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Abstract.  The present work aims at studying a 3D mesoscale model sensitivity to the variations of the parameters of the underlying surface and their effects on the city heat island formation. The results from the numerical experiments demonstrate that the applied mesoscale model is reasonably sensitive to the surface parameters variations and so is able to describe the formation of a city heat island and the corresponding local flow systems.  The simulations show that the city heat island is formed as a result of a complex interaction of different factors, which explains the complex diurnal course of the heat island intensity.
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1.  Introduction

There is no doubt that the city micro-climate is very different from the climate outside the city.  A large number of measurements show that the city is normally warmer than its surroundings and the temperature difference can be 10°C and more.  This phenomenon is known as a city heat island.


The differences between the physical parameters of the city and the other land categories lead to different meteorological characteristics in the city.  The city is characterized by a bigger roughness length, which results in decrease of the wind speed in the city, lower moisture availability of the city soil, which leads to smaller evaporation, different thermal inertia and albedo. In addition, because of the human activities, there normally are some anthropogenic heat fluxes (from industrial enterprises, central heating, road traffic, etc.), which also affect the city micro-climate formation. 


The city micro-climate and the city heat island in particular, is a classic example of the anthropogenic impacts on the environment and so it is a subject of many experimental and theoretical studies (Bhumralkar, 1975), (Anthes et al., 1987), (Marchuk et al., 1979), (Gutman and Torance, 1975), (Myrup, 1969), (Sawai, 1978), (Yu and Wagner, 1975). As the heat island causes some convergation tendencies in the local flow systems, it obviously is interesting also from a point of view of the air pollution transport studies, moreover that the cities are usually substantial pollution sources.


The present work aims at studying a 3D mesoscale model sensitivity to the variations of the parameters of the underlying surface and their effects on the city heat island formation. 

2.  Heat balance at the earth’s surface


The 3D mesoscale model (non-stationary, hydrostatic, non-divergent), fully described in (Whiterman and Allwine, 1986) is used for the performed studies.  Only the surface heat balance description and the corresponding parameterizations will be once more adduced here.


The surface temperature in the model is calculated by using the so-called “force-restore” method (Deardorff, 1978), (Hoffert and Storch, 1979), (Atwater, 1975):
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where  
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  is the temperature at the earth’s surface, 
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 - the mean temperature value for the considered period, 
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 - angular velocity of the Earth, 
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 - thermal inertia, which characterize the thermal properties of the soil.  
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 are respectively density, specific heat capacity and thermal capacity of the soil.


The heat flux through the earth’s surface 
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 is obtained from the heat balance equation:
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where  
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 is anthropogenic heat flux, 
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 and 
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 - the turbulent surface fluxes of sensible and latent heat.  The fluxes are calculated according to the following relations:
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where  
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 is air density, 
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 - specific heat of dry air, 
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 - latent heat of water vaporization, 
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 - potential temperature value, 
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 - specific humidity and 
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 - vertical coefficient of heat transfer.

The net radiation flux at ground level 
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 may be expressed as:
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where 
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 is the albedo of the underlying surface, 
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 - incoming solar radiation, 
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- incoming longwave radiation, 
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 - longwave radiation from the underlying surface.  The solar radiation is calculated by the formula:
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where the empirical coefficients  
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 and  
[image: image29.wmf]a

2

 reflect the decrease of short wave radiation because of absorption by water vapor and dust in the atmosphere, 
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 - total cloud cover, 
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 - cover by low clouds.


The angle 
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 between the unit normal vector to the earth’s surface and the vector to sun can be obtained following (Vukovich et al., 1976) (the influence of slope is neglected):
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where 
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 is solar declination (nd is the Julian day), 
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 is the hour angle from solar noon.


The incoming longwave radiation is parameterized by:
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 - air temperature at vertical level
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The outgoing longwave radiation from the surface is described by the Stephan-Boltzman law:
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where c is Stephan-Boltzman constant, 
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 - surface emissivity.

The surface specific humidity 
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 is obtained from:
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where 
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 is the specific humidity at the first grid level above ground, 
[image: image50.wmf]q

T

s

*

(

)

 is the saturation specific humidity at the surface temperature 
[image: image51.wmf]T

s

 and the moisture availability, 
[image: image52.wmf]c

f

 is a parameter which characterized the surface potential for evaporation.

3.  Numerical experiments


The numerical experiments are carried out for a two-dimensional case, when the fields are homogeneous in 
[image: image53.wmf]y

 direction.  The assumption is that this corresponds well enough to the situation in the central (with respect to 
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 direction) part of the city.  The integration domain extends to 105 km in 
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 direction and the city, with a width of 15 km, is situated in the center of the domain, surrounded by agricultural land.  As the pure city mesoscale effects have to be studied, the case of plain underlying surface is only considered, in order to avoid the possible topography influences, which may lead to an unnecessary complication of the flow systems.


The domain extends to 2000 m in a vertical direction.  The horizontal discretization of the domain is 3 km.  Its vertical discretization is non-equidistant, with smaller grid steps near the earth’s surface.  The boundary conditions, used in the present simulations, are as follows:
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 - horizontal velocity components, 
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 - goestrophic wind components, 
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 - vertical velocity component, 
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- mesoscale disturbance in the field of the potential temperature 
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- surface value of the potential temperature disturbance.


The underlying surface parameters for the city and the surrounding agricultural land are given in Table 1, following (Ganev, 1993).

Table 1. Description of land-use categories and physical parameters for summer (15 April-15 October) and winter (15 October-15 April)

	Land-use

Description
	Albedo 

(%)
	Moisture

Avail (%)
	Emissivity

 (% at 9
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(
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	Sum
	Win
	Sum
	Win
	Sum
	Win
	Sum
	Win
	Sum
	Win

	Urban land
	18
	18
	5
	10
	88
	88
	50
	50
	0.03
	0.03

	Agriculture
	17
	23
	30
	60
	92
	92
	15
	5
	0.04
	0.04



The basic numerical experiment aims at clarification of the joint effect of all the factors, which distinguish the underlying surface of the city.  As the pure local effects have to be underlined, the simulations were carried out for the classic case of calm background conditions (
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).  The diurnal course of the temperature difference between the city and the rural surroundings for a summer and winter day can be seen in Fig.1.  First of all it should be noted that the city heat island exists during the whole twenty-four hours in both the summer and winter cases.  The heat island is more intensive for the summer period and has a maximum during the day.  In summer the heat island intensity during the day is not monotonous and a local minimum can be observed about noon at a surface level and about 16 o’clock at 2m.  
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	Fig.1. Diurnal evolution of the city heat island intensity [deg] for summer and winter periods at surface level (a.) and at 
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The city heat island results in the formation of a classic flow system, which is especially well developed during the day (Fig.2).  In both the summer and winter cases there is a convergation towards the city and the corresponding ascending vertical motions above the city.  As it should be expected the vertical extension of the heat island is bigger during the summer.  In both the cases compensation flows with an opposite direction can be observed in the higher layers.

The effects of the different factors of the city heat island formation was also studied.  A set of numerical experiments was carried out, when for each of the experiments all of the surface parameters of the city, except one, were kept as in the surrounding rural area. In this way the separate impact of each of the factors was obtained.  The results are demonstrated in Fig.3.  As it can be seen the difference between the moisture availability of the city and its surroundings plays the biggest role for the heat island formation during the summer.
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	Fig.2. Vertical cross-section of the atmospheric flows and the potential temperature disturbances [deg] at 14 o’clock local time for the summer (a) and winter (b) period.
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	Fig.3. Diurnal evolution of the city heat island intensity [deg] for summer at surface level (a.) and at 
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(b.) and winter at surface level (c.) and at 
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(d.) periods, for just one factor taken into account as follows: 1-albedo, 2-moisture availability, 3-emissivity, 4-roughness length, 5-thermal inertia.  The more solid line reflects the joint contribution of all the factors.
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	Fig.4. Diurnal evolution of the city heat island intensity [deg] for summer at surface level (a.) and at 
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(d.) periods, for different values of the background wind as follows: 1-
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During the winter the more important factors are the differences of the moisture availability, the thermal inertia and emissivity.  Some of the factors have a negative effect on the city heat island.  Quite naturally the biggest  negative influence is that of the roughness length, which increases the vertical turbulent exchange and so brings into effect a decrease of the surface temperature in the city.  It should be noted that the interaction of the different factors is non-linear and complex, so their effects are not additive.

The cloud cover effect on the city heat island is also studied.  As it can be seen from Fig.5 the small cloud cover leads to an increase of the heat island.  The big cloud cover leads to a smoothing of the city island intensity diurnal course and to a decrease of the heat island intensity maximum.  During the winter the thick cloud cover causes an increase of the heat island intensity during the night period.

All the experiments discussed above were performed without taking into account the artificial heat sources in the city.  Some experiments, which aimed at an evaluation of the artificial heat sources, were also carried out. According to (Marchuk et al., 1979) the diurnal course of the anthropogenic heat fluxes was described by the formula:
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	Fig.5. Diurnal evolution of the city heat island intensity [deg] for summer at surface level (a.) and at 
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(b.) and winter at surface level (c.) and at 
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(d.) periods, for different cloud cover as follows: 1-
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The obtained results are shown in Fig.6.  The artificial heat fluxes naturally lead to a more intensive city heat island.  Their effect is especially significant during the winter and results not only in the increase of the heat island intensity, but also in its qualitatively different diurnal course.  Of course the artificial heat fluxes depend very much on the given city (type of industry, heating, transport, etc.) and they are according to the diurnal course of the anthropogenic heat sources. So their effect on the heat island may be qualitatively different.
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	Fig.6. Diurnal evolution of the city heat island intensity [deg] for summer at surface level (a.) and at 
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(b.) and winter at surface level (c.) and at 
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(d.) periods, without (1) and with the artificial sources taken into account:
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4.  Conclusions


The results of the numerical experiments, demonstrated above, show that the applied mesoscale model (Ganev, 1993) is reasonably sensitive to the surface parameters variations and so can describe the formation of a city heat island and the corresponding local flow systems.  The experiments show that the city heat island is formed as a result of a complex interaction of different factors, and some of them even act in an opposite direction (against the heat island formation), which explains the complex diurnal course of the heat island intensity.


There are other factors, such as air pollution and its effect on the optical properties of the atmosphere, which may be also important for the city heat island formation, but are still not taken into account by the present model.  This is one of the possible directions of the further model development.

Acknowledgments.  The present work is partially sponsored by the Bulgarian Ministry of Education and Sciences under grant N° НЗ-628/1996. 

Topical Editor thanks K.Ganev and D.Yordanov for their help in evaluating this paper.

References

Anthes, R., E. Hsie, Y. Kuo, 1987. Description of the Penn State /NCAR mesoscale model version 4. NCAR Technical note, NCAR/TN - 282+STR..
Atwater, M. A., 1975. Thermal changes induced by urbanization and pollutants, J. Appl. Meteorol., 14, 6.
Bhumralkar, C. M., 1975. Numerical experiments on the computation of ground surface temperature in an atmospheric general circulation model, J. Appl. Meteorol., 14, 1246-1258.
Deardorff, J. W., 1978. Efficient prediction of ground surface temperature and moisture with inclusion of a layer of vegetation, J. Geoph. Res., 83C, 1889-1903.
Ganev K, 1993. Numerical study of the local flow systems in the “Kozloduy” NPP region - some preliminary results, Bulgarian Geoph. J., XIX, 1, 9-23.

Garstand, M., P. D. Tyson, G. D. Emmitt, 1975. The structure of heat islands, J. Rev. Geophys. And Space Ph., 13, 2.

Gutman, D. P., K. E. Torance, 1975. Response of the urban boundary layer to heat addition and surface roughness, Boundary-Layer Meteorol., 9, 2.

Hoffert, M. I., J. Storch, 1979. A scheme for computing surface fluxes from mean flow observations, Boundary-Layer Meteorol., 17, 429-442.

Marchuk G. I., V. Penenko, A. Aloian, G. Lazariev, 1979. Numerical modeling city microclimate, Meteorol. and Gidrology , 8, 5-15, (in Russian).

Myrup, L. A., 1969. A numerical model of the urban heat island, J. Appl. Meteorol., 8, 6.

Sawai, T., 1978. Formation of the urban air mass and the associated local circulation, J. Meteorol. Soc. Japan, ser. II, 56, 3.

Vukovich, F. M., T. W. Dunn, B. W. Crissman, 1976. A theoretical study of the St-Louis heat island. The wind and temperature distribution, J. Appl. Meteorol., 15, 5.

Whiterman, C. D., K. R. Allwine, 1986. Extraterrestrial solar radiation on inclined surfaces, Environmental Software, 1, 3, 164-169.

Yu T-W., K. N. Wagner, 1975. Numerical study of the nocturnal urban boundary layer, Boundary-Layer Meteorol., 9, 2.

Числено изследване на градски остров на топлина

Р. Димитрова

Резюме.  Основна цел на представената работа е изучаване на чувствителността на един тримерен мезомащабен модел към параметрите на подложната повърхност и тяхното влияние при формирането на градски остров на топлина.  Резултатите от числените експерименти показват добра чувствителност на модела към промените на параметрите на земната повърхност, както и възможност за описание на възникването и развитието на градски остров на топлина и свързаните с него локални циркулационни системи.  Симулациите показват, че градски остров на топлина се формира в резултат на комплексното въздействие на различни фактори, действащи дори в противоположни посоки, като те са отговорни и за денонощния ход, проявяващ се при градския остров на топлина, както и за неговата интензивност.
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