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Abstract

A mathematical model has been created to allow the main characteristics of  the turbulent airflow in the atmospheric boundary layer within and above roughness layer to be predicted. Roughness layer was treated as one dimensional porous layer with different structure depending upon its type. The model is suitable for simulation both built-up areas and plant community. PHOENICS was used to solve a set of diffusion type equations and plot the calculation results. User ground subroutines were provided to calculate additional source terms. The results of computer simulation were successfully compared with experimental data. The parametric study has been performed to establish the influence of main porous layer parameters on the flow structure. Some results have been proposed to be used as input data for more complex environmental, meteorological and safety models.

The computations were performed on a 133 MHz PENTIUM PC (DOS 6.22 – Salford FTN77 compiler) using version 2.1.3. of PHOENICS.
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1. INTRODUCTION

For solution of a pollutant dispersion problem in conditions of an industrial area, in a town, in vegetation canopy, one needs to know the airflow structure in these conditions as well as particularities of the airflow interaction with roughness layer elements. For such cases utilization of well known models of boundary layer of the atmosphere (BLA) over an uniform horizontal ground surface based on roughness length conception is, strictly speaking, incorrect. Therefore, it is necessary to construct the model of BLA which describes the airflow both within roughness layer and in the rest of BLA more precisely.
2. OBJECTIVES OF THE WORK

The objectives of the work presented are: 

· to describe the flow in the atmospheric boundary layer specially paying attention to roughness layer by means of the mathematical model in which roughness layer is represented as porous layer with uniform characteristics in lateral directions;

· to compare the calculation results with experimental ones obtained from field and wind tunnel experiments for various types of roughness layer;

· to perform the parametric study to establish the influence of main porous layer parameters on the flow structure;

· to develop the economical and effective model in the environment of PC-based PHOENICS computer code and also to propose some results as data which can be useful for more complex environmental, meteorological and safety models.

3. DESCRIPTION OF THE PROBLEM

3.1. Qualitative Description

Determined description of the airflow in roughness layer taking into account exact lay-out of all elements which form the layer is valid for the given specific relief only. For this reason one should search the most effective solution of considered problem on the path to accounting for relief's average statistic characteristics /1-3/. 

The following assumptions have been made in constructing the model:

· problem was considered as steady one;

· horizontally uniform BLA was considered;

· porous layer, in turn, also was examined as statistically horizontally uniform and isotropic one;

· dispersity of porous layer did not depend upon height;

· porous layer characteristics were defined on the basis of the idea that a layer contained identical obstacles regularly spaced on the ground surface;

· heat conductivity equation for air has been solved within roughness layer only. Above it the temperature distribution was prescribed. The distribution depended on the value of heat flux calculated at the top of porous layer;

· air density and air heat capacity did not depend upon height;

· moisture exchange within porous layer was neglected;

· modeling obstacles were examined as thermally “thin” bodies .

These assumptions have allowed to treat the problem as one-dimensional one.
3.2. Mathematical Statement
Taking into account accepted assumptions the governing partial differential equations for all dependent variables can be written in the general form:



,                                          (1)

Where ( represents any of the conserved properties, and 

 and 

 were the corresponding diffusion coefficient and source term, given in the table.
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C(=0.5478; 

; 
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here    
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,                          (9)

where coefficient Сf  represented a correction factor in case when obstacles were prisms or pyramids, and was equal the ratio of perimeter of obstacle basis to circle length of the same area.

The view of the source term for the turbulent kinetic energy equation taking into account energy generation due to drag forces was adopted from /2/.

The thermal part of the model consisted of the heat conductivity equation within porous layer (1), transfer equations of long wave radiation (5) derived from Menzhoulin's equation /6/ for the case of impenetrable obstacles, the formula describing the short wave radiation distribution (6) /1/ which was constructed from Ross' formulae /7/, and also the formula for calculation of heat transfer coefficient between air and roughness elements surfaces (7).

The mixing length within porous layer was determined as follows:
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where



.                                      (11)

Constant Cl was equal 0.8 /3/ 




(neutral and unstable 

atmosphere) /8/

,          (12)

(stable atmosphere) /9/

where l( was determined from the following formula:




(neutral atmosphere /10/)

,    (13)

(stratified atmosphere /11/)

here fC was equal /5/:



.                                         (14)

Above porous layer the mixing length was set as well as for  

, but with an allowance for lm value at the top of porous layer:



.                                      (15)

The temperature distribution above porous layer was set in view of temperature gradient in BLA of the following kind /5/:



.                                      (16)

Under stable stratification of the atmosphere the difference between (p and (a   is small. However, under unstable stratification it is not the case. The particularity of unstable BLA is that in its upper layers (in so called entrainment zone) temperature vertical gradient is about constant and corresponds stable stratification of the atmosphere. Because of steady conditions stability of thermal stratification in entrainment zone is the necessary condition to get plausible results.

Furthermore, (p influences not only on the potential temperature increment rate in the upper part of BLA but also on height of the point in which potential temperature gradient changes the sign. In turn, this height has influence on turbulent kinetic energy generation owing to buoyancy and, finally, on the eddy viscosity distribution in BLA. In this connection we think setting (p arbitrary is inexpediently. We calculated (p  in such a way as to place the considered point near the top boundary of BLA (in that case in a point where mean wind speed had the maximum value). From (16) provided that 

 and known height of the point ym one can find (p:



.                                (17)

As the value ym was unknown beforehand we needed to correct it during calculation. The friction velocity 

 in formulae (16) and (17) was deduced from the mean wind speed profile above porous layer at height where the logarithmic distribution of wind speed occurred. The value Ps(H) was computed on the basis of the heat conductivity equation solution within porous layer (1):
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To prevent divergence of the computation procedure at first iterations when unstable BLA was simulated we started to compute values (p and l( (13) after tens or hundreds iterations. Before that moment for (p a constant initial value was used and l(  was computed as if for the neutral atmosphere (13).

3.3. Boundary Conditions

Set of equations (1)-(18) was solved within whole BLA. The boundary conditions were as follows:

1.  The bottom boundary of computation domain: y=0 (in placing of y axis origin at the micro-roughness length of the ground surface S0)

u=w=k=0.                                                    (19)  

Boundary condition for heat conductivity equation consisted in setting of turbulent heat flux on the ground. This boundary condition was deduced from the heat balance equation. Provided we neglect energy loss on water evaporation the balance can be written as follows:

RS+PS+BS=0;                                                  (20)

Rs=qR(0)(1-As)+(sI((0)- (s(0 

D(0).                               (21)

Heat flux to from the ground was expressed as the net radiation fraction X /5/:

BS = XRs.                                                      (22)

Ground surface temperature can be found using the temperature profile in the surface layer of the atmosphere /12/:
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Expression (23) for the stratified atmosphere is valid near the ground surface only. So we have to choose height yr as close to the ground surface as possible.

Expressing 

 through velocity Vr at the level yr and taking into account logarithmic structure of the mean wind speed profile near the ground surface /5,12/ expression (23) can be written as follows:
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From equations (20)-(22) and (24) one can see that necessary as a boundary condition the turbulent heat flux depends on temperature of the ground surface. The last one, in turn, depends on the turbulent heat flux. For this reason to conjugate PS the iteration procedure is necessary.
Upward long wave radiation flux was set from thermal radiation of the ground surface:



.                                              (25)

2. The top boundary of computation domain: y=y1


.                                           (26)

3.  The top boundary of porous layer: y=H

T=TH.                                                        (27)
Downward long wave radiation flux at the top boundary of roughness layer was set on the basis of Brent's formula /12/ taking into account radiation reflection by overcast
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where Сс – an empirical constant depending on latitude and season (for example (=60о Сс=0.7 in warm season and Сс=0.77 in cold season /12/).

 Water vapours condensation starts at the cloud base, so ТSP is approximately equal temperature at the top boundary of BLA. 

Value of the net short wave (solar) radiation flux at the top of porous layer can be set a priori or be calculated by using the formula /2/:
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Solar elevation angle h( was defined as:



.            (32)

Solar declination angle /5/:
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4. PHOENICS SETTINGS

4.1. SATELLITE

The height of calculation domain was chosen in such a way as to be more than the possible top boundary of BLA in any case. That boundary was defined as height where the wind direction coincided with the geostrophic wind direction for a first time or as height where k=0. The height of computation domain y1  was equal 4500 m. 

Nonuniform grid was used. The grid consisted of 720 finite volume with 200 of which falling on bottom 100 m layer of the atmosphere and porous layer. Within porous layer the grid was uniform with a gap 0.5 m.
The number of solved variables included two scalar quantities which played a part of velocity components u (variable UI1) and w (WI1). In case of the stratified atmosphere two additional variables were added. Namely TEM1 and other scalar TW as temperature of roughness elements surfaces.

K-L model was set TRUE to activate k-l turbulent model option.

Among variables stored during calculations were NPOR, VPOR, LEN1, ENUT and also scalar variables which meant: V (variable WIND), dissipation of turbulent energy (EDISS), angle between mean and geostrophic wind directions (ANG). In case of the stratified atmosphere the following variables were added: ( (ALFA), potential temperature (POT), the Monin-Obukhov length (MON).

The log-law wall function was used to represent friction between air and the ground surface.

4.2. GROUND

Additional GROUND coding was provided to carry out and compute the following functions which depended on y: NPOR, VPOR, LEN1, WIND, EDISS, ANG. In case of the stratified atmosphere ALFA, POT and MON were added.

Call to GROUND was also necessary to set relevant source terms for all solved variables and set appropriate boundary conditions (e.g. turbulent heat flux on the ground surface in case of the stratified atmosphere). 

5. PRESENTATION OF RESULTS

5.1. Overview of cases studied

In case 1 the model validation has been performed. Validation put into practice by means of comparison of the calculation results with experimental data obtained both in field conditions and wind tunnels. We compared the mean wind and wind direction profiles, turbulence parameters, temperature and other parameters for porous layer of different types.
For the most part neutral stratification conditions were examined. Input parameters for vegetation were taken from experimental works and included: N, H, Cd, C(, ((y). Values of main parameters of vegetable porous layers are given in paper /3/.

In case 2 the object of research was the model of porous layer for town built-up conditions. The purpose of parametric computing study was investigation of the influence of various external model parameters on the flow structure as well as checking of model plausibility within whole BLA.

In case 3 the airflow in industrial built-up was investigated. The last one can be frequently characterized as a layer with constant porosity. The special attention was given to detailed description of the geometric and planning features influence on flow parameters within porous layer under various stability of the atmosphere. 
5.2. Specification of porosity and model adjustments

General model of porous layer was based on assumption of layer isotropy and its dependence on two determinant parameters (dispersity and porosity). It was supposed dispersity did not depend on height, whereas porosity was allowed to be depended on height. Connection of specified parameters of porous layer with obstacles geometric characteristics was based on modeling treatment of obstacles as rotation bodies with the vertical axis (in case of vegetative canopy simulation) or pyramids (for a built-up) which were causally with uniform density located on the ground.

Porosity and the drag parameter above roughness layer for all cases were easily defined: D=1 and  F=0.

In case 1 using for vegetative porous layer simulation rotation bodies with generatrix r(y) it was possible to determine porosity of layer at the given value of dispersity N as:



;                                            (34)

F=Cd( .                                                       (35)

In the model for nonequlibrium calculations for vegetative canopy equations (5) must be substitute for ones in which obstacles penetration is taken into account.
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where (I – transmission factor.
In case 2 porous layer as well as in paper /1/ was represented as buildings uniformly distributed on the ground. Buildings were the same shape and the same height but with geometric characteristics (horizontal dimensions, square) changing with height in such a way as to meet to the real built-up in statistical respect. 

Geometric characteristics of the porous town built-up were connected to the main dimensions of an average building (rectangular, with side lengths in horizontal projection b and mb) by the following correlations /1/:
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;                                            (38)

F=Cx(V .                                                      (39)

Value Cx for a single obstacle is usually equal 0.5. At large Reynolds numbers Cx decreases. Besides at densely located obstacles Cx can be in 3-4 times less than for a single obstacle /2/.

Surface area density for pyramids was calculated using the formula (9) where C(=1, as the question was impenetrable obstacles. Formulae (5) and (6) were used to describe the radiation distribution within town roughness layer.

In calculation the built-up with the square-law profile of porosity was examined /1/. This profile is typical for real new building projects. Then it is possible to write down:
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where D0 – porosity of layer at y=0.
In case 3 porous layer was represented similarly previous case except that industrial built-up is characterized, as a rule, by more uniform changing of porosity in roughness layer. With some assumptions porosity can be considered independent on height. Then it is possible to write down:

D=

; 

; 

;  

;         (45)
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5.3. Results selected for discussion

Large number of the model input data did not enable to investigate all spectrum of their combinations. Therefore as research mainstreams were chosen studying of the influence of integral characteristics of a town and an industrial built-up on airflow dynamics in BLA and the influence of the atmospheric stability on meteorological parameters profiles in porous layer and BLA as a whole.

For convenience of calculation routine the model input data were divided into a few group:

1.  Constant and unmodified parameters: (, (0, QRo, Cc.
2.  External meteorological parameters: ug, wg, TH, TSP, eH, n, (, cP.
3.  Internal porous layer parameters: D0, H, N, Cx, m, A, Ar, Aw, ((, (I, (, (V, (G, qurb.
4.  Parameters describing the ground surface: S0, As, (s, X.
5.  Astronomic and geographic parameters : (, (L, Day.
The model parameters used in the calculations took the following numerical values (unless otherwise specified): ug=8 m/s; wg=0 m/s; TH=280 К; eH=6 mbar; n=0; (=1.205 kg/m3; cP=1005 J kg-1К-1; D0=0.6; H=40 m; Cx=0.1; m=1; A=0.16; Ar=0.16; Aw=0.14; ((=0.8; As=0.12; (s=0.92; X=0.09; S0=0.03 m; PrT=0.74; (=600; Day=241 (29 August). To simulate typically unstable stratification of the atmosphere as local time was adopted midday. In turn, to simulate typically stable stratification was adopted midnight.

Value QR0 in the model was equal 1360 W/m2 /5,12/ and constant Cm =0.092 /2/.

In case 3 attention was paid to dependence V10 and ((T)10  from geometric parameters of porous layer as well as from geostrophic wind speed and the atmospheric stability. This choice of output parameters is explainable if one keeps in mind V10, i.e. wind speed at the weather-vane level, is one of the basic measurable values on meteorological stations. Hence, this value is most provided statistically. 

Value ((T)10, for example, can be useful for the effective viscosity turbulent model employed in problems of pollutants dispersion in built-up conditions /13/. Besides, these output parameters can be utilized for solution of wide range of applied problems.
5.4. Grid independence

The accuracy of computations and the adopted numerical method has been tasted by means of 2 times decreasing of grid spacing. The test showed that the error in computation of mean wind speed under neutral stratification of the atmosphere did not exceed 3 % and occurred in the bottom part of porous layer (i.e. in the first grid node). At height 5 m within porous layer the error was 0.15 % and did not exceed this value in the rest of BLA. Thus, this solution differed from the basic run by a negligible margin. Checking by means of solution monotony criterion on the input data (to small deviations of the input data there should correspond small deviations of the calculation results) has shown high quality of the algorithm and the numerical method used PHOENICS. Checking by imposing more severe restriction on convergence criterion also permitted to come to the same conclusion.
6. DISCUSSION OF RESULTS

6.1. Model validation

The calculation results along with experimental data are presented in fig. 1-5.

Figure 1 depicts measured and computed vertical profiles of normalized mean wind speed within roughness layer and above it. In figure one can see the examined model at the appropriate set of the input data allows to render the wind speed profile in the bottom part of BLA quite well. In this figure the displacement effect is also noted rather good. Higher drag forces induced by the cylinders layer (curve 4) compared with the other cylinders layer (curve 1) are mostly due to greater magnitude of N (almost by the order of magnitude) and also to the greater height of cylinders. The discrepancy at the ground level for curve 2 is probably attributed to the neglect of another (besides high trees) vegetation in forest (young growth, bushes etc) which increased drag forces. This vegetation was not taken into account in the model.
Figures 2-3 also depict that computed profiles give good agreement with experiments. Close correlation is also found between observation data and the simulation results for the vertical profile of normalized turbulent kinetic energy into a fir-tree forest presented in fig. 4. The turbulent energy profile is characterized by pronounced growth within porous layer. Above it turbulent energy behaves as it does within simple Ekman's BLA.  /5,12/. 
In paper /14/ the values of eddy viscosity at the top of vegetable porous layer are provided. Depending on measurement series they were within the limits of 0.2-0.25 m2/s. In setting in the model geostrophic wind speed 5 m/s (that provides coincidence of experimental and computed wind speed at the top of porous layer) the eddy viscosity value is 0.202 m2/s what also agrees well with the observations. 

In case of the stratified atmosphere air temperature profiles within vegetable porous layer both for stable and unstable conditions are described by the model quite fair (fig. 5).

6.2. Simulation of turbulent air flow within town roughness layer and above it 

Several typical calculation results are presented in fig. 6-12.

Figure 6 demonstrates the vertical profile of mean wind speed in BLA for various stratification of the atmosphere. Calculations brightly indicate the well known fact that intensification of the atmospheric stability leads to decreasing of the height of BLA. The calculation results also confirm the rest particularities of stable BLA including more pronounced mean wind direction shear and so called "nocturnal jet". 

There is an agreement of the turbulent kinetic energy profile (fig. 7) with well known facts. Energy maximum is situated within porous layer and is reached near its top boundary. Moreover, the more instability of the atmosphere the close the point of energy maximum to the top boundary of porous layer. The interesting feature of the profile for the unstable atmosphere is the presence of the secondary maximum at heights about 100 (150 m. The maximum within roughness layer is caused by turbulent energy generation by built-up elements, whereas the secondary maximum is due to generation by buoyancy.

In fig. 8 vertical profiles of air temperature and temperature of roughness elements surfaces are given. The air temperature distribution in this case clearly defines the atmospheric stability. The obstacles presence intensities heat exchange within porous layer. In the daytime, because of downwelling solar short wave radiation, building walls and roofs are considerably heated up and then give heat to roughness layer air by convection. Thereby, this fact results to additional heating (coupled with ground surface turbulent heat flux) of the surface layer. By night, on the contrary, walls and roofs by means of upward long wave radiation lose heat and, thus, cool porous layer air adjoining with them.

In work /2/ the presence of two flow mode within porous layer is pointed. Their difference is displayed, first of all, in the profiles of  mean wind speed (fig. 9) and eddy viscosity (fig. 10) within roughness layer. If the eddies growth is suppressed by limiting influence of buildings ("dense layer" mode) then the shape of the eddy viscosity profile is mainly due to the mixing length distribution within porous layer (fig. 10, curve 3). It is accompanied by a sharp bent of the eddy viscosity profile at the top boundary of porous layer as well as by formation there a zone with exponentially increasing wind speed (fig. 9, curve 3). If the obstacles do not limit the eddies growth then the eddy viscosity profile becomes smooth (fig. 10, curve 1) and wind speed increases according to the log-law without dependence from layer resistance (fig. 9, curve 1). Figures 9 and 10 depict profile shape changing at transition from one mode to other by changing of layer dispersity with curve 2 in both figures being able to define, by convention, a transitional mode. It should be noted "dense layer" mode almost never realizes within town roughness layer, however can take place within a dense industrial built-up or equipment elements (extended arrays of technological column, warehouses with tanks etc). Figure 11 indicates that in case of "dense layer" mode significant mean wind direction shear within roughness layer can take place. The shear amounts to 500 and more. Whereas for dispersity N=10-3, more specific for a town built-up, mean wind direction shear is negligible and does not exceed 30.

The question on the influence of urban heat sources on the turbulent airflow parameters within town roughness layer is of interest. It is explained by the notorious fact a modern town represents a "heat island" and, especially in cold season, discharges a plenty of thermal energy caused by work of municipal services, the enterprises, transport etc. 

The distribution of eddy viscosity within porous layer for various values of urban heat fluxes is given in fig. 12. In figure one can see that the maximum value of eddy viscosity within the bottom 200 m layer of the atmosphere at qurb=200 W/m2  increases by almost order of magnitude compared with qurb=0 W/m2. Moreover, the point where eddy viscosity maximum is reached moves to height 200 m as compared 60-80 m under qurb=0. Changing of air stratification within porous layer, naturally, also has influence on the distributions of other meteorological parameters. Wind speed V10, by way of illustration, at the same variation of heat flux increases by almost a factor 2. 

From our results we concluded that increasing of surface area density of buildings (increasing N or decreasing D0) resulted to decreasing of the heat flux value at which changing of stratification both within porous layer and in BLA occurred.

6.3. Calculations of flow parameters within industrial roughness layer and above it
In fig. 13 – 15 the typical calculation results are showed. The figures depict that V10 is mainly effected by dispersity of porous layer and its height. The influence of 

 is a bit smaller. The value ((T)10 is effected by porosity to a larger extent compared with H.
In fig. 13 one can see wind speed V10 in increasing of a number of buildings steadily decreases. It is not true for (

=0.4 and H=5 m) when starting from lgN(-2.5 wind speed at the weather vane level for all values of examined geostrophic wind speed began to increase. For H=5 m and 

=0.9 within examined range of N this phenomenon was not observed though the height of porous layer was also less than 10 m. It is accounted for by changing in the flow mode within porous layer. At 

=0.4 in increasing of N layer becomes more dense what leads to drag forces increasing. This fact, in turn, causes air from porous layer to be displaced upwards. Moreover, in further increasing of layer dispersity V10 can even exceed V10 in open field conditions. 

In fig. 14 the dependence of ((T)10 on Н is given. The dependence has the maximum at porosity fixed. The maximum is also accounted for by changing in the flow mode in porous layer. The greater instability of the atmosphere the lower height of porous layer at which the maximum occurs. Decreasing of layer porosity also decreases the height of layer at which the maximum occurs. In this way whether porous layer is "dense" one depends not only on built-up geometric characteristics but the atmospheric stability. 

Figure 15 depicts particularities of dependence of ((T)10 on Vg. One can see that starting from Vg>5 m/s eddy viscosity increases for all values of examined porosity and the stability of the atmosphere. This result is obvious one as well as the fact that ((T)10 decreases in increasing of the stability of the atmosphere (at constant Vg). Besides, in this range of Vg eddy viscosity within porous layer exceeds one in open field conditions (for neutral stratification). Within the range 0<Vg<5 m/s ((T)10 within porous layer at unstable conditions reaches the minimum value, as differed from relevant eddy viscosity at neutral and stable stratification which steadily increase in increasing Vg. This phenomenon can be accounted for by changing in the mechanism of turbulence generation. At low wind speeds in the unstable stratified atmosphere buoyancy induced turbulence is the main mechanism of turbulence generation, while contribution of shear turbulence in general turbulence generation  is relatively small. In increasing Vg, on the contrary, shear turbulence begins to play the main role in turbulence generation. The point of the minimal value of ((T)10 in that case can be treated, by convention, as the point of changing of the turbulence generation mechanism within porous layer at unstable BLA. Module of the Monin-Obukhov length at height 1.5Н under Vg<5 m/s in that case did not exceed  the porous layer height (Н=10 m).

7. CONCLUSION

Comparison of the computed results with well known data from field and wind tunnel experiments carried out in a built-up, a plant community and artificial obstacles, shows that realized by means of PC-based PHOENICS computer code model is quite adequate in presenting both a quantitative and qualitative picture of the turbulent flow within various types of roughness layer. Besides, the model provides good description of whole BLA structure above roughness layer.

The urban heat sources within various types of built-up were found to influence to a large extent on wind, turbulence and temperature regimes of the airflow within a built-up. This influence grows up with decreasing of geostrophic wind speed and with increasing of surface area density of buildings (with increasing of dispersity and/or decreasing of porosity of built-up).

Special studying of the influence of industrial built-up geometric parameters as well as external meteorological parameters on wind speed and eddy viscosity at the weather-vane level within porous layer was performed. It was established that:

· layer density which was defined by two mode ("free-blown layer" mode and "dense layer" mode) had dominate influence on V10 and ((T)10 as well as on the airflow characteristics profiles shape;

· conversion of one mode into the other mode was expressed by the presence of extremum in dependence of ((T)10 and V10 on geometric parameters of porous layer (D, N, H);
· layer density was dependent on both internal (geometric) parameters of porous layer and the atmospheric stability.

The given in this paper model and the calculation results allow to answer to rather important practical question. How rapidly do pollutants disperse in built-up conditions compared with open field conditions? Answer depends on many factors. Model value is that it allows to: 

· give evaluation of the fact so far as turbulent exchange within built-up differs (exceeds or vice versa) from turbulent exchange in open field conditions; 
· determine the range of internal porous layer parameters which combination provides the optimal regime of pollutants dispersal. 
Last item can be used in architectural planning of buildings and structures placing in order to reduce possible damage caused by spreading of toxic substances in built-up conditions.
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10. NON-STANDARD NOMENCLATURE (as they appeared)

D – porosity of roughness layer;
T( - temperature of roughness elements surfaces, K;

(eff – kinematic effective viscosity, m2/s; 

aeff – effective thermal diffusivity, m2/s; 
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eff

n

- effective turbulent energy diffusivity, m2/s;

F – drag parameter, 1/m;



- module of mean wind speed, m/s; 

fС – Coriolis parameter, 1/s;

ug, wg – projections of geostrophic wind on axes x and z correspondingly, m/s;

(o – Stefan-Boltzmann constant;

( - heat transfer coefficient, W(m-2(К-1;

(, (V, (G – surface area density in roughness layer and its projections on vertical and horizontal planes, m2/m3;
qR – downwelling short wave (solar) radiation flux, W/m2; 
qRn – net short wave (solar) radiation flux, W/m2;
qurb – urban heat flux, W/m2;
I(, I( - downward and upward long wave radiation fluxes, W/m2;
(=g/T – buoyancy parameter, m(s-2К-1;
(a – dry adiabatic lapse rate in BLA, К/m;
lm – mixing length, m;
(( - emissivity of roughness elements surfaces;
H – height of porous layer, m;
h( - solar elevation angle, rad;
 Aw, Ar – albedo of walls and roofs; 
b(y) – characteristic linear dimension of obstacles at given height in the mean stream direction, m;

N  - dispersity of porous layer, m-2;

( - von Karman's constant;

S0 – micro-roughness length, m;

Vg – module of geostrophic wind speed, m/s;

( - latitude, degree; 

PS – sensible heat flux (ground surface turbulent heat flux), W/m2;
(p – lapse rate at the top of BLA (in entrainment zone), К/m;

ym - height, at which the maximum of mean wind speed occurs, m;

RS – radiation budget at the ground surface (net radiation flux), W/m2; 

BS – heat flux to and from the ground, W/m2;

X  - fraction (percentage) of the net radiation;

As – albedo of the ground surface; 

(s – infrared emissivity of the ground surface; 

Т0 – temperature of the ground surface, К;

Tr – air temperature at height yr, K;

Vr – module of mean wind speed at height yr, m/s;
eH – water vapours pressure at level y=H, mbar; 

n – cloud-cover fraction; 

TSP – saturation temperature for water vapours, К; 

A – albedo of porous layer; 

QR0 – solar irradiance, W/m2; 

(( - solar declination angle, radians; 

(L – local time, hour;

Day – current calendar day of year;
Cd, Cx – drag coefficients;

C(, Cf, Cl, a*, m1, Cc, Cm - constants.
11. FIGURES

All figures are attached to the following file: Appendix_figure_files.
12. APPENDICES CONTAINING ALL NECESSARY EXTRACTS FROM INPUT FILES AND GROUND

All appendices are attached to the following files:

1. Appendix_Q1_files;

2. Appendix_ground_files.
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