properties of the simulated urban heat island for Athens and does not represent a quantitative evaluation.
Table 2 defines a set of 7 urban heat island (UHI) classes based on the magnitude of the urban-rural temperature difference, and provides the frequency of occurrence of each class in the observations and model. KK06 frequently report negative heat islands that are rarely simulated by the climate model which prefers classes 3 and 4. The frequency of large heat islands in UHI classes 5, 6, and 7 appear to agree well for model and observations.

	UHI class
	UHI range (ΔTu-r oC)
	Percentage of occurrence, observations (%)
	Percentage of occurrence, RCM (%)

	1
	<-1
	15.2
	0.1

	2
	(-1,0]
	17.4
	1.1

	3
	(0,1]
	11.2
	23.6

	4
	(1,2]
	11.5
	31.6

	5
	(2,3]
	13
	15.9

	6
	(3,4]
	12.7
	10.2

	7
	>4
	19
	17.8


Table 2: Comparison of simulated and observed occurrence of urban heat island classes. Taken from Table 2 of KK06
Tables 3 and 4 compare the sensitivity of urban heat island to wind speed and wind direction in the model and observations. The simulated average UHI is larger than observed but the dependency on wind speed is captured by the model. The model simulates larger heat islands when the mean flow is from the South (90-270), with a maximum for Southeasterly (90-180). Lower heat islands are expected for Northerly flow (270-90). This is in broad agreement with the observed dependency on wind direction from KK06.
	Wind speed (m/s)
	Average UHI magnitude, observations (ΔTu-r oC)
	Average UHI magnitude, RCM (ΔTu-r oC)

	0-2
	1.25
	3.42

	2-4
	1.05
	2.33

	4-6
	-0.016
	1.36

	6-8
	-0.329
	0.91

	>8
	-0.515
	0.63


Table 3: Comparison of simulated and observed urban heat island as a function of wind speed. Taken from Table 3 of KK06
	Wind direction (degrees)
	Average UHI magnitude, observations (ΔTu-r oC)
	Average UHI magnitude, RCM (ΔTu-r oC)

	0-90
	1.28
	1.70

	90-180
	2.80
	3.74

	180-270
	1.98
	3.39

	270-360
	0.62
	1.92


Table 4: Comparison of simulated and observed urban heat island as a function of wind direction. Taken from Table 4 of KK06
Table 5 compares the cloud cover averaged over the UHI classes defined in Table 2. Higher cloud cover is associated with lower UHI classes in both model and observations. The model has a minimum in cloud cover for the more moderate UHI classes 4 and 5, but classes 4-7 have clearer skies than classes 1-3 in both model and observations. From Tables 2-5 we have shown that qualitatively the simple urban surface scheme is able to simulate the key meteorological drivers of the urban heat island.  
	UHI class
	Average cloud cover, observations (oktas)
	Average cloud cover, RCM (oktas)

	1
	4.01
	6.47

	2
	3.52
	5.24

	3
	3.34
	2.65

	4
	2.93
	1.58

	5
	2.52
	1.84

	6
	2.24
	2.18

	7
	1.98
	1.94


Table 5: Comparison of simulated and observed cloud cover as a function of UHI classification. Taken from Table 5 of KK06
The simulated seasonal cycle in temperature and urban heat islands for Athens, Alexandria and Beirut are presented in Figure 6. A large summer diurnal temperature range for non-urban areas around Beirut in the model result in a large UHI in excess of 7oC during July and August. Athens and Alexandria have much less seasonality in the urban heat island magnitude with a maximum in April, May, June. For Athens these months have the lowest average wind speed in the model (not shown).

[image: image6]
Figure 6: Seasonal cycle of Tmin and Tmax (upper panel) for urban (red) and non-urban (black) temperatures from the RCM. The difference is shown as the UHI magnitude in the lower panels for Tmin and Tmax.

3.2. Simulated urban climate change
3.2.1. Mean Climate Change - Europe
We assess urban climates for a future period 2041-2060. The climate change experienced for non-urban and urban areas in the UrbNoAnth (Table 1) simulations are summarised in Fig. 7. In general climate change is similar for urban and non-urban surfaces in these simulations. However, some regional patterns of change are apparent. Tmax (Fig. 7d) increases more than Tmin (Fig. 7a) for the western part of the domain, particularly over Spain, Italy, and the North West African coast, resulting in a larger diurnal temperature range in the future (DTR, Fig 7g). For the urban tile the increase in DTR (Fig. 7h and i) is smaller than for non-urban resulting in a small increase in the Tmin urban heat island for some locations (Fig. 7c). Small reductions in the Tmin UHI are found over Norway, the Alps, and the North East African coastline, regions where non-urban areas suggest a reduction in the non-urban DTR. Fig. 7 suggests that it is not appropriate to assume that urban heat islands will be unaffected by climate change. Although the mean changes are relatively small, they may still influence the occurrence of extreme events and the associated impacts, which will be discussed for the case study cities below.


[image: image7]
Figure 7: Climate change for nonurban and urban surfaces. These represent the difference in mean climate between 2041-2060 and 1971-1990 from simulation UrbNoAnth. (a) Tmin for non-urban surface, (b) Tmin for the urban tile, (c) difference between (b) and (a). (d) to (f) are same as (a) to (c) but for Tmax. (g) to (i) are the same as (a) to (c) but for diurnal temperature range (DTR) defined as Tmax-Tmin.

3.2.2. Impact of anthropogenic heating – Europe
We previously noted that anthropogenic heat emissions within a city are a significant local climate forcing. The set of experiments conducted allow us to quantify the relative impact of changes in this heating term, both in isolation, and in a changing climate. The inclusion of anthropogenic heating further increases urban surface temperatures, exacerbating the urban heat island. If we consider the case of UrbAnth 1971-1990 and Urb3Anth 2041-2060 as representing a particular scenario in which this heating term increases by a factor of three by the 2050s, we can look at the potential combined impacts of climate change and increasing energy use on urban areas. Fig. 8 demonstrates that this additional heating results in further warming of Tmin of order 0.5oC across parts of the Eastern Mediterranean on a background climate change of 2.5oC to 3oC. To consider the impacts of climate change on Mediterranean cities we need to include appropriate scenarios of urban energy use. Large cities (for example London, Paris, Moscow) have a detectable feedback at the gridcell scale resulting in further elevation of the urban heat island at these, and other, locations in Fig. 8, further indicating the importance of including cities within the climate model. 

[image: image8]
Figure 8: Urban climate change projection. Temperature change between 2041 to 2060 and 1971 to 1990 for urban tile Tmin. (Left) Including greenhouse gas (ghg) induced climate change only, (middle) including ghg climate change and tripled anthropogenic heating term for cities (15Wm-2 1971-1990 rising to 45Wm-2 2041-2060), (right) the difference, i.e. the contribution from tripled anthropogenic heating. It should be noted that these maps are for urban tile temperatures only, and do not represent gridcell mean temperature change.

3.2.3. Athens, Alexandria, and Beirut – RL11 case study cities
Finally we present a brief analysis of the frequency of extreme temperatures for the three case study cities, accounting for the cumulative impacts of urban heat islands, climate change, and anthropogenic heat emissions. For this purpose we concentrate on the summer season June, July and August (JJA). As a threshold of extreme temperature we used the 95th percentile of JJA Tmin and Tmax for the period 1971-1990 for gridcell mean values from the simulation NoUrbNoAnth to represent a non-urban threshold. For a simple comparison across the three cities we used the threshold values from Athens (the highest of the three locations) with Tmin of 25oC and Tmax of 40oC. The number of days for which Tmin or Tmax exceed these values are shown in Fig. 9. 

For Athens the urban heat island increases the number of hot nights by approximately 3 weeks, which is a similar impact to simulated climate change by 2050. However the cumulative effect of climate change and the urban heat island results in 75% of summer nights in 2041-60 exceeding what was originally defined as an extreme event. While the urban heat island does not have a significant impact on the frequency of hot days for the present day period in Athens, it does result in an additional 10 hot days per year for the 2041-2060 scenario.
The sensitivity of extremes to the cumulative impact of climate change and urban heat islands is apparent for the frequency of hot nights in Alexandria and Beirut. In Beirut Tmin exceeding 25oC and Tmax exceeding 40oC are 1 in 20 year events for present day rural, but become multi-annual events through a combination of climate change and the urban heat island. The tripling of the anthropogenic heating term adds an additional 7-10 hot nights for the 2041-60 period for all three cases. It should be noted that a comprehensive comparison of the simulated climate against observations for these locations has yet to be conducted. The main emphasis of these results is on the sensitivity to urban induced climate change and they do not represent a robust prediction of future climate change in any of these locations.

[image: image9]
Figure 8: Frequency of hot nights and days for present day (1971-1990) and a future climate (2041-2060) for rural and urban, and including additional driver of urban climate change from local anthropogenic heat release.

4. Discussion

We have presented an analysis of regional climate change in Europe that includes the influence of the urban land surface and urban anthropogenic heat emissions. A simple urban surface exchange scheme is found to capture the main meteorological characteristics of a Mediterranean urban heat island, when compared to an analysis of observational data for Athens. Of the CIRCE RL11 case study cities Beirut exhibits the largest summer heat island with an average UHI in excess of 7.5oC as a consequence of a large simulated diurnal temperature range for the local non-urban surface. Athens and Alexandria have similar magnitude UHIs for Tmin, but Alexandria exhibits a small negative UHI for Tmax, a feature found along this part of the North African coast in the simulations. 
Temperature changes in response to an SRES A1b climate change scenario by the 2050s is similar for urban and nonurban surfaces. However, some regional variations are apparent for example over Spain and Italy where small increases in the UHI of a few tenths of a degree show that the UHI is not necessarily static with time, i.e. we cannot simply add a present day UHI to a future climate.

UHI also responds significantly to changes in the anthropogenic heat emissions of a city. A sensitivity study has shown that elevating this heating from 15Wm-2 to 45Wm-2 can increase temperatures by as much as 0.5oC. These heat emissions values are probably reasonable at the scale of the regional climate model, but within the core of large cities heat emissions can be orders of magnitude larger than these (Ichinose et al. 1999).
The cumulative impact of climate change and urban heat islands on the frequency of extreme events has been presented. From this sensitivity study it is apparent that for assessing potential risks to people and infrastructure within our cities it is essential that we consider the dual role of global warming and local urban warming.   
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