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Abstract 
 A single-layer urban canopy model for use in mesoscale models is 

developed. The urban canopy model represents a built-up area as a street 

canyon, two facing buildings, and a road. In this model, the two facing walls are 

divided into sunlit and shaded walls based on solar azimuth angle and canyon 

orientation, and individual surface temperature and energy budget are 

calculated for each wall. In addition, for better estimation of turbulent energy 

exchange within the canyon, a computational fluid dynamics model is 

employed to incorporate the effects of canyon aspect ratio (height-to-width 

ratio) and of reference wind direction on canyon wind speed. The urban canopy 

model contains the essential physical processes occurring in an urban canopy: 

absorption and reflection of shortwave and longwave radiation, exchanges of 

turbulent energy and water between surfaces (roof, two facing walls, and road) 

and adjacent air, and heat transfer by conduction through substrates. 

 The developed urban canopy model is validated using datasets obtained 

at two urban sites: Marseille, France and Basel, Switzerland. The model 

satisfactorily reproduces canyon air temperatures, surface temperatures, net 

radiation, sensible heat fluxes, latent heat fluxes, and storage heat fluxes for 

both the sites. Based on extensive sensitivity experiments conducted, the 

reference wind speed is found to be a more crucial meteorological factor than 

the reference air temperature in altering urban surface energy balance, 

especially for weak winds. The urban surface energy balance is most sensitive to 
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the roof albedo among urban surface parameters considered. 

 Using a mesoscale model that includes the urban canopy model, 

quantitative analysis of factors contributing to urban heat island (UHI) 

intensity is performed. Causative factors of UHI are identified, and their 

relative contributions to the daytime and nighttime UHI intensities are 

quantified. The suggested main causative factors are anthropogenic heat, 

impervious surfaces, and three-dimensional (3-D) urban geometry. 

Furthermore, the 3-D urban geometry factor is subdivided into three sub-

factors: additional heat stored in vertical walls, radiation trapping, and wind 

speed reduction. In the daytime, the impervious surfaces contribute most to the 

UHI intensity. The anthropogenic heat contributes positively to the UHI 

intensity, whereas the 3-D urban geometry contributes negatively to that. In the 

nighttime, the anthropogenic heat itself contributes most to the UHI intensity 

although it interacts strongly with other factors. The second most contributing 

factor is the impervious surfaces factor. The 3-D urban geometry contributes 

positively to the nighttime UHI intensity. Among the 3-D urban geometry sub-

factors, the additional heat stored in vertical walls contributes most to both the 

daytime and nighttime UHI intensities. Extensive sensitivity experiments show 

that the relative importance and ranking order of the contributions are rather 

insensitive to the anthropogenic heat intensity and the values of the urban 

surface parameters. 

 The structure and evolution of daytime urban breeze circulation (UBC) 

and its interaction with convective cells in two dimensions are examined using 
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the high-resolution numerical model. The UBC is the thermally forced, 

solenoidal circulation that results from the difference in surface energy balance 

between the urban and rural areas. As the temperature excess in the urban area 

increases, the UBC becomes larger and stronger with time and the two urban-

breeze fronts (the leading edges of the UBC) that initially form at the urban-

rural boundaries in the morning move toward the urban center. Meanwhile, 

due to strong surface heating in the daytime, a number of convective cells form 

in both the rural and urban areas and the different characteristics between 

rural and urban convective cells are identified. The aspect ratio of the urban 

cells is smaller than that of the rural cells, which is partly attributed to the 

deeper urban boundary layer. The cell updrafts originating from the urban area 

are stronger, warmer, and drier than those from the rural area. As the UBC 

develops, the convective cells that form in the rural area are advected toward the 

urban area by the UBC. Under the influence of the UBC, the cell updrafts 

originating from the rural area weaken and the water vapor mixing ratio in the 

updrafts decreases. As the cell updrafts originating from both the rural and 

urban areas merge with the urban-breeze front, the front intensity increases 

and the water vapor mixing ratio at the front is modulated. 

 Daytime local circulations and their interactions in the Seoul 

metropolitan area, South Korea, are investigated using a high-resolution 

mesoscale model. It is found that the urban-breeze circulation interacts 

strongly with other local circulations, such as sea-breeze, cross-valley, and river-

breeze circulations. Inland penetration of the sea breeze is retarded in the 
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morning when moving over the coastal urban area because of the increased 

surface roughness, but is accelerated in the afternoon after passing through the 

urban area owing to the landward-convergent flow induced by urban heat 

islands in the inland urban areas. In the valley region, the cross-valley 

circulation prevails in the morning and the urban-breeze circulation prevails in 

the afternoon. The mountain-side urban-breeze circulation weakens because of 

the cross-valley circulation in the opposite direction. On the other hand, the 

plain-side urban-breeze circulation away from the mountain increases in 

strength owing to the combined effect of heating from the urban surface and 

subsidence heating associated with the cross-valley circulation. This 

strengthened urban breeze acts to inhibit further inland penetration of the sea 

breeze, causing the sea breeze to stagnate in Seoul. In the vicinity of the Han 

River, convergence zones with strong updrafts are formed as a result of the 

interaction between the urban breeze and the river breeze. When the sea-breeze 

front encounters the strong updrafts, the vertical velocity of the front increases 

at the intersection points. 

 The impacts of urban land-surface forcing on local meteorology and air 

quality during a high ozone (O3) episode in the Seoul metropolitan area, South 

Korea, are investigated using a high-resolution three-dimensional chemical 

transport model. Under a fair weather condition, the temperature excess, 

represented as the urban heat island, significantly modifies boundary layer 

characteristics/structure and local circulations. The modified boundary layer 

and local circulations result in an increase in O3 levels in the urban area of 16 
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ppb in the nighttime and 13 ppb in the daytime. Enhanced turbulence in the 

deepened urban boundary layer dilutes pollutants such as NOx, and this 

contributes to the elevated O3 levels through the less O3 destruction by NO in the 

NOx-rich environment. In the morning, the advection of O3 precursors over the 

mountains near Seoul by the prevailing valley-breeze circulation results in the 

build-up of O3 over the mountains in conjunction with biogenic volatile organic 

compound (BVOC) emissions there. As the prevailing local circulation changes 

to urban-breeze circulation in the afternoon, the O3-rich air masses over the 

mountains are advected over the urban area. The urban-breeze circulation 

exerts significant influences on not only the advection process but also the 

chemical process under the circumstances in which both anthropogenic and 

biogenic (natural) emissions play important roles in forming O3. The intrusion 

of the air masses, characterized by low NOx and high BVOC levels and large OH 

chain length, from surroundings increases ozone production efficiency in the 

urban area, thus leading to more O3 production. The relatively strong vertical 

mixing in the urban boundary layer embedded in the sea-breeze inflow layer 

reduces NOx levels, thus contributing to the elevated O3 levels in the urban area. 

 

Keywords: urban canopy model, urban heat island, urban breeze circulation, 

urban boundary layer, local circulation, air quality 

 

Student Number: 2006-20470 

 



vi 
 

Contents 
 

Abstract i 

Contents vi 

List of Figures x 

List of Tables xxiii 

 
1   Introduction 1 

1.1  Review of previous studies and motivation ........................................... 1 

1.1.1 Urban canopy model ........................................................................ 1 

1.1.2 Urban heat island............................................................................. 2 

1.1.3 Urban breeze circulation ................................................................. 4 

1.1.4 Local circulation in urban areas ..................................................... 7 

1.1.5 Local circulation and air quality ..................................................... 9 

1.2  Objectives of this study ......................................................................... 12 

2   Development of a new urban canopy model (SNUUCM) 14 

2.1  Description of SNUUCM ....................................................................... 14 

2.1.1 Overall features of SNUUCM ......................................................... 14 

2.1.2 Experimental design of Computational Fluid Dynamics 

(CFD) model simulation ............................................................... 17 

2.1.3 Canyon wind speed — Results of the CFD model simulations .. 20 



vii 
 

2.1.4 Shortwave radiation ...................................................................... 23 

2.1.5 Longwave radiation ....................................................................... 30 

2.1.6 Exchanges of turbulent energy and water .................................. 32 

2.1.7 Surface and substrate temperatures ............................................ 34 

2.1.8 Canyon air temperature and specific humidity ......................... 35 

2.1.9 Urban-averaged energy flux and urban surface energy 

balance .......................................................................................... 36 

2.2  Validations ............................................................................................ 38 

2.2.1 Marseille, France ........................................................................... 38 

2.2.2 Basel, Switzerland ........................................................................ 47 

2.3  Sensitivity experiments ........................................................................ 54 

2.3.1 Sensitivity to meteorological parameters .................................... 54 

2.3.2 Sensitivity to urban surface parameters ..................................... 58 

3   Quantitative analysis of factors contributing to urban heat 
island intensity 65 

3.1  Experimental design ............................................................................. 65 

3.2  Causative factors ................................................................................... 68 

3.3  Factor separation ................................................................................... 71 

3.4  Results and discussion.......................................................................... 77 

3.4.1 Daytime urban heat island............................................................ 77 

3.4.2 Nighttime urban heat island ........................................................ 81 

4   Daytime urban breeze circulation and its interaction with 
convective cells 91 



viii 
 

4.1  Experimental design ..............................................................................91 

4.2  Results and discussion ......................................................................... 93 

4.2.1 Surface energy balance and overall CBL structure ..................... 93 

4.2.2 Urban breeze morphology............................................................ 96 

4.2.3 Vorticity dynamics of the UBC ................................................... 105 

4.2.4 Characteristics of convective cells ............................................. 107 

4.2.5 Interaction between the UBC and convective cells ................... 112 

5   Daytime local circulations and their interactions in the 
Seoul metropolitan area 117 

5.1  Experimental design ............................................................................ 117 

5.2  Meteorological condition and model validation .............................. 122 

5.3  Results and discussion ......................................................................... 127 

5.3.1 Local circulations in the SMA ...................................................... 127 

5.3.2 Cross-valley circulation and its interaction with urban-

breeze circulation ........................................................................ 132 

5.3.3 River-breeze circulation and its interactions with other local 

circulations .................................................................................. 139 

5.3.4 Sea-breeze circulation and its interactions with other local 

circulations .................................................................................. 145 

6   Impact of urban land-surface forcing on air quality in the 
Seoul metropolitan area 155 

6.1  Methodology ......................................................................................... 155 

6.1.1 Meteorology modeling system ..................................................... 155 



ix 
 

6.1.2 Air quality modeling system ........................................................ 155 

6.1.3 Process analysis ............................................................................ 159 

6.2  Ozone episode ..................................................................................... 160 

6.3  Results and discussion ....................................................................... 160 

6.3.1 Model validation .......................................................................... 160 

6.3.2 Impact of urban-modified boundary layer on air quality ......... 164 

6.3.3 Impact of urban-induced/-modified local circulations on air 

quality ........................................................................................... 171 

6.3.4 Ozone production efficiency .......................................................184 

7  Summary and conclusions 193 

 
References 202 

초     록 227 

 

 
 

 

 

 

 

 

 



x 
 

List of Figures 
 

2.1  An illustration of the single-layer urban canopy model. ..................... 15 

2.2 Urban canyon configuration. H is the building height, W is the 

width between the two buildings, and L is the spanwise domain 

size. The thick arrow indicates the reference wind. γ is the 

reference wind direction relative to canyon orientation. ................... 18 

2.3  Normalized canyon wind speeds according to canyon aspect 

ratios for various relative reference wind directions. Markers and 

lines indicate CFD model simulation results and corresponding 

fitting functions, respectively. R2 is the coefficient of 

determination. ........................................................................................ 22 

2.4  A schematic diagram of the partitioning of direct shortwave 

radiation. Canyon orientation angle (Φ) and solar azimuth angle 

(φa) are measured from due north (denoted by N). φz is the solar 

zenith angle, H is the height of walls, W is the width between the 

walls, and ηshaded is the length of the shaded road. .............................. 25 

2.5  Diurnal variations of observed and simulated average canyon air 

temperatures for Marseille. The average is taken over 24 days from 

18 June to 11 July 2001, and the observed canyon air temperatures 

are averages over five in-canyon stations. ............................................ 40 

2.6  Diurnal variations of observed and simulated average surface 



xi 
 

temperatures of (a) roof, (b) walls of 160° oriented canyon, (c) walls 

of 70° oriented canyon, and (d) roads for Marseille. The average is 

taken over 14 days from 28 June to 11 July 2001. ................................... 42 

2.7  Diurnal variations of observed (denoted by markers) and 

simulated (denoted by lines) average downward 

shortwave/longwave radiation (S↓/L↓) and upward 

shortwave/longwave radiation (S↑/L↑) for Marseille. The average 

is taken over 24 days from 18 June to 11 July 2001. ............................... 43 

2.8  Diurnal variations of observed and simulated average (a) net 

radiation, (b) sensible heat flux, (c) latent heat flux, and (d) storage 

heat flux for Marseille. The average is taken over 24 days from 18 

June to 11 July 2001. ................................................................................. 45 

2.9  Diurnal variations of observed and simulated average canyon air 

temperatures for Basel. The average is taken over 10 clear days: 164, 

165, 168, 169, 170, 174, 177, 181, 186, and 189 (Julian day). ....................... 49 

2.10  Diurnal variations of observed (denoted by markers) and 

simulated (denoted by lines) average downward 

shortwave/longwave radiation (S↓/L↓) and upward 

shortwave/longwave radiation (S↑/L↑) for Basel. The average is 

taken over the 10 clear days. .................................................................. 50 

2.11  Diurnal variations of observed and simulated average (a) net 

radiation, (b) sensible heat flux, (c) latent heat flux, and (d) storage 

heat flux for Basel. The average is taken over the 10 clear days. ......... 51 



xii 
 

2.12  Diurnal variations of sensible heat flux (a, b), net longwave 

radiation (c, d), and storage heat flux (e, f) under the variations of 

reference air temperature (a, c, e) and reference wind speed (b, d, 

f). .............................................................................................................. 57 

2.13  Daytime-averaged (unfilled markers) and nighttime-averaged 

(filled markers) net shortwave radiation (Snet), net longwave 

radiation (Lnet), and sensible heat flux (QH) under the variations of 

albedo (a, b, c), roof fraction (d, e, f), canyon aspect ratio (g, h, i), 

thermal conductivity (j, k, l), heat capacity (m, n, o), and ratio of 

roughness length for momentum to that for heat (p, q, r). ................. 63 

3.1  Contributions of the factors and their interactions to the daytime 

UHI intensity. The units of the numbers in the parentheses are °C. . 80 

3.2  Same as for Fig. 3.1 but for the nighttime UHI intensity. ................... 82 

3.3  Relative contributions of (a) the main factors and their 

interactions to the daytime UHI intensity and (b) the sub-factors 

and their interactions to the daytime 233
ˆˆ ff +  for the control 

experiment (CTRL) and various sensitivity experiments. In the 

sensitivity experiment, for example, AH×0.5 means the half-

anthropogenic heat experiment and RFR×0.8 means the 

experiment with a roof fraction reduced by 20% from the value 

used in the control experiment. The description of the sensitivity 

experiments is given in the text and Table 3.1. Note that in the 



xiii 
 

sensitivity experiments each parameter value varies while other 

parameter values remain the same as those in the control 

experiment. The numbers above the bars indicate the sum of all 

contributions, and the units of the numbers are °C. ........................... 88 

3.4  Same as in Fig. 3.3 but for the nighttime UHI intensity. ..................... 90 

4.1  Diurnal variation of each component of the surface energy 

balance averaged over the urban and rural areas. (a) Net radiation, 

(b) sensible heat flux, (c) latent heat flux, and (d) storage heat flux. 

The urban-area average is taken from x = 90 to 110 km, and the 

rural-area average is taken from x = 130 to 150 km. ............................. 94 

4.2  Vertical profiles of (a) potential temperature and (b) water vapor 

mixing ratio averaged over the urban area (thin black lines) and 

rural area (thick gray lines) at 0950 (dotted lines), 1300 (dashed 

lines), and 1600 LST (solid lines). The average is taken over the 

same urban and rural regions as in Fig. 4.1. ......................................... 97 

4.3  Temporal and spatial change of vertical velocity at the 7th lowest 

model level (z = 400 m) is shown on the left. Only half of the urban 

area (the gray box) is illustrated. The white dots represent the 

locations of the front, and the black dots represent the locations of 

the two selected cell updrafts (c1 and c2). The zero contour is not 

plotted, and negative levels are represented by dotted lines. The 

maximum vertical velocities following the front (white dots in the 

left Figure) and following the c1 and c2 (black dots in the left 



xiv 
 

Figure) are shown in the middle. The maximum water vapor 

mixing ratios following the front and following the c1 and c2 are 

shown on the right. ................................................................................ 98 

4.4  Fields of (a) horizontal velocity, (b) vertical velocity, (c) potential 

temperature, and (d) water vapor mixing ratio at 1600 LST. The 

gray box on the x-axis represents the urban area. ............................... 103 

4.5  Same as in Fig. 4.4 but for 1730 LST. ...................................................... 104 

4.6  Wind fields and the forcing terms of the y-vorticity equation at 

1620 LST, (a) thermal solenoid, (b) stretching, and (c) total 

(horizontal and vertical) advection. The region of negative 

vorticity is shaded. The contour levels are –6×10–5, –4×10–5, –2×10–5, 

2×10–5, 4×10–5, and 6×10–5 s–2 for (a) and (c) and –3×10–5, –2×10–5, –

1×10–5, 1×10–5, 2×10–5, and 3×10–5 s–2 for (b). The zero contour is not 

plotted. .................................................................................................... 106 

4.7  Fields of (a) vertical velocity, (b) potential temperature anomaly, 

and (c) water vapor mixing ratio anomaly in the region from x = 10 

to 30 km (rural area) at 1430 LST. The zero contour is not plotted. 

Only positive values are shaded, and negative values are 

represented by dotted lines with the values given on the label bars. . 110 

4.8  Same as in Fig. 4.7 but for the urban area from x = 90 to 110 km. ....... 111 

4.9  Fields of wind, water vapor mixing ratio (shading), and vertical 

velocity (contours) at (a) 1530, (b) 1544, (c) 1550, (d) 1600, and (e) 

1610 LST. The contour levels are –4, –2, –1, 1, 2, and 4 m s–1. The 



xv 
 

negative levels are represented by dotted lines. The thick arrows 

below the x-axis indicate the locations of the front, and the thin 

arrows the locations of the c1................................................................. 115 

4.10  Fields of wind, water vapor mixing ratio (shading), and vertical 

velocity (contours) at (a) 1440, (b) 1450, (c) 1454, (d) 1500, and (e) 

1510 LST. The contour levels are –4, –2, –1, 1, 2, and 4 m s–1. The 

negative levels are represented by dotted lines. The thick arrows 

below the x-axis indicate the locations of the front, the thin arrows 

the locations of the c1, and the thin-dotted arrows the locations of 

the c2. ....................................................................................................... 116 

5.1  (a) Five domains and (b) the innermost domain in the WRF-

SNUUCM simulation with terrain height (shaded). (c) Land-

use/land-cover (LULC) in the innermost domain. Note that the 

summits of Mt. Bukhan and Mt. Gwanak are indicated by arrows 

in (b). The 12 urban stations selected for the model validation are 

marked by dots in (b). The “C”, “I”, and “S” in (c) stand for coastal 

urban area, inland urban area, and Seoul urban area (further 

inland urban area), respectively. The boundary between the 

coastal and inland urban areas is indicated by dashed line in (c). 

The administrative boundary of Seoul is marked by thick line in 

(b) and (c). ............................................................................................... 118 

5.2  Skew T-log p diagrams at Osan station for observations (thin black 

lines) and simulations (thick red lines) valid at (a) 0300, (b) 0900, 



xvi 
 

and (c) 1500 KST (= UTC + 9 h) 24 June 2010. ....................................... 124 

5.3  (a) Diurnal variations of near-surface air temperature observed at 

12 urban stations and simulated by the SNUUCM and Noah LSM 

on 24 June 2010. Scatter plots of near-surface air temperature 

observed versus that simulated by the (b) SNUUCM and (c) Noah 

LSM. ......................................................................................................... 125 

5.4  Diurnal variations of (a) sensible heat flux, (b) latent heat flux, (c) 

air temperature at 2 m, and (d) boundary layer height averaged 

over all the urban grids in the URBAN simulation and the 

corresponding cropland grids in the NO-URBAN simulation. ........... 128 

5.5  Fields of air temperature at 2 m and wind at 10 m at (a) 1000, (c) 

1500, (e) 1800 LST in the URBAN simulation and at (b) 1000, (d) 

1500, (f) 1800 LST in the NO-URBAN simulation. ................................ 131 

5.6  Vertical cross sections of potential temperature anomaly (shaded), 

horizontal velocity in the east-west direction (thin line), and 

vertical velocity (thick line) along the line A-B in Fig. 5.9a at (a) 

1000, (c) 1200, (e) 1300, (g) 1500 LST in the URBAN simulation and 

at (b) 1000, (d) 1200, (f) 1300, (h) 1500 LST in the NO-URBAN 

simulation. The contour levels of horizontal velocity are –2.0, –1.5, 

–1.0, –0.5, –0.25, 0.25, 0.5, 1.0, 1.5, and 2.0 m s–1. The contour levels 

of vertical velocity are 0.5, 1.0, and 1.5 m s–1. The dots represented 

with the same colors as those used in Fig. 5.1c on the x-axis 

indicate the LULC of each grid. ............................................................. 133 



xvii 
 

5.7  Time variations of horizontal convergence averaged over the 

rectangular area marked in Fig. 5.9a in the URBAN and NO-

URBAN simulations. The wind field at the lowest fourth model 

level (z = ~250 m) is used to calculate the convergence. ...................... 136 

5.8  Time-height fields of the term of the vertical advection of 

potential temperature ( zw ∂∂− θ ) in the thermodynamic energy 

equation at points (a) V1 and (b) V2 in the URBAN simulation. 

Points V1 and V2 are indicated by the thick and thin arrows in Fig. 

5.6, respectively. The thick line indicates the top of the boundary 

layer. ........................................................................................................ 137 

5.9  Horizontal and vertical velocity fields at z = 600 m at (a) 1000, (b) 

1200, (c) 1300, (d) 1500, (e) 1700, and (f) 1800 LST in the URBAN 

simulation. .............................................................................................. 140 

5.10  Vertical cross sections of potential temperature anomaly (shaded), 

horizontal velocity in the north-south direction (thin-black line), 

vertical velocity (thick-gray line), and horizontal wind speed 

(thick-red line) along the line C-D in Fig. 5.9a at (a) 1030, (c) 1430, 

(e) 1500, (g) 1630 LST in the URBAN simulation and at (b) 1030, (d) 

1430, (f) 1500, (h) 1630 LST in the NO-URBAN simulation. The 

contour levels of horizontal velocity are –2.0, –1.5, –1.0, –0.5, –0.25, 

0.25, 0.5, 1.0, 1.5, and 2.0 m s–1. The contour levels of vertical 

velocity are –0.5, 0.5, 1.0, and 1.5 m s–1. The contour levels of 

horizontal wind speed are 5.0, 5.5, and 6.0 m s–1. The dots 



xviii 
 

represented with the same colors as those used in Fig. 5.1c on the 

x-axis indicate the LULC of each grid. .................................................. 142 

5.11  (a) The location of sea-breeze front following the line E-F in Fig. 

5.9a, (b) potential temperature ahead of the front at the lowest 

model level, (c) maximum friction velocity near the front within 

the marine air mass ( SBu* ), (d) depth of the sea-breeze inflow layer 

of the front, (e) maximum horizontal wind speed near the front 

within the marine air mass ( SBu ), and (f) maximum vertical 

velocity of the front ( SBw ) in the URBAN and NO-URBAN 

simulations. ............................................................................................ 146 

5.12  Vertical cross sections of potential temperature (shaded with thin 

line), vertical velocity (thick line), and wind (vector) along the line 

E-F at (a) 1050, (c) 1200, (e) 1300, (g) 1430 LST in the URBAN 

simulation and at (b) 1050, (d) 1200, (f) 1300, (h) 1430 LST in the 

NO-URBAN simulation. The contour levels of vertical velocity are 

0.3, 0.5, 1.0, and 1.5 m s–1. The hatched area is where the horizontal 

velocity in the east-west direction ranges from 0.0 to 0.25 m s−1 in 

magnitude. The location of sea-breeze front is indicated by thick-

short white bar on the x-axis. The dots represented with the same 

colors as those used in Fig. 5.1c on the x-axis indicate the LULC of 

each grid. ................................................................................................. 150 

6.1  (a) Domain configuration of the CMAQ model simulation with 



xix 
 

terrain height (shaded). (b) Land-use/land-cover (LULC) in the 

innermost domain. The white circles indicate air quality 

monitoring sites whose data are used for the validation. The 

rectangle indicates the urban analysis area. (c) NOx and (d) 

isoprene emission rates at 1500 LT 24 June 2010 in the innermost 

domain. ................................................................................................... 158 

6.2  (a) Diurnal variations of observed and simulated O3 

concentrations near the surface. The dots indicate the observed O3 

concentrations at air quality monitoring sites marked in Fig. 6.1b, 

and shading indicates the simulated O3 range at the 

corresponding locations. The thin and thick lines represent 

average observed and simulated O3 concentrations, respectively. 

(b) Scatter diagram of observed O3 concentrations versus 

simulated ones on 24 June 2010. The MNBE and MNGE refer to 

the mean normalized bias error and mean normalized gross error, 

respectively, and their units are %. The MBE and RMSE refer to 

the mean bias error and root-mean-square error, respectively, and 

their units are ppb. ................................................................................. 162 

6.3  Diurnal variations of near-surface concentrations of (a) O3, (b) 

NOx, (c) Ox (= O3 + NO2), and (d) CO averaged over the urban 

analysis area in the URBAN and NO-URBAN simulations. ................ 166 

6.4  Time-integrated contributions of individual processes averaged in 

the ABL over the urban analysis area for the period from 1200 to 



xx 
 

1600 LT in the URBAN and NO-URBAN simulations. ......................... 168 

6.5  4 h-average vertical profiles of (a) O3 and (c) Ox concentrations and 

contributions of individual processes to (b) O3 concentration and 

(d) Ox concentration averaged over the urban analysis area for the 

period from 1200 to 1600 LT. Note that the solid (dashed) lines in 

(b) and (d) indicate the results of the URBAN (NO-URBAN) 

simulation. The same abbreviations for the processes as those in 

Fig. 6.4 are used. ..................................................................................... 170 

6.6  Vertical cross sections of (a) NO2 concentration, (c) contribution 

of the advection process to NO2 concentration, (e) contribution of 

the chemical process to O3 concentration, and wind along the line 

M-N in Fig. 6.1d at 1100 LT in the URBAN simulation. (b), (d), and 

(f) are the same as (a), (c), and (e), respectively, but for the NO-

URBAN simulation. The color of circles on the x-axis corresponds 

to the color of the LULC in Fig. 6.1b. ..................................................... 173 

6.7  Horizontal distributions of (a) O3 and (c) NO2 concentrations and 

horizontal wind at the lowest model level at 1500 LT in the URBAN 

simulation. The circles in (a) and (c) show the observed O3 and 

NO2 concentrations, respectively. (b) and (d) are the same as (a) 

and (c), respectively, but for the NO-URBAN simulation. (e) 

Differences in O3 concentration and horizontal wind between the 

two simulations (URBAN minus NO-URBAN). (f) is the same as (e) 

but for NO2. The concentration units are ppb. Region A, region C, 



xxi 
 

and region S are marked in (e) by the three rectangles with thin-

black line, the rectangle with thick-blue line, and the rectangle 

with thick-grey line, respectively. ......................................................... 174 

6.8  Vertical cross sections of (a) O3 concentration, (c) contribution of 

the advection process, (e) contribution of the chemical process to 

O3 concentration, and wind along the line M-N in Fig. 6.1d at 1500 

LT in the URBAN simulation. (b), (d), and (f) are the same as (a), 

(c), and (e), respectively, but for the NO-URBAN simulation. The 

color of circles on the x-axis corresponds to the color of the LULC 

in Fig. 6.1b................................................................................................ 178 

6.9  Vertical cross sections of (a) O3 concentration, (c) contribution of 

the advection process, (e) contribution of the chemical process to 

O3 concentration, and wind along the line M-N in Fig. 6.1d at 1500 

LT in the URBAN simulation. (b), (d), and (f) are the same as (a), 

(c), and (e), respectively, but for the NO-URBAN simulation. The 

color of circles on the x-axis corresponds to the color of the LULC 

in Fig. 6.1b................................................................................................ 180 

6.10  Vertical cross sections of (a) OH chain length, (c) rate of OH 

reacted with VOCs, (e) NO2 production from the reactions 

between NO and peroxy radicals (HO2 and RO2), and wind along 

the line M-N at 1500 LT in the URBAN simulation. (b), (d), and (f) 

are the same as (a), (c), and (e), respectively, but for the NO-

URBAN simulation. The color of circles on the x-axis corresponds 



xxii 
 

to the color of the LULC in Fig. 6.1b. ..................................................... 183 

6.11  Scatter diagrams of ozone production efficiency (OPE) and NOx 

concentration over the urban analysis area in the (a) URBAN and 

(b) NO-URBAN simulations. .................................................................. 186 

6.12  Scatter diagrams of ozone production efficiency (OPE) and NOx 

concentration in the (a) URBAN and (b) NO-URBAN simulations 

in region A, the (c) URBAN and (d) NO-URBAN simulations in 

region C, and the (e) URBAN and (f) NO-URBAN simulations in 

region S. The color of outer (inner) circles indicates the rate of OH 

reacted with VOCs at 1100 (1500) LT. .................................................... 188 

6.13  Vertical cross sections of (a) NOx and (c) O3 concentrations and 

wind along the line E-F in Fig. 6.1c at 1500 LT in the URBAN 

simulation. (b) and (d) are the same as (a) and (c), respectively, but 

for the NO-URBAN simulation. The blue arrow indicates the 

location of the sea-breeze front. ............................................................ 192 

 

 

 

 

 

 

 

 



xxiii 
 

List of Tables 
 

2.1  Urban surface parameters used to validate the UCM for Marseille 

and Basel. ................................................................................................ 39 

2.2  Performance statistics of net radiation (Q*), sensible heat flux (QH), 

latent heat flux (QL), and storage heat flux (∆QS) for all days, 

mistral days, and sea-breeze days for Marseille. See text for details. 

OBS and UCM refer to the mean values of observations and 

simulations for the period, respectively. MBE and RMSE refer to 

the mean bias error (MBE = UCM – OBS) and root mean square 

error, respectively. The unit is W m–2. .................................................. 46 

2.3  Performance statistics of net radiation (Q*), sensible heat flux (QH), 

latent heat flux (QL), and storage heat flux (∆QS) for 10 clear days 

for Basel. OBS and UCM refer to the mean values of observations 

and simulations for the period, respectively. MBE and RMSE refer 

to the mean bias error (MBE = UCM – OBS) and root mean square 

error, respectively. The unit is W m–2. .................................................. 52 

2.4  Urban surface parameters used in the control experiment and 

their ranges used in the sensitivity experiments (in square 

brackets). ................................................................................................. 56 

3.1  Urban surface parameters used in the control and sensitivity 

experiments. ........................................................................................... 67 



xxiv 
 

3.2  Suggested causative factors of the UHI. The main factors are 

denoted by F1, F2, and F3, and the sub-factors by G1, G2, and G3........... 69 

3.3  Experiments designed for the factor separation analysis for the 

main factors. The “O” indicates that the factor is included, and the 

“X” indicates that the factor is excluded. .............................................. 72 

3.4  Contributions of the main factors and their interactions, 

calculation method, and the mechanisms leading to the 

contributions. ......................................................................................... 73 

3.5  Same as in Table 3.3 but for the sub-factors. ........................................ 74 

3.6  Same as in Table 3.4 but for the sub-factors. ........................................ 75 

5.1  Values of urban surface parameters and anthropogenic heat 

intensity used in the WRF-SNUUCM simulation. The 

anthropogenic heat intensity is set based on the work of Lee et al. 

(2009). The roughness lengths for momentum and heat are 

denoted by z0m and z0θ, respectively. ..................................................... 120 

 

 

 

 

 

 

 



1 
 

1   Introduction 

1.1  Review of previous studies and motivation 

1.1.1 Urban canopy model 

As urban areas in the world have rapidly expanded, its impacts on the 

weather, climate, and air quality have accordingly received much attention in 

the atmospheric science. Urban impacts on atmospheric phenomena have been 

addressed in many observational, theoretical, and modeling studies in the last 

decades. These phenomena include urban heat islands, urban breezes, urban-

induced or -modified local circulations, and turbulent flows over cities. 

In order to understand and ultimately to predict the above atmospheric 

phenomena, there have been many efforts to adequately represent urban land-

surface characteristics and associated effects in mesoscale models. A traditional 

and simple method for representing urban effects in mesoscale models is to use 

slab models. Slab models do not consider urban canopies (e.g., urban canyons 

and buildings) but simply change surface properties such as albedo, roughness 

length, surface moisture availability, thermal conductivity, and heat capacity. 

Slab models are known to fail in simulating some characteristic features of, for 

example, nighttime energy balance (Kusaka et al. 2001) and mean wind and 

turbulence (Coceal and Belcher 2004). 

To overcome drawbacks in slab models, urban canopy models (UCMs) 

have been developed in the past decade. One of the primary purposes of using 
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UCMs is to produce more realistic bottom boundary conditions of radiative, 

heat, moisture, and momentum fluxes for a mesoscale model. Unlike slab 

models, UCMs parameterize a number of important physical processes that 

occur in an urban canopy, such as the absorption and reflection of shortwave 

and longwave radiation, turbulent energy exchange between surfaces and 

adjacent air, and heat transfer by conduction through substrates. Current 

UCMs can be categorized into the single-layer UCM (Masson 2000; Kusaka et al. 

2001; Dupont and Mestayer 2006; Lee and Park 2008; Oleson et al. 2008) and 

multi-layer UCM (Ca et al. 1999; Martilli et al. 2002; Dupont et al. 2004; Otte et al. 

2004; Kondo et al. 2005). Both the single-layer and multi-layer UCMs consider 

an urban canyon and active surfaces (road, wall, and roof). A main difference 

between the single-layer and multi-layer UCMs lies in the representation of the 

vertical structure of the urban canopy (Masson 2006). Single-layer UCMs treat 

an urban canyon as a single layer and a wall surface as a single representative 

wall surface. In contrast, in multi-layer UCMs, an urban canyon is divided into 

multiple layers and a wall surface into multiple wall surfaces in the vertical 

direction. 

 

1.1.2 Urban heat island 

The urban heat island (UHI) is the most well documented example of 

anthropogenic climate modification (Arnfield 2003). Numerous studies have 

reported that the urban air temperature can be 1–3°C higher than the rural or 
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surrounding air temperature on average (e.g., Oke 1981; Morris et al. 2001; 

Bottyan and Unger 2003; Kim and Baik 2004; Grimmond 2007). Some studies 

have reported cases of very strong UHI intensity (e.g., Klysik and Fortuniak 

1999; Fung et al. 2009). The UHI intensity is strongly related both to external 

influences (e.g., climate, weather, seasons) and to the intrinsic nature of a city 

(e.g., city size, building density, land-use distribution) (Oke 1982). In terms of 

meteorological conditions, calm, dry, and clear nights near the center of 

anticyclones are favorable for strong UHI intensity (Gedzelman et al. 2003). 

Several factors that cause UHI have been proposed in the literature (e.g., 

Oke 1982; Grimmond 2007; Rizwan et al. 2008; Hidalgo et al. 2008c). It is known 

that the UHI is caused by complex interactions between many factors including 

decreased urban albedo, increased thermal mass per unit area, increased city 

roughness, increased anthropogenic heat released from buildings and vehicles, 

and decreased evaporative areas (less trees and more impervious materials) 

(Taha et al. 1988). Extensive efforts have been devoted to find relationships 

between the UHI intensity and specific urban surface parameters, such as 

surface albedo, thermal properties of surface materials, sky view factor, and 

vegetation fraction. For example, by conducting extensive sensitivity 

experiments, Oke et al. (1991) highlighted that street canyon geometry and 

thermal properties of urban surface materials play critical roles almost equally 

in the nighttime UHI intensity. However, quantifying the relative contributions 

of each causative factor to the UHI intensity has received less attention. 

There are only a few studies that have quantitatively investigated the roles 
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of causative factors in UHI intensity. Martilli (2002) examined the effects of 

thermal and mechanical factors on the urban boundary layer structure using 

the factor separation method and showed that the thermal factor is more 

important than the mechanical factor in contributing to the nighttime UHI 

intensity. In that study, several factors that contribute to thermal effects were 

integrated into a single factor, rather than separated, so only the total thermal 

effects were examined. Kusaka and Kimura (2004) examined the thermal 

effects of anthropogenic heat and of the canyon structure that results in larger 

heat capacity and small sky view factor due to the existence of walls on the 

nighttime UHI intensity. That study highlighted the effect of anthropogenic 

heat on the nighttime UHI intensity, but the effects of other causative factors 

such as impervious surfaces, wind speed reduction, and interactions between 

the factors were not considered. Tokairin et al. (2006) performed a factor 

separation analysis to examine the effects of heat release from building surfaces 

and of wind speed reduction by the drag of buildings on the UHI intensity. They 

concluded that the contribution of heat release from building surfaces is more 

dominant than that of wind speed reduction in the urban area. However, not all 

factors were considered separately in their study. 

 

1.1.3 Urban breeze circulation 

The horizontal temperature gradient between urban and rural areas 

associated with the UHI induces a horizontal pressure gradient. This induces 
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an urban breeze circulation (UBC) that is characterized by inward flow toward 

the urban area (a city) in the lower boundary layer and by outward flow toward 

the surroundings in the upper boundary layer. Warmer air rises over the city, 

and cooler air is drawn into the city from the surroundings (Hidalgo et al. 2010). 

The UBC, also called the UHI circulation, has been observed from aircraft 

measurements over St. Louis, Missouri (Wong and Dirks 1978) and over 

Toulouse, France (Hidalgo et al. 2008a), and it has also been investigated by 

using numerical models that include SEB models (Avissar 1996; Lemonsu and 

Masson 2002; Kusaka and Kimura 2004; Hidalgo et al. 2008b). From the aircraft 

measurements in the St. Louis metropolitan area, Dirks (1974) found a positive 

potential temperature anomaly of up to 2 K and a negative specific humidity 

anomaly of up to 2.5 g kg–1 in the daytime boundary layer under light wind 

conditions. Hidalgo et al. (2008a) observed similar features in Toulouse and 

documented a positive potential temperature anomaly of ~1 K and a negative 

specific humidity anomaly of ~0.3 g kg–1 in the daytime boundary layer. They 

also documented that in the afternoon the intensity of the UBC estimated from 

wind anomalies is 1–2 m s–1 in the horizontal direction and that the horizontal 

extent of the UBC in the afternoon is 2–3 times larger than the size of the city. 

In numerical modeling studies, the larger sensible heat flux by 100–400 W m–2 

and the higher potential temperature by ~1 K in urban areas in the afternoon 

under light wind conditions were commonly reported (Avissar 1996; Lemonsu 

and Masson 2002; Kusaka and Kimura 2004; Hidalgo et al. 2008b). The UBCs 

exhibit the strongest intensity in the late afternoon with 2–7 m s–1 in the 
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horizontal and ~1 m s–1 in the vertical (Lemonsu and Masson 2002; Hidalgo et al. 

2008b). In addition, the higher urban boundary layer by ~300 m was reported in 

both observational and modeling studies (Dirks 1974; Kusaka and Kimura 2004; 

Hidalgo et al. 2008b). 

There are a number of studies that have investigated UBCs by conducting 

laboratory experiments (e.g., Noto 1996; Lu et al. 1997a,b), by using numerical 

models (e.g., Delage and Taylor 1970; Baik et al. 2001), and by using analytic 

models (e.g., Vukovich 1971; Baik 1992; Baik and Chun 1997), but those studies 

did not consider surface energy budget and prescribed a heat island. Those 

works, moreover, mostly considered stable conditions. Stable conditions are not 

conducive to vertical motion over the city (Shreffler 1978). Despite the 

substantial studies of UBCs, the structure and evolution of the UBC that 

develops in a convective boundary layer (CBL) in response to the difference in 

urban and rural SEBs are not well understood. Furthermore, like other 

mesoscale circulations such as sea breeze, river breeze, and dryline circulations, 

the UBC can interact with other organized convection in the CBL. 

Cellular convection, which takes the form of either two-dimensional rolls 

(also known as horizontal convective rolls) or three-dimensional cellular cells, is 

one of the common forms of atmospheric boundary layer convection (Tian et al. 

2003) and has been extensively investigated by numerous researchers. In this 

study, these types of convection are simply referred to as convective cells. 

Although UBC and convective cells have been investigated individually, the 

interaction between the UBC and convective cells has not yet been 
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demonstrated, to the authors’ knowledge. Miao et al. (2009) performed real-

data simulations to examine UHI characteristics and related phenomena in 

Beijing, China. They showed that horizontal convective rolls usually occur in the 

urban area and cellular cells occur in the rural area. However, they did not study 

a UBC and its interaction with convective cells. 

Previous studies on the interaction between convective cells and other 

mesoscale circulations, such as sea breeze (Atkins et al. 1995; Dailey and Fovell 

1999; Ogawa et al. 2003), river breeze (Rao et al. 1999), and dryline (Atkins et al. 

1998; Peckham et al. 2004; Xue and Martin 2006; Wakimoto et al. 2006) 

circulations, have emphasized that convective cells significantly modulate the 

frontal structures of the sea breeze, river breeze, and dryline, thus leading to the 

horizontal variability of the frontal structures. For example, horizontal 

convective rolls create vertical velocity maxima at the points where they 

intersect with the dryline, which plays a key role for initiating clouds at these 

intersection points (Atkins et al. 1998). In a similar way, it is expected that the 

interaction between a UBC and convective cells can play an important role in 

modulating urban-breeze frontal structure and convective activity. 

 

1.1.4 Local circulation in urban areas 

Many studies of urban impacts on sea breeze have been undertaken. It 

has been reported that the inland penetration of sea breeze is retarded because 

of the increased surface roughness of cities, particularly in coastal cities such as 
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New York City, New York (e.g., Bornstein and Thompson 1981; Thompson et al. 

2007); Athens, Greece (Dandou et al. 2009); and Houston, Texas (Chen et al. 

2011). For inland cities such as Brisbane, Australia (Khan and Simpson 2001) 

and Sao Paulo, Brazil (Freitas et al. 2007), it has been shown that the inland 

penetration of sea breeze is accelerated owing to the landward-convergent flow 

induced by the UHI. After the arrival of sea breeze in a city, the inward flow 

toward the city center that forms part of the urban breeze acts to inhibit further 

inland penetration of the sea breeze (e.g., Yoshikado 1992; Freitas et al. 2007). In 

particular, for an inland city located sufficiently far from the coast, an urban 

breeze has ample time to develop and hence can have a considerable impact on 

a sea breeze, as emphasized by Yoshikado (1994) and Freitas et al. (2007). 

Many cities in the world are located in valley regions, and therefore local 

circulations induced by urban/rural land-use contrast and by mountain/valley 

topography can interact with each other. By conducting two-dimensional 

idealized numerical experiments, Lee and Kimura (2001) examined the 

evolutions of local circulations induced by land-use contrast (bare-soil and 

vegetation) and by topography and the relative importance of the local 

circulations. Note that the local circulation induced by the large temperature 

contrast between bare-soil and vegetation can be regarded as being similar to 

that between a city and its surrounding rural area, particularly in the daytime. 

They found that in the morning cross-valley circulation prevails in the whole 

area and the circulation induced by the land-use contrast does not appear. As 

the circulation induced by the land-use contrast increases in strength in the 
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afternoon, it predominates over the cross-valley circulation. Because the two 

circulations are opposite in direction, the cross-valley circulation weakens in 

the afternoon. By conducting two-dimensional idealized numerical 

experiments, Ohashi and Kida (2002) showed that urban-breeze circulation 

weakens owing to cross-valley circulation. 

There have been a few studies addressing urban impacts on river breeze. 

For example, Shreffler (1978) documented that the inward flow toward the 

warm core of St. Louis, Missouri, is stronger at the station adjacent to the 

Mississippi River than at other stations and hypothesized that the stronger 

inflow may reflect a component of the river breeze. 

As demonstrated in the previous studies mentioned above, a city can 

induce local circulation and this circulation can modify or interact with other 

local circulations. The Seoul metropolitan area (hereafter, SMA) is the largest 

urban area in South Korea and is characterized by complex geographical 

features. The SMA is adjacent to the Yellow Sea to the west; several mountains 

are located near Seoul; and the Han River passes through Seoul. Thus, several 

local circulations, such as urban-breeze, sea-breeze, cross-valley, and river-

breeze circulations, can develop in the SMA under favorable weather conditions 

and the local circulations can interact with each other. 

 

1.1.5 Local circulation and air quality 

Air pollution continues to be a critical problem in major cities around the 
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world (Banta et al. 2005). Urban areas are often characterized by the presence of 

large emissions of pollutants such as nitrogen oxides (NOx = NO + NO2) and 

volatile organic compounds (VOCs) (Wood et al. 2009). In the presence of 

sunlight, secondary pollutants such as ozone (O3) are formed through 

photochemical reactions involving NOx and VOCs. The occurrence of high O3 

episodes is related in a complex way to various factors that include emissions of 

primary pollutants, chemical reactions, and meteorological conditions. 

Local circulations that arise from surface heterogeneity have been 

regarded as important factors governing the advection and diffusion of 

pollutants (e.g., Fast et al. 2000; Makar et al. 2010). In urbanized mountainous 

areas, the impacts of mountain-/valley-breeze circulations on air quality have 

been extensively investigated (e.g., Lu and Turco 1994; Fast and Zhong 1998; Fast 

et al. 2000). The upslope wind in the daytime can transport pollutants toward 

mountains, and the pollutants can be blown back over a city or vented out of the 

boundary layer into the free atmosphere (Fast et al. 2000). In addition, the 

pollutants vented out of the boundary layer can be entrained downward as the 

boundary layer grows, leading to an increase in pollutant concentration at the 

surface (Fast and Zhong 1998). 

In urbanized coastal areas, sea-/land-breeze circulations and the 

associated recirculation of pollutants can play a key role in the production and 

accumulation of O3. Elevated O3 levels in urbanized coastal areas have been 

observed and modeled in a number of studies, showing that the recirculation of 

pollutants by sea-/land-breeze circulations is largely responsible for the elevated 
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O3 levels (e.g., Banta et al. 2005; Oh et al. 2006; Levy et al. 2008; Martins et al. 

2012). As O3 precursors from urban areas are advected over water by land-

breeze circulation and thereby O3 is produced photochemically over water 

where it cannot readily deposited, the O3-rich air mass can be advected back 

onto land by sea-breeze circulation (Martins et al. 2012). Makar et al. (2010) 

reported a similar phenomenon in which the recirculation of pollutants by lake-

breeze circulation, likely linked with urban heat island (UHI) circulation, leads 

to elevated O3 levels in the southern Great Lakes region of North America. 

In spite of the great concern about the impacts on air quality of local 

circulations arising from natural surface heterogeneities, the impacts of urban-

induced/-modified local circulation have received less attention. Considering 

the poor air quality in cities where large amounts of pollutants are emitted, the 

impacts of urban land-surface forcing on local circulations and air quality need 

to be better understood. A few studies have addressed the impacts of urban 

land-surface forcing on local meteorology and air quality. Sarrat et al. (2006) 

demonstrated that enhanced turbulence owing to the UHI effect in Paris, 

France, dilutes pollutants more inside the higher boundary layer. Some studies 

of the impacts of urbanization on air quality have reported that O3 

concentration in cities can increase by several ppb owing to urbanization that 

causes increases in temperature and boundary layer height and a reduction in 

wind speed, and so on (Civerolo et al. 2007; Wang et al. 2007; Jiang et al. 2008; 

Wang et al. 2009). However, the previous studies did not pay enough attention 

to the impacts of urban-induced/-modified local circulation on air quality. 
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1.2  Objectives of this study 

To understand urban impacts on local circulation and air quality, as a 

first step, this study develops a new single-layer UCM that contains more 

physical processes and more closely reflects the real world. One of the two 

salient features of the UCM is that two facing walls are separated into sunlit 

and shaded walls and that the sunlit and shaded walls correspond to specific 

walls. The other feature is that the effects of canyon aspect ratio (height-to-

width ratio) and of reference wind direction relative to canyon orientation on 

canyon wind speed are included (Chapter 2). 

By using a mesoscale model that is coupled with the UCM, contributions 

of causative factors to the daytime and nighttime UHI intensities are examined 

quantitatively by performing the factor separation analysis. Even though 

causative factors have long been established, their relative importance remains 

uncertain. This study aims to identify causative factors of UHI and to 

understand the relative contributions of causative factors and interactions 

between the factors to the UHI intensity (Chapter 3). 

Based on the understanding of the UHI, the structure and evolution of a 

daytime UBC that is the one of the most distinguishing atmospheric 

phenomena in urban areas and its interaction with convective cells are 

investigated (Chapter 4). 

Using the mesoscale model that includes the UCM, daytime local 
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circulations in the Seoul metropolitan area are examined. The interactions 

between local circulations such as urban breeze, sea breeze, valley breeze 

circulations are intensively investigated (Chapter 5). 

On the basis of the understanding of the urban impact on the local 

circulations, its resultant impact on air quality in the Soul metropolitan is 

understood using a three-dimensional chemical transport model (Chapter 6). 
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2   Development of a new urban canopy 
model (SNUUCM) 

2.1  Description of SNUUCM 

2.1.1 Overall features of SNUUCM 

A number of important physical processes that occur in an urban canopy 

are parameterized in the SNUUCM (hereafter, UCM). Figure 2.1 illustrates the 

various physical processes, input variables from a mesoscale model, output 

variables from the UCM, and internal variables explicitly calculated in the UCM. 

The UCM is developed based on the vegetated single-layer urban canopy model 

of Lee and Park (2008), but the vegetation part is excluded. In this model, a 

built-up area and a natural area (e.g., vegetation) is separately treated and then 

their effects are combined in a tile approach. 

One of the salient features of our proposed UCM is that two facing walls 

are separated into sunlit and shaded walls. For example, in the morning, east-

facing wall for a north-south oriented canyon is set as a sunlit wall and the 

opposite west-facing wall as a shaded wall. In other words, sunlit and shaded 

walls correspond to specific walls. This feature is different from that of Oleson 

et al.’s (2008) approach. Oleson et al. distinguish sunlit and shaded walls but do 

not match them with specific walls. In previous single-layer UCMs (Masson 
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Figure 2.1. An illustration of the single-layer urban canopy model. 
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2000; Kusaka et al. 2001; Lee and Park 2008) except for Oleson et al.’s (2008) 

model, two facing walls are not separated into sunlit and shaded walls but are 

regarded as the same wall. Another salient feature is that the effects of canyon 

aspect ratio (height-to-width ratio) and reference wind direction relative to 

canyon orientation on canyon wind speed are included. The canyon wind speed 

is a crucial factor in calculating surface energy fluxes within an urban canyon. 

The effect of canyon aspect ratio on street canyon flows has been demonstrated 

indirectly through the time constant (Lee and Park 1994), residue pollutant 

concentration (Kim and Baik 1999), and transfer coefficient (Barlow and Belcher 

2002). A few studies have quantitatively investigated the effect of canyon aspect 

ratio on canyon wind speed (Swaid 1993; Lemonsu et al. 2004). In previous 

single-layer UCMs (Masson 2000; Kusaka et al. 2001; Lee and Park 2008; Oleson 

et al. 2008), the effect of canyon aspect ratio on canyon wind speed is included. 

However, the effect of reference wind direction relative to canyon orientation 

on canyon wind speed is not yet included, despite its importance being 

emphasized in many studies (Yamartino and Wiegand 1986; Dabberdt and 

Hoydysh 1991; Santamouris et al. 1999; Dobre et al. 2005; Soulhac et al. 2008). 

These studies indicate that reference wind more parallel to canyon orientation 

induces stronger canyon wind. In our proposed UCM, the ratio of canyon wind 

speed to reference wind speed is expressed in terms of canyon aspect ratio for 

different relative reference wind directions. To obtain equations for the ratio, a 

computational fluid dynamics (CFD) model is used. 
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2.1.2 Experimental design of Computational Fluid 
Dynamics (CFD) model simulation 

A three-dimensional infinitely long street canyon is considered (Fig. 2.2). 

The width (W) and length (L) in Fig. 2.2 are set to 20 m and 100 m, respectively. 

The building height (H) is set to 20 m for a canyon aspect ratio of 1 (control 

experiment) and varies according to the canyon aspect ratio (H/W). The 

building height is calculated as a product of canyon aspect ratio and canyon 

width. The horizontal grid intervals are uniform with x = 0.5 m and y = 1 m. In 

the control experiment, the vertical grid interval is uniform with z = 0.5 m up to 

z = 32 m, and then it is stretched with an expansion ratio of 1.1. In the control 

experiment, the domain sizes are set to 50, 100, and 60.1 m in the x-, y-, and z-

directions, respectively. Note that the vertical domain size is increased to keep a 

constant distance between the top of the building and the top of a domain as 

the building height increases. The time step is set to 0.1 s, and the total 

integration time is 40 min. Results for the last 20 min are used for analysis. 

Ten canyon aspect ratios are considered in the experiments: 0.25, 0.5, 0.75, 

1, 1.5, 2, 2.5, 3, 4, and 5. Four wind directions relative to canyon orientation (γ) 

are considered: 11.25°, 33.75°, 56.25°, and 78.75°. The wind directions represent 

the middles of 16 cardinal directions. The wind direction when the wind blows 

parallel (perpendicular) to canyon orientation is set to 0° (90°). 

The inflow boundary conditions are as follows: 
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Figure 2.2. Urban canyon configuration. H is the building height, W is the width 

between the two buildings, and L is the spanwise domain size. The thick arrow 

indicates the reference wind. γ is the reference wind direction relative to 

canyon orientation. 
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where 0u , 0v , and 0w  are the components of the inflow reference wind 

velocity (its speed is denoted by Ur) in the x-, y-, and z-directions, respectively, 

and k0 and ε0 are the inflow turbulent kinetic energy and its dissipation rate, 

respectively. γ  is the reference wind direction relative to canyon orientation, Cμ 

is an empirical constant (= 0.0845), and κ is the von Karman constant (= 0.4). 

*u is the friction velocity, δ is the boundary-layer depth, and zc is a constant level 

(= H + 20 m) to set uniform inflow turbulent kinetic energy and dissipation rate. 

The zero-gradient condition is applied at the outflow and upper boundaries, 

and the periodic boundary condition is applied to the y-direction. The inflow 

reference wind speed is set to be uniform in the vertical with 5 m s–1 for all 

experiments. 

As the UCM regards the street canyon as a single layer, the canyon wind 

speed is averaged within the canyon. The canyon-averaged wind speed (Uc) is 

calculated using 
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( ) .21 222 dVkwvu
V

U
c

c ∫ +++=                            (2.6) 

 

Here, Vc is the total volume of the canyon, u , v , and w  are the mean wind 

components in the x-, y-, and z-directions, respectively, and k is the turbulent 

kinetic energy. Note that the CFD model used is a Reynolds-averaged Navier-

Stokes equations (RANS) model and that the square of the wind speed is equal 

to the square of the mean wind speed plus two times the turbulent kinetic 

energy. The above equation, Eq. (2.6), is identical to that of Hagishima and 

Tanimoto (2003). 

 

2.1.3 Canyon wind speed — Results of the CFD model 
simulations 

To obtain canyon wind speeds as a function of canyon aspect ratio for 

different reference wind directions, extensive numerical experiments are 

conducted using the CFD model developed by Kim and Baik (2004). The 

experimental setup for CFD model simulations is described in the appendix. 

Canyon-averaged wind speeds from CFD model simulations are 

normalized by the reference wind speed, and a regression analysis is performed 

to express the canyon-averaged wind speed as a function of canyon aspect ratio 

for given reference wind direction. The following fitting function in power law 

is considered: 
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                                        (2.7) 

 

where Uc and Uref are the canyon-averaged wind speed (hereafter, canyon wind 

speed) and reference wind speed, respectively, a, b, and c are constants to be 

determined, and H/W is the canyon aspect ratio. The regression equations are 

as follows (Fig. 2.3): 

 

 

 

 

 

 

(2.8) 

 

where γ is the reference wind direction relative to canyon orientation (Fig. 2.2). 

The constants c in Eq. (2.7) for wind directions of 56.25° and 78.75° are not 

exactly zero but sufficiently small (less than 10–5). The above regression 

equations are valid for canyon aspect ratios between 0.25 and 5. Note that the 

CFD simulations are conducted under the condition of neutral thermal 

stratification. 
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Figure 2.3. Normalized canyon wind speeds according to canyon aspect ratios 

for various relative reference wind directions. Markers and lines indicate CFD 

model simulation results and corresponding fitting functions, respectively. R2 is 

the coefficient of determination. 
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Figure 2.3 and Eq. (2.8) show that for given reference wind direction the 

canyon wind speed decreases as the canyon aspect ratio increases. This is 

consistent with results in previous studies (Swaid 1993; Lemonsu et al. 2004). 

For given canyon aspect ratio, the strongest canyon wind speed appears for the 

most parallel wind direction (= 11.25°). For a canyon aspect ratio of 1, the 

regressed canyon wind speed is 43.1% (20.9%) of the reference wind speed when 

the relative reference wind direction is 11.25° (78.75°). The canyon wind speed 

for the nearly parallel wind direction is almost double that for the nearly 

perpendicular wind direction. In the UCM, for given reference wind direction 

relative to canyon orientation, two regression equations for two reference wind 

directions that are adjacent to the given reference wind direction in Eq. (2.8) 

are selected. Using the two regression equations, two canyon wind speeds 

corresponding to the two reference wind directions are calculated for given 

canyon aspect ratio and reference wind speed. Then, a canyon wind speed for 

the given reference wind direction is determined through a linear 

interpolation/extrapolation of the two calculated canyon wind speeds. 

 

2.1.4 Shortwave radiation 

The most distinctive characteristics in shortwave radiative transfer 

process in urban areas are shadow effect and multiple reflection that result 

from the three-dimensional structure of an urban canopy. One of the important 

features of our UCM is that two facing walls are dealt with separately and 
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divided into sunlit and shaded walls. Sunlit and shaded walls are determined by 

solar azimuth angle and canyon orientation. When the solar azimuth angle 

relative to the canyon orientation [ζ in Eq. (2.9)] is 0°–180° or less than –180°, 

wall 1 is sunlit wall (Fig. 2.4). 

 

,Φ−= aφζ                                               (2.9) 

 

where φa is the solar azimuth angle and Φ is the canyon orientation angle. The 

solar zenith angle (φz) and azimuth angle are calculated using 

 

,coscoscossinsincos latlat tz ωδϕδϕφ +=                      (2.10) 

,
sin

coscossinsincoscos latlat

z

t
a φ

ωδϕδϕφ −
=

                    (2.11) 

 

where ϕlat is the latitude, δ is the solar declination angle, and ωt is the hour 

angle. Note that the numbering of two walls illustrated in Fig. 2.4 does not 

change with canyon orientation. For example, wall 1 is the east-facing wall for a 

canyon orientation of 0° (Φ = 0° for a north-south oriented canyon) and is the 

south-facing wall for a canyon orientation of 90° (Φ = 90° for an east-west 

oriented canyon). 
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Figure 2.4. A schematic diagram of the partitioning of direct shortwave 

radiation. Canyon orientation angle (Φ) and solar azimuth angle (φa) are 

measured from due north (denoted by N). φz is the solar zenith angle, H is the 

height of walls, W is the width between the walls, and ηshaded is the length of the 

shaded road. 
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After determining sunlit and shaded walls, direct shortwave radiation 

incident on each surface is calculated. Incoming direct shortwave radiation on a 

horizontal surface at the reference height (S↓direct) is partitioned according to 

the length of the shaded road (ηshaded) (Fig. 2.4). 

 

 

(2.12) 

 

If ηshaded is shorter than the canyon width (W), both the road and one of the two 

walls are illuminated by sunlight. On the other hand, if ηshaded is equal to W, the 

road is completely shaded. Consequently, direct shortwave radiation incident 

on each surface is determined as follows: 
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Here, the subscripts g, sunlit w, shaded w, and r indicate the road (ground), 

sunlit wall, shaded wall, and roof, respectively. 

The total shortwave radiation incident on each surface is a sum of the 

direct shortwave radiation [Eqs. (2.13)–(2.16)] and diffuse shortwave radiation. 

Diffuse shortwave radiation is assumed to be isotropic. Hence, the total 

shortwave radiation incident on each surface is given by 

 

,diffusedirect ↓+= SSS ggg ψ                                    (2.17) 

,diffusedirect
11

↓+= SSS www ψ                                    (2.18) 

,diffusedirect
22

↓+= SSS www ψ                                   (2.19) 

.diffusedirect ↓+= SSS rr                                      (2.20) 

 

Here, the subscripts w1 and w2 refer to wall 1 and wall 2, respectively, S↓diffuse is 

the incoming diffuse shortwave radiation on a horizontal surface at the 

reference height, and gψ  and wψ  are sky view factors at the road and wall, 

respectively. Following Sparrow and Cess (1978), Harman et al. (2004), Masson 

(2000), Lee and Park (2008), and Oleson et al. (2008), the sky view factors are 

calculated using 
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Multiple reflection of shortwave radiation occurs between the three 

surfaces of the two walls and road within the canyon. Three-time reflection of 

shortwave radiation is adopted following Lee and Park (2008). The reflected 

shortwave radiation is also assumed to be isotropic, i.e., the surfaces are 

assumed to be Lambertian. The net shortwave radiation at each surface is 

expressed by 
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Here, α stands for albedo, and all the subscripts stand for the surfaces as 

indicated in Eqs. (2.13)–(2.20). The last (third) reflected shortwave radiation is 

assumed to be totally absorbed by each surface for radiative energy 

conservation. Note that the wall view factor at the road is 2/)1( gψ− and that 

the road view factor and sky view factor at the walls are the same, so the wall 

view factor at the other wall is wψ21− . Based on the net shortwave radiation at 

each surface, the built-up average net shortwave radiation is given by 

 

,)()1( net
2

net
1

net
roof

net
roof

net
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 ++−+=− wwgr SS

W
HSfSfS

             (2.27) 

 

where froof is the roof fraction of the built-up area. 

 

2.1.5 Longwave radiation 

One-time reflection of longwave radiation is adopted since emissivities of 

urban surface materials are typically high (Lee and Park 2008). All longwave 

radiation, that is, incoming radiation on a horizontal surface at the reference 

height (L↓), emitted radiation from the surfaces, and reflected radiation from 

the surfaces, is assumed to be isotropic. The net longwave radiation at each 

surface is calculated as follows: 
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emissivity and T is the surface temperature, and σ is the Stefan–Boltzmann 

constant. The first (and last) reflected longwave radiation is assumed to be 

totally absorbed by each surface as in the last reflected shortwave radiation. The 

built-up average net longwave radiation is calculated in the same way as in the 

built-up average net shortwave radiation [Eq. (2.27)]. 

 

2.1.6 Exchanges of turbulent energy and water 

Turbulent energy fluxes (sensible heat flux, latent heat flux, and 

momentum flux) are computed according to the Monin–Obukhov similarity 

theory (Kot and Song 1998; Lee and Park 2008) and Jurges’ formula (Rowley et al. 

1930). Turbulent energy exchanges between the canyon air and overlying 

atmosphere (denoted by subscript c), between the roof and overlying 

atmosphere (denoted by subscript r), and between the canyon air and road 

(denoted by subscript g) are calculated according to the Monin–Obukhov 

similarity theory. For example, formulas for calculating sensible ( gHQ , ) and 

latent ( gLQ , ) heat fluxes from the road (positive upward) are given by 
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where ρ is the air density, cp is the specific heat of air at constant pressure, ,*u  

,*θ and *q  are the friction velocity, turbulent potential temperature scale, and 

turbulent moisture scale, respectively, λ is the latent heat of vaporization, κ is 

the von Karman constant, d is the displacement height (set equal to 0.65H), and 

z0m, z0θ, and z0q are the roughness lengths for momentum, heat, and moisture 

for the road, respectively. The roughness length for moisture is set equal to that 

for heat. The reference height used to calculate gHQ ,  and gLQ ,  is d with an 

assumption that the displacement height is a representative height for the 

canyon air. RiB is the modified bulk Richardson number defined as 

,)1()1(Ri 0
2

0
2 zzzzugz mB θθθ −−∆= treating roughness lengths for 

momentum and heat differently. θ and q stand for the potential temperature 

and specific humidity, respectively. Fh and Fq are the ratios of drag coefficient 

for the non-neutral condition to that for the neutral condition for heat and 

moisture, respectively (Lee and Park 2008). Fh (Fq) is a function of reference 

height (e.g., d for the road), RiB, z0m, and z0θ  (z0q). Turbulent fluxes from the 

roof and canyon air are calculated in the same way. The momentum flux 

expressed as 2
*uρ  is computed using *u  for the canyon air. Sensible heat flux 
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from the walls is calculated using the Jurges’ formula. 

 

),)(2.48.11( 11, cwcwH TTUQ −+=                              (2.34) 

),)(2.48.11( 22, cwcwH TTUQ −+=                              (2.35) 

 

where Tc is the canyon air temperature, Tw1 is the wall 1 temperature, and Tw2 is 

the wall 2 temperature. Latent heat flux from the walls is ignored since the walls 

are assumed to have no capability to retain water. Finally, the built-up average 

sensible and latent heat fluxes are computed as follows: 

 

,)1( ,roof,roofupbuilt, cHrHH QfQfQ −+=−                          (2.36) 

.)1( ,roof,roofupbuilt, cLrLL QfQfQ −+=−                           (2.37) 

 

The rainfall at the artificial surfaces is considered in surface water budget. The 

maximum water capacity for the roof and road surfaces is specified as 1 kg m–2 

(equivalent to 1 mm). If the water amount on a surface exceeds the specified 

value, the rest of the water is drained out. 

 

2.1.7 Surface and substrate temperatures 

The surface and substrate temperatures are determined by solving the 

heat conduction equation for substrate layers. In our UCM, the grids for the 
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temperature and conductive heat flux are staggered (Fig. 2.1). The conductive 

heat flux at the upper boundary of nth layer ( n
iF ), where i refers to roof, walls, 

and road, is given by 
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where k is the thermal conductivity, T is the temperature, zp is the coordinate in 

the direction perpendicular to the surface, and N is the number of substrate 

layers. Here, the first layer is the innermost layer and the Nth layer is the 

outermost layer. The interior temperatures are computed using 
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                                          (2.39) 

 

where C is the (volumetric) heat capacity. The surface temperature is assumed 

to be the same as the temperature of the outermost layer. 

 

2.1.8 Canyon air temperature and specific humidity 

The canyon air temperature (Tc) and specific humidity (qc) are calculated 

using the following prognostic equations. 
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where Vc is the canyon air volume, Ac is the canyon bottom area, and QF,c is the 

anthropogenic heat flux released into the canyon. 

 

2.1.9 Urban-averaged energy flux and urban surface energy 
balance 

In a tile approach, an urban area is divided into two areas: a built-up area 

(denoted by built-up) and a natural area (denoted by natural). The natural area 

in the urban area is represented by the Noah land surface model (Ek et al. 2003) 

version 2.7.1. The two models (the urban canopy model and the Noah land 

surface model) are run independently. Model outputs (energy fluxes) are then 

area-weighted for urban-averaged energy fluxes. 

 

,)1( naturalup-builtup-builtup-built EfEfE −+=                         (2.42) 

 

where E stands for all kinds of urban-averaged energy fluxes and fbuilt-up is the 

built-up area fraction of the urban area. Ebuilt-up and Enatural correspond to the 
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output energy fluxes from the present UCM and the Noah land surface model, 

respectively. 

The urban surface energy balance can be given by 

 

,*
SLHFF QQQQLLSSQQ ∆++=+−+−=+ ↑↓↑↓

            (2.43) 

 

where Q*, QF, QH, and QL are the urban-averaged net radiation, anthropogenic 

heat flux, sensible heat flux, and latent heat flux, respectively. S↓ (S↑) and L↓ 

(L↑) stand for the downward (upward) shortwave radiation and downward 

(upward) longwave radiation, respectively. The storage heat flux (∆QS) is 

calculated as a residual. For the experiments in sections 3 and 4, anthropogenic 

heat is not included unless otherwise mentioned. 
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2.2  Validations 

2.2.1 Marseille, France 

Data from the urban boundary layer field campaign conducted in 

Marseille, France (Mestayer et al. 2005) are utilized to validate the urban canopy 

model. A pneumatic mast was installed on the roof of the Administrative Court 

of Appeal of Marseille in a dense urban area (Lemonsu et al. 2004; Grimmond et 

al. 2004). The temperature, humidity, wind speed and direction, pressure, 

upward and downward global shortwave and longwave radiation, and surface 

energy fluxes were measured at the site (Lemonsu et al. 2004). An observation 

period taken for validating the UCM is from 18 June 2001 to 11 July 2001, except 

for surface temperatures. Urban surface parameters used to validate the UCM 

for Marseille is listed in Table 2.1. Two canyon orientations perpendicular to 

each other (160° and 70°) are set as the representative canyon orientations of the 

city (Table 2.1). The following energy fluxes are averaged over the two canyon 

orientations. In all the experiments conducted in this study, the roof, walls, and 

road are composed of 10 layers [see Eq. (2.38)]. 

Figure 2.5 shows the diurnal variations of observed and simulated 

average canyon air temperatures. The observed canyon air temperature is 

averaged over five in-canyon stations. The simulated canyon air temperature is 

overestimated by 2.3°C on average, and the maximum discrepancy is 3.3°C at 

1600 LST. This overestimation of the canyon air temperature is also found in 

previous studies (Lemonsu et al. 2004; Lee and Park 2008). The geometric  
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Table 2.1. Urban surface parameters used to validate the UCM for Marseille and 

Basel. 

Parameters Marseille Basel 
Location 43.29°N 

5.38°E 
47.57°N 
7.60°E 

Area fractions   
Built-up area 0.864 0.840 
Natural area 0.136 0.160 

Geometric parameters   
Mean building height (m) 15.6 14.6 
Canyon aspect ratio 1.63 1.00 
Canyon orientations (°) 160 

70 
157 
67 

Roof fraction 0.69 0.54 
z0m/z0θ  for canyon air 10 10 

Roof properties   
Albedo 0.22 0.14 
Emissivity 0.90 0.90 
Roughness length for 
momentum (m) 

0.15 0.15 

Thermal conductivity 
(W m−1 K−1) 

0.94 0.94 

Heat capacity 
(MJ m−3 K−1) 

1.40 1.40 

z0m/z0θ 100 10 
Wall properties   

Albedo 0.20 0.14 
Emissivity 0.90 0.90 
Thermal conductivity 

(W m−1 K−1) 
0.94 0.94 

Heat capacity 
(MJ m−3 K−1) 

1.40 1.40 

Road properties   
Albedo 0.08 0.08 
Emissivity 0.94 0.94 
Roughness length for 
momentum (m) 

0.05 0.05 

Thermal conductivity 
(W m−1 K−1) 

0.50 0.50 

Heat capacity 
(MJ m−3 K−1) 

1.80 1.80 

z0m/z0θ 100 10 
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Figure 2.5. Diurnal variations of observed and simulated average canyon air 

temperatures for Marseille. The average is taken over 24 days from 18 June to 11 

July 2001, and the observed canyon air temperatures are averages over five in-

canyon stations. 
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parameters of the canyon such as the canyon aspect ratio and canyon 

orientation, which would differ for the five in-canyon stations, are to some 

extent responsible for the overestimation of the canyon air temperature 

(Lemonsu et al. 2004; Lee and Park 2008). 

Figure 2.6 shows the diurnal variations of observed and simulated 

average roof, wall, and road surface temperatures. The average is taken over a 

14-day period from 28 June to 11 July 2001. The observed roof surface 

temperature is averaged over five tile roofs. The simulated roof surface 

temperature is in good agreement with the observed one except around noon 

(Fig. 2.6a). Since the two facing walls are separated in the UCM, different 

diurnal variations of the wall surface temperatures can be seen in Figs. 2.6b,c. 

An interesting feature is the second peak for the simulated wall 2 surface 

temperature appearing at 1430 LST (Fig. 2.6b). This is due to the reflected 

shortwave and longwave radiation mainly from the opposite wall. Although the 

second peak of the observed wall surface temperature is not as evident as that of 

the simulated one, the second peak for the shaded wall surface temperature has 

also been simulated and observed in previous studies (Mills 1993; Idczak et al. 

2007). The UCM overestimates the surface temperatures by 1.9°C for the walls 

and by 3.6°C for the roads (mean bias error, MBE). However, the simulated 

surface temperatures show good agreement in the phases, exhibiting 

increasing/decreasing patterns similar to the observed one. Some discrepancies 

between the simulated and observed surface temperatures can be somewhat 

attributed to the fact that the canyon aspect ratio and canyon orientation of  
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Figure 2.6. Diurnal variations of observed and simulated average surface 

temperatures of (a) roof, (b) walls of 160° oriented canyon, (c) walls of 70° 

oriented canyon, and (d) roads for Marseille. The average is taken over 14 days 

from 28 June to 11 July 2001. 
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Figure 2.7. Diurnal variations of observed (denoted by markers) and simulated 

(denoted by lines) average downward shortwave/longwave radiation (S↓/L↓) 

and upward shortwave/longwave radiation (S↑/L↑) for Marseille. The average is 

taken over 24 days from 18 June to 11 July 2001. 

 

 

 

 



44 
 

each observation site are different from each other and from the model setting 

which is based on the area-averaged parameters near the tower. Figure 2.7 

shows the diurnal variations of observed and simulated average downward and 

upward all-wave radiation. Note that the observed downward shortwave and 

longwave radiative fluxes are input variables for the UCM. The UCM reproduces 

the upward shortwave radiation very well, whereas the upward longwave 

radiation is slightly overestimated. The overestimated upward longwave 

radiation is mainly due to the higher surface temperatures as seen in Fig. 2.6. 

This simultaneously yields an underestimation of the net radiation (see Fig. 

2.8a). 

On the whole, the diurnal variations of average net radiation, sensible 

heat flux, and storage heat flux are well simulated (Fig. 2.8). The simulated 

diurnal variation of average latent heat flux is reasonable except for in the early 

afternoon. The UCM shows the best performances for the mistral days for all 

fluxes (Table 2.2). The RMSE for sensible/latent heat flux in the daytime for the 

mistral days is about half of that for the sea-breeze days. For the sea-breeze days, 

the observed fluxes are characterized by sudden short-term positive and 

negative excursions, whereas there is little excursion for the mistral days 

resulting from the spatial and temporal consistency of the mistral wind and the 

enhanced mixing from the prevailing wind direction (Grimmond et al. 2004; 

Dupont and Mestayer 2006). The large RMSE for the sea-breeze days can be 

attributed to the large variability of the observed data, which would be 

influenced by large-scale advection (Dupont and Mestayer 2006). For the overall  
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Figure 2.8. Diurnal variations of observed and simulated average (a) net 

radiation, (b) sensible heat flux, (c) latent heat flux, and (d) storage heat flux for 

Marseille. The average is taken over 24 days from 18 June to 11 July 2001. 
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Table 2.2. Performance statistics of net radiation (Q*), sensible heat flux (QH), latent heat flux (QL), and storage 

heat flux (∆QS) for all days, mistral days, and sea-breeze days for Marseille. See text for details. OBS and UCM 

refer to the mean values of observations and simulations for the period, respectively. MBE and RMSE refer to the 

mean bias error (MBE = UCM – OBS) and root mean square error, respectively. The unit is W m–2. 

  All days  Mistral days  Sea-breeze days 
  Q* QH QL ∆QS  Q* QH QL ∆QS  Q* QH QL ∆QS 
Overall 
period OBS 160 150 23 –13  147  144  28  –25   157  139  20  –1  

 UCM 140 124 13 3  137  124  19  –6   132  112  14  6  
 MBE –20 –26 –10 16  –10  –21 –9 20  –25  –26  –5  7  
 RMSE 27 59 48 67  19 39 20 53  30  61  40  62  
Daytime OBS 371 252 35 84  381  254  41  86   367  232  33  102  
(Q* ≥ 0 ) UCM 345 224 24 97  370  241  36  93   332  201  28  104  
 MBE –26 –28 –11 13  –11 –13 –4 7  –34  –31  –4  2  
 RMSE 34 76 62 87  22  43  24 62  38  80  50  81  
Nighttime OBS –70 39 9 –117  –77  39  16  –132   –71  37  5  –113  
(Q* < 0 ) UCM –83 15 0 –98  –87  11  2  –100   –85  16  0  –101  
 MBE –14 –24 –9 19  –10  –28  –14  32   –15 –21  –6  12  
 RMSE 18 32 24 36  15  34  16  44   18  30  27  29  
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period and all days, the sensible heat flux is underestimated (Table 2.2), but the 

phase in the diurnal variation is in good agreement with the observation (Fig. 

2.8b). Although the sensible heat flux is underestimated, it is still positive in the 

nighttime because the release of heat stored in urban fabrics is larger than 

cooling by outgoing longwave radiation, with a ∆QS/Q* ratio of 1.2. For the 

overall period and all days, the UCM underestimates the latent heat flux by 10 W 

m–2 and overestimates the storage heat flux by 16 W m–2. 

To examine anthropogenic heat effects, an experiment that includes 

anthropogenic heat is conducted and results are compared to those of the 

experiment without anthropogenic heat. The anthropogenic heat flux is added 

with its values of 12–14 W m–2 in the daytime and 2 W m–2 in the nighttime 

following Lemonsu et al. (2004). For the overall period and all days, the 

difference in sensible heat flux between the experiments with and without 

anthropogenic heat is 7 W m−2 on average, i.e., the MBE for sensible heat flux is 

reduced by 7 W m−2 when the anthropogenic heat is included. This reduction is 

not negligibly small. The average canyon air temperature is increased by 0.4°C. 

 

2.2.2 Basel, Switzerland 

Data from the Basel urban boundary layer experiment (BUBBLE) 

conducted in Basel, Switzerland, (Rotach et al. 2005) are utilized to validate the 

urban canopy model. At Ue1 (Basel-Sperrstrasse), the most urbanized site, a 30 

m triangular lattice tower that was equipped with 3D-ultrasonic anemometer, 
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temperature/humidity sensors, and full radiation instruments was set up in a 

street canyon (Rotach et al. 2005). To evaluate the model performance, ten clear 

days are selected during the intensive observation period (IOP): 13, 14, 17, 18, 19, 

23, 26, and 30 June; 5 and 8 July 2002. Table 2.1 provides the urban surface 

parameters of this site. 

Figure 2.9 shows the diurnal variations of observed and simulated 

average canyon air temperatures. The canyon air temperature is well 

reproduced in terms of phase, although its magnitude is overestimated. The 

simulated canyon air temperature shows better performance in the nighttime 

than in the daytime, with MBEs of 1.9°C and 3.1°C, respectively. It should be 

noted that the compared canyon air temperature was observed at 2.6 m within 

the canyon. Since the UCM treats the canyon air as a single layer, there could be 

discrepancy between the observed and simulated canyon air temperatures. 

Figure 2.10 shows the diurnal variations of observed and simulated 

average downward and upward all-wave radiation. The UCM reproduces both 

upward shortwave and longwave radiation remarkably well except in the 

afternoon with slight overestimation of the upward longwave radiation. This 

gives the simulated net radiation that is in very good agreement with the 

observed one (see Fig. 2.11a).  

The observed and simulated average energy fluxes are shown in Fig. 2.11, 

and the corresponding performance statistics are listed in Table 2.3. The 

simulated net radiation shows the best agreement with the observed one with 

an MBE of –3 W m–2 and an RMSE of 25 W m–2 for the overall period. The 
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Figure 2.9. Diurnal variations of observed and simulated average canyon air 

temperatures for Basel. The average is taken over 10 clear days: 164, 165, 168, 169, 

170, 174, 177, 181, 186, and 189 (Julian day).  
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Figure 2.10. Diurnal variations of observed (denoted by markers) and simulated 

(denoted by lines) average downward shortwave/longwave radiation (S↓/L↓) 

and upward shortwave/longwave radiation (S↑/L↑) for Basel. The average is 

taken over the 10 clear days. 
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Figure 2.11. Diurnal variations of observed and simulated average (a) net 

radiation, (b) sensible heat flux, (c) latent heat flux, and (d) storage heat flux for 

Basel. The average is taken over the 10 clear days. 
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Table 2.3. Performance statistics of net radiation (Q*), sensible heat flux (QH), 

latent heat flux (QL), and storage heat flux (∆QS) for 10 clear days for Basel. OBS 

and UCM refer to the mean values of observations and simulations for the 

period, respectively. MBE and RMSE refer to the mean bias error (MBE = UCM 

– OBS) and root mean square error, respectively. The unit is W m–2. 

  Q* QH QL ∆QS 

Overall period OBS 184 113 43  28 

 UCM 181 137 26 18 

 MBE –3 25 –17 –10 

 RMSE 25 51 31 55 

Daytime OBS 400 190 72 138 

(Q* ≥ 0 ) UCM 397 216 47 134  

 MBE –3 26 –25 –5 

 RMSE 32 62 38 69 

Nighttime OBS –72  21 10 –102  

(Q* < 0 ) UCM –73 45 1  –119 

 MBE –2 24 –9 –17 

 RMSE 11 33 21 33 
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sensible heat flux is well reproduced in general, although it is overestimated in 

the afternoon. The latent heat flux is underestimated for the overall period, with 

the MBE being larger in its magnitude in the daytime (–25 W m–2) than in the 

nighttime (–9 W m–2). The simulated storage heat flux shows satisfactory 

agreement with the observed one. 

Anthropogenic heat effects are examined by conducting an experiment 

that includes anthropogenic heat. The anthropogenic heat flux is added with its 

values of 12–14 W m–2 in the daytime and 2 W m–2 in the nighttime as in 

experiment for Marseille. For the overall period, the difference in sensible heat 

flux between the experiments with and without anthropogenic heat is 7 W m−2 

on average. That is, the MBE for sensible heat flux is increased by 7 W m−2. The 

average canyon air temperature is increased by 0.3°C. 
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2.3  Sensitivity experiments 

2.3.1 Sensitivity to meteorological parameters 

Reference air temperature and wind speed are tested as meteorological 

factors. The reference air temperature and wind speed are assumed to vary 

sinusoidally and be constant with time, respectively. The reference air 

temperature is set to reach a minimum at 0300 LST and a maximum at 1500 

LST, with a period of 24 h. The amplitude of the reference air temperature is 

fixed to 5°C so that only the daily mean temperature ( refT ) varies in the 

sensitivity experiments. The reference wind direction is specified as 45° (i.e., 

northeasterly wind). Five daily mean temperatures between 10 and 30°C are 

considered with intervals of 5°C, and a daily mean temperature of 20°C is for 

the control experiment. Six reference wind speeds between 1 and 11 m s–1 are 

tested with intervals of 2 m s–1, and a reference wind speed of 5 m s–1 is for the 

control experiment. A formula for downward shortwave radiation proposed by 

Panão et al. (2007) is employed. For downward longwave radiation, a simple 

formula expressed as 4
refTL aσε=↓  is used, where aε  is the atmospheric 

emissivity and refT  is the air temperature at the reference height. The 

atmospheric emissivity is set to 0.7831. This value is based on linear regression 

analyses performed using the Marseille and Basel datasets. 

Table 2.4 lists urban surface parameters in the control experiment and 

their ranges in the sensitivity experiments. The model is integrated for 60 h 
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starting from 12 LST 18 June, and data from the last 24 h are analyzed. Extensive 

experiments are conducted to examine the sensitivities of urban surface energy 

balance to the urban surface parameters. However, not all the parameters listed 

in Table 2.4 show significant effects on energy fluxes (e.g., z0m/z0θ for the road 

and surface emissivity). Therefore, we present here results for some selected 

parameters with non-negligible effects on energy fluxes: surface albedo, roof 

fraction, canyon aspect ratio, thermal conductivity, heat capacity, and z0m/z0θ  

for the canyon air and roof. Note that in the sensitivity experiments each 

parameter value varies while other parameter values remain the same as those 

in the control experiment. 

Figure 2.12 shows the diurnal variations of simulated energy fluxes for 

various daily mean temperatures and wind speeds. The surface temperatures 

and accordingly the substrate temperatures increase with increasing reference 

air temperature. These are represented by decreases in the net longwave 

radiation and increases in the storage heat flux, respectively (Figs. 2.12c,e). 

According to the surface energy balance equation [Eq. (2.43)], increases in 

upward longwave radiation and storage heat flux should be balanced by a 

decrease in sensible heat flux, as shown in Fig. 2.12a. However, considering the 

wide range of daily mean temperatures examined, the energy fluxes are not 

very sensitive to the reference air temperature. For example, differences of ±5°C 

in the daily mean temperature produces ±16, ±7, and ±12 W m–2 daily maximum 

differences in sensible heat flux, net longwave radiation, and storage heat flux, 

respectively, when averaged over all temperatures. 
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Table 2.4. Urban surface parameters used in the control experiment and their 

ranges used in the sensitivity experiments (in square brackets). 

Parameters   

Locationa 45°N 
0°E 

 

Area fractions   
Built-up area 1  
Natural area 0  

Geometric parameters   
Mean building height (m) 20  
Canyon orientations (°) 180 

90 
 

Canyon aspect ratio 1  [0.25, 3] 
Roof fraction 0.6 [0.3, 0.8] 
z0m/z0θ for canyon air 102 [100, 104] 

Roof and wall properties   
Albedob 0.2 [0.1, 0.8] 
Emissivity 0.9  
Roughness length for 
momentum (m) 

0.15  

Thermal conductivity 
(W m−1 K−1) 

1.0 [0.5, 2.5] 

Heat capacity 
(MJ m−3 K−1) 

1.4 [0.6, 2.6] 

z0m/z0θ  (only for roof) 102 [100, 104] 
Road properties   

Albedo 0.1 [0.1, 0.8] 
Emissivity 0.94  
Roughness length for 
momentum (m) 

0.05  

Thermal conductivity 
(W m−1 K−1) 

0.50 [0.5, 2.5] 

Heat capacity 
(MJ m−3 K−1) 

1.8 [0.6, 2.6] 

z0m/z0θ 102 [100, 104] 
aThe longitude of 0°E is set for the convenience of calculating the local standard time (LST) so 
that it is not intended to indicate a specific location. 
bThe highest albedo (= 0.8) corresponds to white-painted roof/wall or green roof (Gaffin et al. 
2005). The albedos of the two walls are set to be the same. 
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Figure 2.12. Diurnal variations of sensible heat flux (a, b), net longwave 

radiation (c, d), and storage heat flux (e, f) under the variations of reference air 

temperature (a, c, e) and reference wind speed (b, d, f). 
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The reference wind speed directly affects the turbulent fluxes (subsection 

2.1.6). As the reference wind speed increases, the sensible heat flux from the 

surfaces or canyon air is enhanced (Fig. 2.12b). This enhancement is 

counterbalanced by decreases in both the upward longwave radiation (Fig. 

2.12d) and storage heat flux (Fig. 2.12f). The degree of sensitivity of the sensible 

heat flux to the reference wind speed is greater than that of the net longwave 

radiation, by a factor of 2 at noon. Differences of ±2 m s–1 in the reference wind 

speed produces ±32, ±14, and ±19 W m–2 daily maximum differences in sensible 

heat flux, net longwave radiation, and storage heat flux, respectively, when 

averaged over all wind speeds. It is seen that weak winds (less than 5 m s–1) have 

a stronger impact on the energy fluxes than strong winds. For example, at noon, 

a difference in sensible heat flux between reference wind speeds of 1 and 3 m s–1 

is 51 W m–2, whereas that between wind speeds of 7 and 9 m s–1 is 23 W m–2. 

 

2.3.2 Sensitivity to urban surface parameters 

Figure 2.13 shows daytime- and nighttime-averaged net shortwave 

radiation, net longwave radiation, and sensible heat flux under the variations of 

various urban surface parameters. As the roof albedo increases, the net 

shortwave radiation decreases dramatically. Because of the reduced net 

shortwave radiation and accordingly the decrease in the roof surface 

temperature, the net longwave radiation increases while the sensible heat flux 

decreases in both the daytime and nighttime. The variations of the net 
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longwave radiation and sensible heat flux are much more pronounced in the 

daytime than in the nighttime. In the wall and road albedo experiments, unlike 

the net shortwave radiation, the net longwave radiation and sensible heat flux 

show slight variations in both the daytime and nighttime. Since the energy 

fluxes from the roof are directly influenced by and influence the overlying 

atmosphere, the impact of roof albedo on the energy fluxes is much stronger 

than that of wall or road albedo. 

The larger roof fraction yields higher urban-averaged albedo or less net 

shortwave radiation since the roof albedo (0.2) is larger than the effective 

canyon albedo (~0.06). The lower effective canyon albedo is due to the 

shortwave radiation trapped within the canyon. The built-up average energy 

fluxes are calculated as the area-weighted average of the energy fluxes from the 

roof and canyon [Eqs. (2.27), (2.36), and (2.37)].  Hence, the energy fluxes from 

the roof are reflected more in the built-up average (and urban-averaged) energy 

fluxes as the roof fraction increases. Since the roof surface temperature is lower 

than the walls and road surface temperatures in both the daytime and 

nighttime, the net longwave radiation for the roof is larger than that for other 

surfaces within the canyon (not shown). Therefore, the urban-averaged net 

longwave radiation increases in both the daytime and nighttime with 

increasing roof fraction. The temperature gradient between the roof and 

overlying atmosphere is larger (smaller) than that between the canyon air and 

overlying atmosphere in the daytime (nighttime) so that the sensible heat flux 

from the roof is larger (smaller) than that from the canyon air in the daytime 
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(nighttime). Therefore, the sensible heat flux increases (decreases) in the 

daytime (nighttime) with increasing roof fraction. 

In the canyon aspect ratio experiments, the net shortwave radiation 

slightly increases as the canyon aspect ratio increases. This is due to the 

radiation trapping effect (Masson 2000). However, the shortwave radiation 

absorbed by the walls and road per unit area decreases with increasing canyon 

aspect ratio due to the increase in wall surface areas and the shadow effect [Eqs. 

(2.13) and (2.14)]. The reduced net shortwave radiation decreases the surface 

temperatures. This increases the daytime net longwave radiation and decreases 

the daytime sensible heat flux. In addition, weak wind speeds for large canyon 

aspect ratios [Eq. (2.8)] is a possible reason for the decrease in sensible heat flux 

in the daytime. In contrast, the nighttime net longwave radiation (sensible heat 

flux) decreases (increases) as the canyon aspect ratio increases. This can be 

explained by the increase in heat stored in the walls in the daytime since the 

wall surface areas increase in proportion to the canyon aspect ratio. Therefore, 

the large amount of heat is released in the nighttime, yielding positive and 

enhanced sensible heat flux for large canyon aspect ratios. Smaller sky view 

factor for larger canyon aspect ratio is also responsible for the increase in 

surface temperature or sensible heat flux in the nighttime. This is well known as 

the radiation trapping effect, especially for longwave radiation (Oke et al. 1991; 

Hamdi and Schayes 2008). In summary, the effect of canyon aspect ratio on the 

energy fluxes shows contrasting behaviors in the daytime and nighttime. In the 

daytime, the shadow effect on the energy fluxes is more significant than the 
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radiation trapping effect. In the nighttime, on the other hand, the large amount 

of heat stored in the walls and the radiation trapping effect lead to the decrease 

in net longwave radiation and the increase in sensible heat flux. 

The thermal conductivity and heat capacity have similar effects on the 

energy fluxes in both the daytime and nighttime. As the thermal conductivity or 

heat capacity increases, the storage heat flux increases and the surface 

temperatures decrease in the daytime. As a result, the net longwave radiation 

(sensible heat flux) increases (decreases) as those parameters increase. In the 

nighttime, due to the increased storage heat flux, the surface temperatures 

increase (not shown). This decreases the net longwave radiation and increases 

the sensible heat flux in the nighttime. 

The roughness lengths for momentum (z0m) and heat (z0θ) are important 

parameters for calculating sensible heat flux [Eq. (2.32)]. Unlike z0m, which has 

been widely investigated in theoretical, experimental, and observational studies, 

data for z0θ are relatively rare (Kanda et al. 2007). In this study, experiments are 

conducted with a wide range of z0m/z0θ values. As the ratio increases or z0θ 

decreases, the sensible heat fluxes from the roof and canyon air decrease in the 

daytime (Fig. 2.13r). Due to the decrease in sensible heat flux, the roof surface 

temperature and canyon air temperature increase (not shown). This decreases 

the net longwave radiation in the daytime. In the nighttime, the variations of 

the net longwave radiation and sensible heat flux are insignificant. 

The canyon orientation is incorporated in the UCM. To examine 

sensitivity to canyon orientation, four experiments are conducted with 
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different numbers of canyon orientations (1, 2, 4, and 18). The same conditions 

as in the control experiment are used except for a reference wind direction of 0°. 

The energy fluxes for one canyon orientation (90° or 180° oriented canyon) and 

those averaged over two canyon orientations (90° and 180° oriented canyons), 

four canyon orientations (45°, 90°, 135°, and 180° oriented canyons), and 18 

canyon orientations (0°, 10°,…, 170° oriented canyons with intervals of 10°) are 

compared. The difference in the daytime-averaged sensible heat flux between 

the one canyon orientation experiments with 90° and 180° is 11 W m–2. The 

difference in the daytime-averaged sensible heat flux between the experiments 

with one canyon orientation 90° (180°) and two canyon orientations is 5.5 (5.5) 

W m–2. These differences are not negligibly small. The difference in the 

daytime-averaged sensible heat flux between the experiments with two canyon 

orientations and four canyon orientations (18 canyon orientations) is 0.9 (1.0) 

W m–2. These differences are small. Canyon orientation and its number for a 

region can be determined observationally. For example, if two perpendicular 

street canyons are dominant for a region, the number of canyon orientations is 

two. For a case of three or more dominant canyon orientations, two is 

recommended as the number of canyon orientations when considering 

computing time and sensitivity to calculated energy fluxes. 
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Figure 2.13. Daytime-averaged (unfilled markers) and nighttime-averaged 

(filled markers) net shortwave radiation (Snet), net longwave radiation (Lnet), and 

sensible heat flux (QH) under the variations of albedo (a, b, c), roof fraction (d, e, 

f), canyon aspect ratio (g, h, i), thermal conductivity (j, k, l), heat capacity (m, n, 

o), and ratio of roughness length for momentum to that for heat (p, q, r). 
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3   Quantitative analysis of factors 
contributing to urban heat island 
intensity 

3.1  Experimental design 

The Advanced Research Weather Research and Forecasting (ARW-WRF) 

model (Skamarock et al. 2008) is employed as a mesoscale model. Physical 

parameterization options used in this study are the Dudhia shortwave radiation 

scheme (Dudhia 1989), the Rapid Radiative Transfer Model (RRTM) longwave 

radiation scheme (Mlawer et al. 1997), the Noah land surface model (Noah LSM) 

(Chen and Dudhia 2001), the Yonsei University (YSU) planetary boundary layer 

scheme (Hong et al. 2006b), and the Purdue Lin cloud microphysics scheme 

(Chen and Sun 2002). 

 As an urban module, the Seoul National University Urban Canopy Model 

is adopted. The urban canopy model is a single-layer urban canopy model and 

represents an urban canopy as an urban canyon and two separate buildings. 

The model parameterizes many important physical processes that occur in an 

urban canopy: absorption and reflection of shortwave and longwave radiation, 

exchanges of turbulent energy and water between surfaces (roof, two facing 

walls, and road) and adjacent air, and conductive heat transfer in substrates. 

The SNUUCM is implemented in the WRF model by coupling it to the Noah 

LSM in a tile approach (hereafter, coupled WRF-SNUUCM model). In other 
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words, a built-up area in an urban area is represented by the SNUUCM, a 

natural area in an urban area is represented by the Noah LSM, and the output 

energy fluxes are then area-weighted for urban-averaged energy fluxes. 

Two-dimensional idealized experiments are conducted using the coupled 

WRF-SNUUCM model. The latitude is set to 30°N. The Coriolis force is excluded. 

The domain size is 200 km in the x-direction and 6 km in the z-direction with a 

Rayleigh damping layer of 2 km. The horizontal grid interval is 500 m. The 

vertical grid interval is 60.1 m for the lowest model layer and is then increased 

with height, with a total of 65 vertical layers. The periodic boundary condition is 

applied at lateral boundaries. The lapse rate of initial potential temperature is 5 

K km–1, and the initial potential temperature near the surface is 298.15 K. The 

initial relative humidity is constant (30%) from the surface to z = 4 km and then 

decreases linearly with height to z = 6 km (10%). The time step is 2 s. The model 

is integrated for 36 h starting from 0500 LST 20 June 2008 (the year has no 

meaning). The last 24 h simulation data are analyzed. The size of a city is 20 km, 

and its center is located at the center of the model domain. 

Values of urban surface parameters in the SNUUCM used in the control 

and sensitivity experiments are given in Table 3.1. Note that all albedos of the 

roof, walls, and road are set to be the same and that the albedo of the rural area 

is also the same (= 0.16). The land use/land cover (LULC) type of the rural area is 

a cropland/woodland mosaic, and the same LULC type is applied to the natural 

area of the urban area. The vegetation fraction of the natural areas (both the 

rural and urban areas) is set to 0.6, and the soil type is loamy sand. The initial 
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Table 3.1. Urban surface parameters used in the control and sensitivity 

experiments. 

Parameters Control 
experiment 

Sensitivity 
experiment 

Area fractions   

Built-up area 0.8 0.8 

Natural area 0.2 0.2 

Geometric parameters   

Mean building height (m) 15 15 

Canyon orientation (°) 180 180 

Canyon aspect ratio 1.0 0.5 (H/W×0.5) 
2.0 (H/W×2.0) 

Roof fraction 0.5 0.4 (RFR×0.8) 
0.6 (RFR×1.2) 

z0m/z0θ  for canyon air 102 102 

Roof, wall, and road properties   

Albedo 0.16 0.12 (ALB×0.75) 
0.20 (ALB×1.25) 

Emissivity 0.95 0.95 

Heat capacity 
(MJ m−3 K−1) 

1.4 1.12 (HCP×0.8) 
1.68 (HCP×1.2) 

Thermal conductivity 
(W m−1 K−1) 

0.8 0.64 (TCD×0.8) 
0.96 (TCD×1.2) 

z0m/z0θ (only for roof and road) 102 102 
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soil moisture content (volume of water per volume of soil) and soil temperature 

are set to 0.25 and 20°C, respectively. 

 

3.2  Causative factors 

Table 3.2 describes the causative factors of the UHI. Anthropogenic heat 

(F1) is additional heat released by human activities and likely increases air 

temperature near the surface. Many researchers have emphasized the 

important role of anthropogenic heat in the UHI intensity, indicating a 

temperature rise of 1–2°C in summertime and a rise of 2–3°C in wintertime 

(Ichinose et al. 1999; Kondo and Kikegawa 2003; Fan and Sailor 2005; Ohashi et 

al. 2007). 

The two factors originally suggested by Oke (1982), reduction in surface 

moisture availability and increase in thermal inertia of urban surface materials, 

are integrated into the impervious surfaces (F2) factor. The two factors arise 

from the fact that pervious or natural surfaces of small thermal inertia (e.g., 

grass, crops, trees, soil) are replaced by impervious or artificial surfaces of large 

thermal inertia (e.g., concrete, asphalt, bricks) in urban areas. The large thermal 

inertia of artificial surfaces and less natural surfaces in urban areas have been 

considered to be the most significant causes of the UHI (Velazquez-Lozada et al. 

2006). The large storage heat of impervious materials in the daytime and the 

positive sensible heat flux during several hours after sunset are responsible for 

the nighttime UHI, as mentioned by Kusaka and Kimura (2004). 
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Table 3.2. Suggested causative factors of the UHI. The main factors are denoted 

by F1, F2, and F3, and the sub-factors by G1, G2, and G3. 

Causative factors Description 

Anthropogenic heat (F1) Additional heat released by human 
activities 

Impervious surfaces (F2) Reduction in surface moisture 
availability and increase in thermal 
inertia of urban surface materials 

Three-dimensional urban geometry (F3)  

Additional heat stored in 
vertical walls (G1) 

Additional surfaces in the vertical 
(walls) which are able to absorb 
and store heat 

Radiation trapping (G2) Increase in absorption of shortwave 
radiation and decrease in loss of 
longwave radiation within an 
urban canyon 

Wind speed reduction (G3) Wind speed reduction above and 
within an urban canopy layer due 
to the existence of buildings 
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The 3-D urban geometry (F3) is a distinctive characteristic of cities, 

resulting from the existence of buildings. Among the 3-D urban geometry sub-

factors (G1, G2, and G3 factors), the additional heat stored in vertical walls (G1) 

has received less attention than others. One can expect that the surface, which 

is able to absorb and store heat, increases with increasing building height. 

Kusaka and Kimura (2004) stated that this effect is roughly equivalent to the 

increase in heat capacity of surface materials. By conducting an experiment 

without vertical walls, Dupont and Mestayer (2006) stressed that the storage 

heat flux decreases in the daytime and that the sensible heat flux increases in 

the daytime and decreases in the nighttime as compared with the results of an 

experiment with vertical walls. Thus, the G1 factor can contribute positively to 

the nighttime UHI intensity. Unlike the G1 factor, the radiation trapping (G2) 

has been well documented in the literature (e.g., Terjung and Louie 1973; 

Arnfield 1982; Johnson et al. 1991; Mills 1997; Masson 2000; Kusaka et al. 2001; 

Martilli et al. 2002). The incoming shortwave radiation is absorbed more by the 

surfaces within an urban canyon due to the multiple reflection of shortwave 

radiation, thus decreasing effective canyon albedo. The small sky view factor 

due to vertical walls reduces outgoing longwave radiation from an urban 

canyon, thus reducing surface cooling within an urban canyon. The wind speed 

reduction (G3) occurs above and within an urban canopy layer. The mean wind 

speed over urban canopies is usually reduced because of the drag caused by 

buildings, and due to the weak wind, the warm air over urban areas tends to 

stagnate. Compared with wind speed in rural areas at the same height, wind 
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speed within urban canopies also can be reduced, thus reducing surface cooling 

due to the reduced turbulence within urban canopies (Oke 1987). Therefore, 

canyon air temperature can be higher than rural air temperature at the same 

height. 

 

3.3  Factor separation 

The factor separation method proposed by Stein and Alpert (1993) is used 

to examine the contributions of individual factors and their interactions. To 

accomplish this for the main factors, eight experiments are designed (Table 3.3). 

Table 3.4 summarizes the methods of calculating the contributions of the 

factors and their interactions and the mechanisms leading to the contributions 

from the experiments. For the sub-factors, Table 3.5 provides corresponding 

sub-experiments and Table 3.6 presents calculation methods and the 

mechanisms leading to the contributions. Note that the F2 factor is inherently 

included in the sub-experiments to avoid an unrealistic situation. In other 

words, the urban surface materials are set to impervious materials in the sub-

experiments. Therefore, a detailed examination of 3-D urban geometry effect 

includes the interaction between the F2 and F3 factors ( 23f̂ ). 

In this study, anthropogenic heat is directly added to the urban-averaged 

sensible heat flux. In the original SNUUCM, anthropogenic heat is added to the 

canyon air temperature equation. However, it is not possible to add 

anthropogenic heat to a flat surface with the original method (for example, f1 
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Table 3.3. Experiments designed for the factor separation analysis for the main 

factors. The “O” indicates that the factor is included, and the “X” indicates that 

the factor is excluded. 

Experiment Anthropogenic 
heat (F1) 

Impervious 
surfaces (F2) 

3-D urban 
geometry (F3) 

f0 X X X 

f1 O X X 

f2 X O X 

f3 X X O 

f12 O O X 

f13 O X O 

f23 X O O 

f123 O O O 
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Table 3.4. Contributions of the main factors and their interactions, calculation 

method, and the mechanisms leading to the contributions. 

Symbol Calculation method Mechanism 

0̂f  
f0 Nonurban 

1̂f  f1 – f0 Anthropogenic heat 

2̂f  f2 – f0 Impervious surfaces 

3̂f  
f3 – f0 3-D urban geometry 

12f̂  f12 – ( f1 + f2) + f0 Interaction between anthropogenic heat 
and impervious surfaces 

13f̂  
f13 – ( f1 + f3) + f0 Interaction between anthropogenic heat 

and 3-D urban geometry 

23f̂  
f23 – ( f2 + f3) + f0 Interaction between impervious surfaces 

and 3-D urban geometry 

123f̂  
f123 – ( f12 + f13 + f23) + ( f1 

+ f2 + f3) – f0 
Interaction between all main factors 
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Table 3.5. Same as in Table 3.3 but for the sub-factors.  

Experiment Additional heat 
stored in vertical 

walls (G1) 

Radiation 
trapping (G2) 

Wind speed 
reduction (G3) 

g0 (= f2) X X X 

g1 O X X 

g2 X O X 

g3 X X O 

g12 O O X 

g13 O X O 

g23 X O O 

g123 (= f23) O O O 
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Table 3.6. Same as in Table 3.4 but for the sub-factors. 

Symbol Calculation method Mechanism 

0ĝ  g0 No 3-D urban geometry 

1ĝ  g1 – g0 Additional heat stored in vertical walls 

2ĝ  g2 – g0 Radiation trapping 

3ĝ  g3 – g0 Wind speed reduction 

12ĝ  g12 – ( g1 + g2) + g0 Interaction between additional heat 
stored in vertical walls and radiation 
trapping 

13ĝ  g13 – ( g1 + g3) + g0 Interaction between additional heat 
stored in vertical walls and wind 
speed reduction 

23ĝ  g23 – ( g2 + g3) + g0 Interaction between radiation trapping 
and wind speed reduction 

123ĝ  g123 – ( g12 + g13 + g23) + 
( g1 + g2 + g3) – g0 

Interaction between all sub-factors 
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and f12 experiments). The two methods are tested and compared, and it is found 

that the difference in daily mean air temperature at 2 m is 0.17°C in the f123 

experiment. Then, the alternative method of adding anthropogenic heat to the 

urban-averaged sensible heat flux is adopted. The anthropogenic heat used in 

the control experiment is based on the summertime mean anthropogenic heat 

averaged over the Gyeong-In region of Korea that includes Seoul, as estimated 

in Lee et al. (2009). The minimum, maximum, and 24 h-average anthropogenic 

heat fluxes are 24 W m–2 at 0500 LST, 53 W m–2 at 1900 LST, and 41 W m–2, 

respectively. 

To examine impervious surfaces effect, the impervious materials of the 

buildings and the road are replaced by pervious materials in several 

experiments (f0, f1, f3, and f13 experiments). The LULC and soil types of the 

pervious surfaces are set equal to those of the rural area, i.e., 

cropland/woodland mosaic and loamy sand, respectively. The radiation 

processes such as absorption and reflection are treated using the SNUUCM, but 

sensible heat fluxes, latent heat fluxes, soil temperatures, and soil moistures for 

the pervious surfaces are calculated using the Noah LSM. 

When the 3-D urban geometry factor is included, both the buildings and 

the urban canyon are considered. However, when the factor is excluded, the 

surface is regarded as a flat surface and the roughness length in the urban area 

is set equal to that in the rural area (= 0.2 m). In the sub-experiments, G1 effect 

is examined by changing the thermal properties of the walls, i.e., the heat 

capacity and thermal conductivity. When the G1 factor is excluded, the values of 
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the heat capacity and thermal conductivity of the walls are set to be very small 

(to the values of air at room temperature). Therefore, in this case, there is very 

little storage heat in the walls. To examine radiation trapping (G2) effect, the 

Kusaka and Kimura’s (2004) approach is adopted. The walls are set as 

transparent to shortwave and longwave radiation, and the road receives the 

same shortwave and longwave radiation as the roof. The walls absorb, reflect, 

and emit no radiation. The wind speed reduction (G3) primarily results from the 

existence of buildings in urban areas. In mesoscale models, however, buildings 

are not explicitly resolved in both the horizontal and vertical directions. Instead, 

the building effect is represented by roughness length. It is expected that if the 

roughness length is large, high-rise buildings are present. Therefore, when the 

G3 factor is included, the roughness length in the urban area is set to be a large 

value (= 1.5 m). However, when the G3 factor is excluded, the roughness length 

in the urban area is set equal to that in the rural area (= 0.2 m). In addition, the 

canyon wind speed, which is generally smaller than the wind speed at the 

reference level (the lowest model level), is assumed to equal the wind speed at 

the reference level. Hence, the wind speed reduction within the urban canyon is 

also ignored. 

 

3.4  Results and discussion 

3.4.1 Daytime urban heat island 

Air temperatures at 2 m are averaged over the urban area and over the 
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rural area for each experiment, and daytime and nighttime average UHI 

intensities are calculated. Here, daytime and nighttime averages are defined as 

the value averaged over the period from 1200 LST to 1700 LST and 0000 LST to 

0500 LST, respectively. Figures 3.1 and 3.2 show the contributions of the factors 

and their interactions to the daytime and nighttime UHI intensities, 

respectively. The sum of all contributions is 2.15°C in the daytime and 9.06°C in 

the nighttime. These values are identical to the daytime and nighttime UHI 

intensities (i.e., f123 experiment – f0 experiment). The daytime and nighttime 

UHI intensities are strong but are within the range observed in real cities [for 

example, by Kim and Baik (2002) and Giridharan et al. (2007) for the daytime 

UHI intensity and Klysik and Fortuniak (1999) and Fung et al. (2009) for the 

nighttime UHI intensity]. In the f0 experiment, the daytime average 

temperature is 31.9°C and the nighttime average temperature is 18.4°C. In the 

daytime, the impervious surfaces contribute most to the UHI intensity 

(2.10°C/2.15°C×100% = 98%). The anthropogenic heat contributes positively to 

the daytime UHI intensity (36%), but the 3-D urban geometry contributes 

negatively to the daytime UHI intensity (–24%). The contribution of the 

interaction between the F1 and F2 factors is negative (–14%). This implies that the 

anthropogenic heat emitted to the atmosphere is partly converted into the 

storage heat of the impervious materials. The contribution of the interaction 

between the F1 and F3 factors is 7%. The contribution of the interaction between 

the F2 and F3 factors is negligible (1%). The contribution of the interaction 
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between all three main factors, 123f̂ , is negative and small (–4%). 

Figures 3.1 and 3.2 also present the contributions of the sub-factors. The 

additional heat stored in vertical walls contributes negatively ( 1ĝ = –0.83°C) as 

expected. Due to the increased surface areas, a considerable amount of heat is 

additionally stored in the walls in the daytime, thus giving the negative 

contribution. In the daytime, shortwave radiation is absorbed more in the g2 

experiment than in the g0 experiment because of the radiation trapping. The 

urban-averaged albedo is 0.12 in the g2 experiment and 0.16 in the g0 experiment. 

Therefore, 2ĝ  is positive in the daytime (0.14°C). In the daytime, the G3 factor 

decreases air temperature near the surface in the urban area ( 3ĝ = –0.77°C). The 

contributions of the G3 factor to the daytime mean wind speed at 10 m and 

sensible heat flux are –1.7 m s–1 and –81.8 W m–2, respectively. Note that a 

relatively strong UBC (or UHI-induced circulation) is generated in the daytime. 

Because the wind speed is reduced, the sensible heat flux from the urban area 

also decreases. This is consistent with the result of Atkinson (2003) who 

examined the effect of roughness length on the UHI intensity. Therefore, the air 

temperature near the surface (not the surface temperature) can decrease. The 

surface temperature and storage heat flux actually increase in the daytime 

when the G3 factor is included. The sub-factors interact considerably with each 

other. All of the interactions between two factors ( 12ĝ , 13ĝ , and 23ĝ ) contribute 

positively to the daytime UHI intensity. The contribution of the interaction 

between all three factors ( 123ĝ ) is negative. 
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Figure 3.1. Contributions of the factors and their interactions to the daytime 

UHI intensity. The units of the numbers in the parentheses are °C. 
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3.4.2 Nighttime urban heat island 

In the nighttime, the largest contribution to the UHI intensity comes 

from the anthropogenic heat (86%). As demonstrated in previous studies 

(Ichinose et al. 1999; Fan and Sailor 2005), the contribution of the 

anthropogenic heat is much larger in the nighttime than in the daytime. The 

second most important factor is the impervious surfaces factor, leading to a 

contribution of 47%. The 3-D urban geometry contributes positively to the 

nighttime UHI intensity (28%). Unlike the F1 and F2 factors, the F3 factor 

displays contrasting effects on the daytime and nighttime UHI intensities. That 

is, the 3-D urban geometry factor decreases the UHI intensity in the daytime 

but increases it in the nighttime. The contribution of the interaction between 

the anthropogenic heat and impervious surfaces factors ( 12f̂ ) is negative and 

large, which is almost half of 1̂f  in magnitude. The interaction between the F1 

and F3 factors ( 13f̂ ) is also negative and large. The anthropogenic heat itself has 

a strong impact on the UHI intensity, especially in the nighttime. However, only 

a part of the anthropogenic heat is used to heat the atmosphere when the F1 

factor is accompanied by other factors because it interacts strongly with other 

factors, giving the negative contributions. Hence, the difference in the 

nighttime average temperature between the f123 and f23 experiments that 

correspond to the experiments with and without the anthropogenic heat, 

respectively, and that include the other factors is only 1.07°C. This difference is 

consistent with the results of previous studies (Ichinose et al. 1999; Fan and 
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Figure 3.2. Same as for Fig. 3.1 but for the nighttime UHI intensity. 

 

 

 

 

 

 

 

 



83 
 

Sailor 2005) that indicate a ~1°C contribution of anthropogenic heat to the 

summer nighttime UHI intensity when comparing experiments with and 

without anthropogenic heat. Whereas the interactions between the 

anthropogenic heat and other factors ( 12f̂  and 13f̂ ) contribute negatively to 

the nighttime UHI intensity, the interaction between the F2 and F3 factors ( 23f̂ ) 

contributes positively by 12%. The contribution of the interaction between all 

three factors is –4%. 

The 3-D urban geometry contributes considerably to the nighttime UHI 

intensity ( 3̂f = 2.57°C). Among the three sub-factors, the G1 factor plays the most 

important role in the nighttime UHI intensity ( 1ĝ = 3.28°C). This means that in 

the nighttime a large amount of heat is released from the vertical walls. Based 

on the G1 effect, increased warming due to the walls will likely occur with 

increasing building height, thus deteriorating a nighttime thermal 

environment in urban areas. The radiation trapping contributes positively ( 2ĝ = 

1.32°C). It was first expected that longwave radiation trapping dominates this 

positive contribution, but the net longwave radiation decreases by –7.1 W m–2 in 

the g2 experiment (g2 experiment – g0 experiment). This is due to the increase in 

the surface temperatures within the urban canyon resulting from the enhanced 

absorption of shortwave radiation in the daytime. Thus, although longwave 

radiation trapping occurs within the urban canyon, the net longwave radiation 

decreases in the g2 experiment. In the g3 experiment, due to the large storage 

heat in the daytime, the surface temperatures still remain high enough to yield 
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weak but positive sensible heat fluxes from the urban canyon and from the roof 

( 3ĝ = 2.74°C). In the nighttime, the contributions of the interactions between 

the sub-factors are as large as in the daytime. Therefore, it is concluded that not 

only the sub-factors themselves but also the complex interactions between the 

sub-factors contribute significantly to the 3-D urban geometry effect. 

 

3.4.3 Sensitivity experiments 

In this subsection, we examine the sensitivities of the relative 

contributions of the factors and their interactions to anthropogenic heat 

intensity and values of various urban surface parameters. Figures 3.3 and 3.4 

show the relative contributions of the factors and their interactions to the 

daytime and nighttime UHI intensities, respectively. The relative contribution 

is calculated by dividing each contribution by the sum of all contributions  for 

each experiment. 

In the half-anthropogenic heat experiment (denoted by AH×0.5), the 

daytime and nighttime UHI intensities are reduced by 0.24°C and 0.46°C, 

respectively, compared with those in the control experiment. The contribution 

of the anthropogenic heat factor ( 1̂f ) to the daytime (nighttime) UHI intensity 

decreases to 21% (74%) from 36% (86%) of the control experiment. The other 

contributions are also altered. For example, the contribution of the impervious 

surfaces factor ( 2̂f ) to the daytime (nighttime) UHI intensity increases to 110% 

(50%). However, in the double-anthropogenic heat experiment (denoted by 
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AH×2.0), 1̂f  increases to 52% in the daytime and to 87% in the nighttime and 

2̂f  decreases to 82% in the daytime and to 43% in the nighttime. These results 

indicate that the relative contribution of the anthropogenic heat factor to the 

UHI intensity fairly depends on the anthropogenic heat intensity. 

The roof fraction is the ratio of the building (roof) area to the built-up 

area in the urban area. So, the urban-averaged energy fluxes reflect the effects 

of the buildings (urban canyon) more as the roof fraction increases (decreases). 

Because most of the physical processes associated with the 3-D urban geometry 

factor occur within the urban canyon, the relative contributions of the 3-D 

urban geometry factor to the daytime and nighttime UHI intensities increase as 

the urban canyon fraction increases (or the roof fraction decreases). As a result, 

3̂f  increases in magnitude by 9% (8%) in the daytime (nighttime) when the roof 

fraction decreases to 0.4 (RFR×0.8) from 0.6 (RFR×1.2). It is interesting that the 

daytime UHI intensity decreases but the nighttime UHI intensity increases as 

the urban canyon fraction increases. 

As the heat capacity increases, more heat can be stored in the urban 

fabrics. The differences in the daytime and nighttime 2̂f  are 3% and 9%, 

respectively, when the heat capacities of the surfaces increase to 1.68 MJ m−3 K−1 

(HCP×1.2) from 1.12 MJ m−3 K−1 (HCP×0.8). In addition, the relative contribution 

of the interaction between the anthropogenic heat and impervious surfaces 

factors ( 12f̂ ) differs by 9% in the nighttime between the HCP×0.8 and HCP×1.2 

experiments, which contributes negatively to the nighttime UHI intensity. The 
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nighttime UHI intensity varies insignificantly in these experiments. 

As in the sensitivity experiments on heat capacity, the thermal 

conductivity is positively correlated with the impervious surfaces effect. The 

difference in the nighttime 2̂f  between the TCD×0.8 and TCD×1.2 

experiments is 7%, whereas that in the daytime 2̂f  is small (2%). In the 

nighttime, the contributions related to the impervious surfaces factor ( 12f̂ , 23f̂ , 

and 123f̂ ) change considerably between the TCD×0.8 and TCD×1.2 experiments. 

The thermal conductivity influences the nighttime UHI intensity, indicating a 

decrease of 0.08°C in the TCD×0.8 experiment and an increase of 0.1°C in the 

TCD×1.2 experiment compared with that in the control experiment. 

The aspect ratio (H/W, height-to-width ratio of the urban canyon) reflects 

the relative weight of the vertical surface area in the 3-D urban geometry. So, 

one can expect that the contribution of the 3-D urban geometry factor increases 

as the aspect ratio increases. 3̂f  indicates increases of 11% and 4% in the 

daytime and nighttime, respectively, in magnitude between the H/W×0.5 and 

H/W×2.0 experiments. 1ĝ  points to a significant increase in the daytime. 

Interestingly, 2ĝ  is negative in the H/W×0.5 experiment, unlike in the other 

experiments. When the aspect ratio is small, the radiation trapping effect can 

be relatively small, but the shadow effect can play an important role in the 

radiation process. The nighttime UHI intensity increases with increasing aspect 

ratio. In addition, the sum of all contributions of the sub-factors and 

interactions increases as the aspect ratio increases. This implies that the 
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contribution of the 3-D urban geometry factor becomes more important as the 

aspect ratio increases. 

The surface albedo is an important parameter in a thermal environment 

in urban areas. Considering a special surface (e.g., white roof or wall) and 

assuming a very high surface albedo, the impact of surface albedo on UHI 

would be very large. However, in this study, a typical range of surface albedo 

(0.12–0.20) is considered. Under this range, the impact of surface albedo on the 

nighttime UHI intensity is small even though that on the daytime UHI intensity 

is considerable. 

In summary, the relative contributions of the factors and their 

interactions vary to some extent depending on the anthropogenic heat intensity 

and the values of the urban surface parameters. Nonetheless, the deviation of 

the relative contributions in the sensitivity experiments from those in the 

control experiment is around 10% in general. The relative importance and 

ranking order of the contributions of the factors and interactions are not so 

sensitive to the anthropogenic heat intensity and the values of the urban 

surface parameters. 
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Figure 3.3. Relative contributions of (a) the main factors and their interactions 
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to the daytime UHI intensity and (b) the sub-factors and their interactions to 

the daytime 233
ˆˆ ff + for the control experiment (CTRL) and various sensitivity 

experiments. In the sensitivity experiment, for example, AH×0.5 means the 

half-anthropogenic heat experiment and RFR×0.8 means the experiment with a 

roof fraction reduced by 20% from the value used in the control experiment. The 

description of the sensitivity experiments is given in the text and Table 3.1. Note 

that in the sensitivity experiments each parameter value varies while other 

parameter values remain the same as those in the control experiment. The 

numbers above the bars indicate the sum of all contributions, and the units of 

the numbers are °C.  
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Figure 3.4. Same as in Fig. 3.3 but for the nighttime UHI intensity. 
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4  Daytime urban breeze circulation and 
its interaction with convective cells 

4.1  Experimental design 

The Advanced Research Weather Research and Forecasting (WRF) model 

version 3.2 (Skamarock et al. 2008) is employed in this study. Physical 

parameterization options used are the Dudhia shortwave radiation scheme 

(Dudhia 1989), the Rapid Radiative Transfer Model (RRTM) longwave radiation 

scheme (Mlawer et al. 1997), the Noah land surface model (Chen and Dudhia 

2001), and the Purdue Lin cloud microphysics scheme (Chen and Sun 2002). In 

this study, a high-resolution numerical simulation is performed with a 

horizontal grid interval of 250 m. Thus, a planetary boundary layer 

parameterization is not applied. Instead, the prognostic turbulent kinetic 

energy equation for 1.5-order turbulence closure is adopted to calculate 

horizontal and vertical diffusion coefficients (eddy viscosities). To damp out 

poorly resolved kinematical features with wavelengths of 2–4 times the grid 

interval, the sixth-order spatial filter (Knievel et al. 2007) is used. As an urban 

module, the single-layer urban canyon model (Seoul National University Urban 

Canopy Model, SNUUCM) recently developed by Ryu et al. (2011) is used. The 

SNUUCM is coupled with the Noah land surface model in a tile approach in the 

WRF model. 

 An idealized two-dimensional simulation is performed using the coupled 
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WRF-SNUUCM model under a fair-weather condition. No initial background 

wind is considered in the simulation. The latitude is set to 30°N. The Coriolis 

force is excluded. The horizontal domain size is 200 km. The vertical domain 

size is 6 km, including a 2 km Rayleigh damping layer. There are 65 vertical 

layers, and the vertical grid interval is stretched with height, starting from 60 m 

above the surface. The periodic boundary condition is applied at the lateral 

boundaries. The lapse rate of the initial potential temperature is 5 K km–1, and 

the initial potential temperature near the surface is 298 K. A relatively dry 

condition is considered: the initial relative humidity is constant (30%) from the 

surface to z = 4 km and then decreases linearly with increasing height to z = 6 

km (10%). The simulation starts at 0000 LST 20 June 2008 (the year has no 

meaning) and is performed for 24 h with a time step of 2 s. 

A city with a size of 20 km is considered, and its center is located at the 

center of the model domain. The city is surrounded by a rural area with a 

cropland/woodland mosaic. The vegetation fraction of the rural area is 0.6, and 

the soil type is loamy sand. The initial soil moisture content (volume of water 

per volume of soil) and soil temperature are set to 0.25 and 20°C, respectively. In 

the urban area, the area fraction of a built-up area is set to 0.8 and the 

remaining area is set to natural area. The land use/land cover and soil type of 

the natural area in the urban area are set to the same as those of the rural area. 

The roof fraction in the built-up area is 0.5. The mean building height is 15 m, 

and the canyon aspect ratio (height-to-width ratio of the canyon) is 1. All 

albedos and emissivities of the roof, walls, and road are set to 0.2 and 0.95, 
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respectively. Weak anthropogenic heat is included and its temporal profile is 

adopted from the profile of the summertime anthropogenic heat estimated in 

Lee et al. (2009): the maximum, minimum, and 24-h average anthropogenic 

heat fluxes are 21 W m–2 at 1900 LST, 10 W m–2 at 0500 LST, and 16 W m–2, 

respectively. 

 

4.2  Results and discussion 

4.2.1 Surface energy balance and overall CBL structure 

Figure 4.1 shows the diurnal variation of each component of the urban 

and rural SEBs that are averaged over the regions from x = 90 to 110 km and 

from x = 130 to 150 km, respectively. In the daytime, the net radiation in the 

urban area is similar to that in the rural area (Fig. 4.1a). Due to the shortwave 

radiation trapping effect, more shortwave radiation is absorbed in the urban 

area. However, the amount of emitted longwave radiation is larger in the urban 

area because of the higher surface temperature in the urban area than in the 

rural area, especially in the late afternoon. These yield a small difference in the 

net radiation between the two areas. A similar result was found in the St. Louis 

metropolitan area and surrounding rural area under a clear sky condition in 

summertime, exhibiting a lower loss of reflected radiation and a greater loss of 

emitted radiation in the urban area (White et al. 1978). 
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Figure 4.1. Diurnal variation of each component of the surface energy balance 

averaged over the urban and rural areas. (a) Net radiation, (b) sensible heat flux, 

(c) latent heat flux, and (d) storage heat flux. The urban-area average is taken 

from x = 90 to 110 km, and the rural-area average is taken from x = 130 to 150 km. 
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The difference in the surface features that are primarily characterized by 

impervious and pervious surfaces in urban and rural areas, respectively, is 

largely responsible for the difference in the SEB and consequently the UHI in 

the daytime. The differences in sensible heat, latent heat, and storage heat 

fluxes are prominent in the daytime (Figs. 4.1b–d). In the early morning, due to 

a significant conversion of the available net radiation into the storage heat flux 

(Fig. 4.1d), the sensible heat flux in the urban area is slightly smaller than that in 

the rural area. Unlike the urban area, in the rural area, a significant proportion 

of the available net radiation is converted into the latent heat flux, thus leading 

to the large difference in latent heat flux between the two areas. In the 

afternoon, however, the sensible heat flux in the urban area is larger than that 

in the rural area. The energy fluxes simulated in this study show the well-known 

characteristics of urban and rural SEBs observed in many cities and their 

surrounding areas (e.g., Piringer et al. 2007; Hidalgo et al. 2008a). 

Due to the larger sensible heat flux in the urban area from late morning, 

the air temperature in the CBL is higher in the urban area than in the rural area 

(Fig. 4.2a). The temperature excess in the urban area and differential CBL 

height between the two areas are small in the morning but increase as the 

differential sensible heat flux increases with time. At z = 30 m, the temperature 

excess is 0.4 K at 0950 LST and 0.9 K at 1300 LST. The maximum temperature 

excess in the daytime at z = 30 m appears at 1600 LST with a value of 1.7 K, and 

the differential CBL height is 520 m at 1600 LST. Because of the small latent 

heat flux, the water vapor mixing ratio is low in the urban area (Fig. 4.2b). At z = 
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30 m, the water vapor deficit is 1.51 g kg–1 at 0950 LST, 1.21 g kg–1 at 1300 LST, 

and 1.17 g kg–1 at 1600 LST. The temperature excesses and water vapor deficits in 

the afternoon are similar to those observed in previous studies (Dirks 1974; 

Hidalgo et al. 2008a). Interestingly, the water vapor deficit decreases with time. 

This is due to water vapor transport by the UBC in the afternoon, which is 

discussed further in the following subsections. 

 

4.2.2 Urban breeze morphology 

At 0922 LST, the onset of the UBC is detected by weak inward (outward) 

flow toward the urban area (the surroundings) in the lower (upper) CBL and by 

updrafts that correspond to the urban-breeze fronts near the urban-rural 

boundaries (not shown). Here, the urban-breeze front is defined as the leading 

edge of the UBC where the maximum vertical velocity appears (see Fig. 4.3). The 

small and weak circulation at 0922 LST results from the horizontal temperature 

gradient between the urban and rural areas. As the temperature excess 

increases with time (Fig. 4.2a), the UBC becomes larger and stronger and the 

two fronts that originate from the urban-rural boundaries move toward the 

urban center. 

Figure 4.3 shows an x-t diagram of vertical velocity at the 7th lowest model 

level (z = 400 m) and the time series of the maximum vertical velocities and 

maximum water vapor mixing ratios following the urban-breeze front 

(hereafter, simply front) and following the two selected cell updrafts (named c1 
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Figure 4.2. Vertical profiles of (a) potential temperature and (b) water vapor 

mixing ratio averaged over the urban area (thin black lines) and rural area 

(thick gray lines) at 0950 (dotted lines), 1300 (dashed lines), and 1600 LST (solid 

lines). The average is taken over the same urban and rural regions as in Fig. 4.1. 
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Figure 4.3. Temporal and spatial change of vertical velocity at the 7th lowest 

model level (z = 400 m) is shown on the left. Only half of the urban area (the gray 

box) is illustrated. The white dots represent the locations of the front, and the 

black dots represent the locations of the two selected cell updrafts (c1 and c2). 

The zero contour is not plotted, and negative levels are represented by dotted 

lines. The maximum vertical velocities following the front (white dots in the left 

Figure) and following the c1 and c2 (black dots in the left Figure) are shown in 

the middle. The maximum water vapor mixing ratios following the front and 

following the c1 and c2 are shown on the right. 
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and c2). In Fig. 4.3, it is shown that a number of convective cells consisting of 

updrafts and downdrafts form in the rural and urban areas. The cell updrafts in 

the rural area as well as in the urban area merge with each other around 1400 

LST and are then intensified. Accordingly, the cell wavelength between the cell 

updrafts increases. 

Figure 4.4 shows the fields of horizontal and vertical velocities, potential 

temperature, and water vapor mixing ratio in the developing stage of the UBC 

at 1600 LST. A larger and stronger UBC is apparent with two strong fronts at x = 

95.75 km and 105.5 km (Figs. 4.4a,b). The horizontal extent of the UBC is ~12 km 

on each side. At this time, a plume of warm air forms over the urban area and 

the temperature excess is prominent (Fig. 4.4c) in accordance with the large 

sensible heat flux in the urban area. A number of cell updrafts and downdrafts 

are also represented in Fig. 4.4b. Interestingly, some cell updrafts within the 

UBC (e.g., the cell updraft at x = 84.75 km) have smaller vertical extent and 

weaker intensity than others outside the UBC. This is because they lose their 

characteristics to some extent under the influence of the UBC. 

As an example, the cell updraft located at x = 85.75 km at 0940 LST (named 

c1) is traced and its maximum vertical velocity and maximum water vapor 

mixing ratio are plotted (Fig. 4.3). Before the c1 is affected by the UBC (before 

1350 LST), its maximum vertical velocity increases and then remains little 

changed. However, the vertical velocity decreases after the UBC extends to the 

point where the c1 is located and then remains at a low value until 1540 LST. A 

similar feature is also seen in other cell updrafts when they are under influence 
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of the UBC. The decrease in vertical velocity in the cell updrafts under the 

influence of the UBC is similar to that in horizontal convective rolls in the case 

of a dryline, which is attributed to the descending motion of the circulation. 

According to Xue et al. (2006), due to suppression by a broad branch of 

descending motion that is part of the developing mesoscale dryline circulation, 

horizontal convective rolls often cease to exist or significantly weaken east of 

the dryline convergence boundary. In addition, the upper part of the UBC 

becomes slightly stable due to the advection of warm air from the city by the 

outward flow of the UBC (Figs. 4.4c and 4.5c). Thus, the cell updrafts weaken 

when they are under the influence of the UBC. However, the c1 is found to be 

intensified when it is close to the front (Fig. 4.3). Further examination on the 

cells modified by the UBC is given in subsection e. The c1 is advected by the UBC. 

The moving speed of the c1 is 1.6 m s–1, and the horizontal wind speed of the 

UBC averaged over the depth of the inward flow is 1.9 m s–1. The c2, an example 

of the cell updrafts that originate from the urban area, exhibits a little bit 

different behavior. The c2 is characterized by stronger vertical velocity and 

lower water vapor mixing ratio than the c1. The characteristics of the convective 

cells are discussed in more detail in subsection d. 

As the cell updrafts that originate from both the rural and urban areas 

interact with the front, the front intensity significantly increases. For example, 

the c1 and c2 largely contribute to the increase in vertical velocity at the front at 

1610 and 1510 LST, respectively (Fig. 4.3). After merging with the c1 at 1610 LST, 

the maximum vertical velocity at the front increases by 3.2 m s–1 between 1600 
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and 1610 LST (see Fig. 4.9 for more detail). The interaction between the front 

and convective cells that form in the urban area is similar to that in the case of a 

sea breeze (e.g., Ogawa et al. 2003). The sea-breeze front interacts with 

prefrontal convective cells that form over land ahead of the front and that are 

little influenced by the sea breeze. In the urban environment, however, the UBC 

(and, of course, urban-breeze front) also interacts with other types of cells that 

are modified by the UBC itself. 

In Fig. 4.4d, it is seen that following the inward flow in the lower CBL a 

considerable amount of water vapor is brought to the urban area from the rural 

area with the apparent contrast of water vapor mixing ratio near the fronts. In 

particular, the relatively large increases in the maximum water vapor mixing 

ratio at the front are highly related to the merging with the cell updrafts that 

originate from the rural area, e.g., the increases at 1130, 1310, 1520, 1610, and 

1630 LST (Fig. 4.3). For example, the maximum water vapor mixing ratio at the 

front increases by 0.53 g kg–1 between 1300 and 1310 LST by merging with the 

cell updraft that is located at x = 87.5 km at 0940 LST. The increase in the 

maximum water vapor mixing ratio at the front cannot be explained only by the 

water vapor transport by the inward flow of the UBC because the transport 

continues after the UBC develops. However, the maximum water vapor mixing 

ratio at the front decreases when the front merges with the cell updrafts that 

originate from the urban area, e.g., at 1340, 1430, and 1500 LST. This is due to the 

characteristic of drier urban cells. The characteristics of the convective cells and 

the interaction between the front and the convective cells are further examined 
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in subsections d and e, respectively. 

At 1730 LST, the two fronts finally merge with each other at the urban 

center. This leads to a strong vertical velocity at the urban center with 6.9 m s–1 

(Fig. 4.3). In addition, the maximum water vapor mixing ratio increases to 7.27 g 

kg–1 at 1730 LST. Figure 4.5 shows the fields of horizontal and vertical velocities, 

potential temperature, and water vapor mixing ratio at 1730 LST. The horizontal 

extent of the UBC is ~60 km (~3 times the size of the city), and this is similar to 

that documented by Hidalgo et al. (2008a). The average intensity of the inward 

flow of the UBC is 3.4 m s–1. It is clearly seen that in the upper part of the CBL 

the warm air is advected from the city to the surroundings by the outward flow 

of the UBC. The increase in water vapor mixing ratio over the urban area is 

more clearly seen as compared with that at 1600 LST, resulting from the water 

vapor transport by the UBC. After the merging of the two fronts, the vertical 

velocity at the urban center decreases with time (Fig. 4.3). The convective cells 

become very weak around sunset (1856 LST) because of an absence of surface 

heating, and they finally disappear in the nighttime. Unlike convective cells, 

however, the UBC still exists even in the nighttime but its intensity and size are 

much reduced under the stable condition (not shown). 
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Figure 4.4. Fields of (a) horizontal velocity, (b) vertical velocity, (c) potential 

temperature, and (d) water vapor mixing ratio at 1600 LST. The gray box on the 

x-axis represents the urban area. 
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Figure 4.5. Same as in Fig. 4.4 but for 1730 LST. 
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4.2.3 Vorticity dynamics of the UBC 

To examine the vorticity dynamics of the UBC, a vorticity budget analysis 

is performed. The y-vorticity equation (Buban et al. 2007) is given in Eq. (3.1). 

Note that the Coriolis and turbulence terms are not considered in this budget 

analysis. 
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where η is the y-component of vorticity, u and w are the components of the 

wind velocity in the x- and z-directions, respectively, cp is the specific heat 

capacity at constant pressure, θv0 is the base-state virtual potential temperature, 

π´ is the perturbation Exner function, g is the acceleration of gravity, and vθ ′  is 

the perturbation virtual potential temperature. The right-hand side terms (from 

left to right) are the stretching, perturbation pressure solenoid, and thermal 

solenoid forcing terms. 

The thermal solenoid, stretching, and total advection (horizontal and 

vertical advection) terms at 1620 LST are depicted in Fig. 4.6. The pressure 

solenoid forcing is much weaker than the others by two orders of magnitude, so 

it is not shown here. The thermal solenoid forcing is strong behind the front, 

resulting from the strong virtual potential temperature gradient across the 

front. The sign of the vorticity of the UBC is negative (i.e., counterclockwise 
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Figure 4.6. Wind fields and the forcing terms of the y-vorticity equation at 1620 

LST, (a) thermal solenoid, (b) stretching, and (c) total (horizontal and vertical) 

advection. The region of negative vorticity is shaded. The contour levels are –

6×10–5, –4×10–5, –2×10–5, 2×10–5, 4×10–5, and 6×10–5 s–2 for (a) and (c) and –3×10–5, –

2×10–5, –1×10–5, 1×10–5, 2×10–5, and 3×10–5 s–2 for (b). The zero contour is not 

plotted. 
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rotation), so the negative thermal solenoid forcing acts to enhance the 

circulation. The negative thermal solenoid forcing continuously contributes to 

the vorticity of the UBC behind the front from the initial stage of the UBC (not 

shown). The persistent thermal solenoid forcing is primarily responsible for the 

generation of the UBC as analogous to other thermally-induced circulations 

such as sea breeze circulations (e.g., Anthes 1978) and dryline circulations (e.g., 

Ziegler et al. 1995; Buban et al. 2007; Wakimoto and Murphey 2010). The 

stretching forcing has a smaller impact on the UBC than the thermal solenoid 

forcing by a factor of 4 (Fig. 4.6b). In Fig. 4.6c, it is clearly seen that the vorticity 

that results from the cell updrafts and downdrafts in the rural area is advected 

by the UBC, showing alternating signs. Thus, the cells that originate from the 

rural area have effects on the vorticity budget locally where the cells are located 

depending on the sign of the advection term. In summary, it is concluded that 

the thermal solenoid forcing is the dominant forcing generating the vorticity of 

the UBC. In addition, the convective cells advected from the rural area locally 

contribute to the vorticity of the UBC. 

 

4.2.4 Characteristics of convective cells 

There are a large number of studies that have investigated horizontal 

convective rolls or cellular cells (e.g., LeMone 1973; Atkinson and Zhang 1996; 

Weckwerth et al. 1997, 1999; Bennett et al. 2010). Weckwerth et al. (1999) stressed 

that well-defined horizontal convective rolls only occur while the ratio –zi/L is 
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less than ~25, where zi is the CBL height and L is the Monin-Obukhov length, 

and that cellular cells are the dominant convection as –zi/L increases. The values 

of –zi/L in the rural and urban areas where the UBC has no influence on the 

convective cells are large (> 80). At this moment, however, it is hard to state 

conclusively that the convective cells described in this study are cellular cells or 

horizontal convective rolls because of the two-dimensional experiment 

conducted in this study. 

Figure 4.7 shows the fields of vertical velocity, potential temperature 

anomaly, and water vapor mixing ratio anomaly in the region from x = 10 to 30 

km (rural area) at 1430 LST. The anomaly is calculated at each level by 

subtracting the area-averaged value from the total value. As demonstrated in 

many previous studies (e.g., Bennett et al. 2010), the cell updrafts are stronger 

and narrower than the cell downdrafts (Fig. 4.7a). The average cell wavelength 

between the cell updrafts is 3.3 km, and the average aspect ratio (ratio of cell 

wavelength to cell height) is 2.2. The simulated cell wavelength is similar to 

observed one over land: ~3 km (Weckwerth et al. 1999) and 2–4 km (Bennett et al. 

2010). Warmer air than the environment appears in the lower part of the cell 

updrafts, and cooler air appears in their upper part (Fig. 4.7b). The similar 

features have been observed for thermals (e.g., Lenschow and Stephens 1980; 

Miao et al. 2006). The water vapor mixing ratio anomaly well reflects the 

features of the cell updrafts/downdrafts and shows consistent positive values in 

the cell updrafts (Fig. 4.7c). The high water vapor mixing ratio in the updraft 

regions is due to the upward transport of moist surface air (Brummer 1985; 
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Atkins et al. 1995). The entrainment of drier air from the free atmosphere into 

the downdraft regions is responsible for the large positive water vapor mixing 

ratio anomaly in the upper part of the cell updrafts. As demonstrated by Miao et 

al. (2006), the positive potential temperature anomaly in the cell updrafts 

mainly contributes to the buoyancy force (linearly proportional to vθ ′ ) at low 

levels and the positive water vapor mixing ratio anomaly contributes to the 

buoyancy force at high levels in the rural CBL. 

Figure 4.8 shows the fields of vertical velocity, potential temperature 

anomaly, and water vapor mixing ratio anomaly in the urban area at 1430 LST. 

The urban breeze fronts are located at x = 93 and 107 km, and these are clearly 

seen in the potential temperature and water vapor mixing ratio anomaly fields 

(Figs. 4.8b,c). Here, only the region between the fronts is analyzed and the area-

average values over this region are used for calculating the potential 

temperature and water vapor mixing ratio anomalies. The characteristics of the 

convective cells in the urban area are considerably different from those in the 

rural area. The cell height (CBL height) in the urban area is, on average, 250 m 

higher than that in the rural area. The average aspect ratio in the urban area 

(1.4) is smaller than that in the rural area, and the deeper CBL partly contributes 

to this. The vertical velocity in the cell updrafts is stronger in the urban area 

than in the rural area (Figs. 4.7a and 4.8a). The positive potential temperature 

anomaly in the cell updrafts is larger and even extended to a higher level as 

compared with that in the rural area (Figs. 4.7b and 4.8b). The positive water  
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Figure 4.7. Fields of (a) vertical velocity, (b) potential temperature anomaly, and 

(c) water vapor mixing ratio anomaly in the region from x = 10 to 30 km (rural 

area) at 1430 LST. The zero contour is not plotted. Only positive values are 

shaded, and negative values are represented by dotted lines with the values 

given on the label bars. 
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Figure 4.8. Same as in Fig. 4.7 but for the urban area from x = 90 to 110 km. 
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vapor mixing ratio anomaly in the cell updrafts near the surface in the urban 

area is not as evident as that in the rural area because of the small water vapor 

supply from the urban surface (i.e., the small latent heat flux). The large water 

vapor mixing ratio amonaly in the upper part of the cell updrafts, however, is 

prominent in the urban area, resulting from the entrainment of drier air from 

the free atmosphere into the downdraft regions. These results imply that the 

temperature plays more important role in the buoyancy force in the urban CBL 

than in the rural CBL, at least at the low levels in the CBL. The different 

characteristics of the convective cells in the two areas result from the difference 

in the surface characteristics and consequently the SEB. 

 

4.2.5 Interaction between the UBC and convective cells 

To examine the interaction between the front and the convective cells and 

the impact of the interaction on water vapor mixing ratio in further detail, an 

example of the c1 is given in Fig. 4.9. The locations of the front and the c1 are 

represented by the thick and the thin arrows, respectively. The c1 that is located 

at x = 90 km at 1530 LST merges with a compensating updraft that forms in the 

vicinity of the downdraft to the left of the front at 1544 LST as the c1 is advected 

by the UBC, and then the c1 is intensified (Fig. 4.9c). As the c1 moves toward the 

front, the c1 encounters the downdraft to the left of the front and then the c1 

weakens (Fig. 4.9d). The c1 encounters the front at 1602 LST, and finally the 

front is intensified due to the merging (Fig. 4.9e) as seen in Fig. 4.3. It is clearly 
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seen that the water vapor distribution within the UBC is highly associated with 

the convective cells. Initially, the water vapor is concentrated mainly in the cell 

updrafts in the rural area as seen in Fig. 4.7, but the water vapor in the cell 

updrafts is dispersed behind the cell updrafts as they are advected by the UBC. 

Consequently, the cell updrafts act to moisten the atmosphere behind the cell 

updrafts. The water vapor mixing ratio in the cell updrafts is still high near the 

surface as long as they are located outside the city. The maximum water vapor 

mixing ratio in the cell updrafts can therefore remain high as seen in Fig. 4.3, 

even though the water vapor mixing ratio decreases in the upper part of the cell 

updrafts. During the merging stage, the water vapor is transported upward 

within the front (Fig. 4.9e), so the water vapor mixing ratio at the front 

increases as seen in Fig. 4.3. Therefore, the cell updrafts that originate from the 

rural area act to intensify and moisten the front as they interact with the front. 

The merging of the front with the convective cells that form in the urban 

area is also examined. An example of the c2 whose location is represented by the 

thin-dotted arrow is illustrated in Fig. 4.10. Before the c2 interacts with the 

front, the c2 merges with the downdraft to the right of the front and hence the 

c2 weakens (Fig. 4.10b). The front encounters the c2 at 1454 LST, and they finally 

merge with each other at 1510 LST. As a result of the interaction, the front 

intensity increases by 1.0 m s–1 between 1450 and 1510 LST. Unlike the merging 

with the rural cells, the water vapor mixing ratio at the front decreases when the 

front merges with the cell updrafts that originate from the urban area because 

the urban cell updrafts are drier than the rural ones as demonstrated in 
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subsection d (Fig. 4.8). The increase in front height is larger when the front 

merges with the c2 (by ~200 m from 1450 to 1510 LST) than when it merges with 

the c1 (by ~100 m from 1550 to 1610 LST). 
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Figure 4.9. Fields of wind, water vapor mixing ratio (shading), and vertical 

velocity (contours) at (a) 1530, (b) 1544, (c) 1550, (d) 1600, and (e) 1610 LST. The 

contour levels are –4, –2, –1, 1, 2, and 4 m s–1. The negative levels are represented 

by dotted lines. The thick arrows below the x-axis indicate the locations of the 

front, and the thin arrows the locations of the c1. 
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Figure 4.10. Fields of wind, water vapor mixing ratio (shading), and vertical 

velocity (contours) at (a) 1440, (b) 1450, (c) 1454, (d) 1500, and (e) 1510 LST. The 

contour levels are –4, –2, –1, 1, 2, and 4 m s–1. The negative levels are represented 

by dotted lines. The thick arrows below the x-axis indicate the locations of the 

front, the thin arrows the locations of the c1, and the thin-dotted arrows the 

locations of the c2. 
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5  Daytime local circulations and their 
interactions in the Seoul metropolitan 
area 

5.1  Experimental design 

In the WRF-SNUUCM simulation, two canyon orientations perpendicular 

to each other (north-south and east-west orientations) are considered as 

representative canyon orientations in the Seoul metropolitan area. The energy 

fluxes from the two canyons are then averaged. Table 5.1 lists the values of 

urban surface parameters used in this study. Five computational domains with 

two-way interactions are considered (Fig. 5.1a). The horizontal grid spacings are 

27, 9, 3, 1, and 0.333 km. The total number of vertical layers below a model top of 

20 hPa is 43, and there are 16 vertical layers below 2 km. The vertical grid 

spacing is stretched with height, starting from ~35 m above the surface. To 

damp out poorly resolved kinematical features with wavelengths of 2–4 times 

the horizontal grid spacing, the sixth-order spatial filter developed by Knievel et 

al. (2007) is used. The model is integrated for 72 h, starting from 0000 UTC (= 

0830 LST) 22 June 2010. The time step for the outermost domain is 60 s, and the 

time steps for the inner domains are reduced by 1/3 of the time step for their 

outer domains. As the initial and boundary conditions, the National Centers for 

Environmental Prediction (NCEP) final analysis data with 1° × 1° horizontal 

resolution in 6-h intervals are used. Physical parameterization options used are 
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Figure 5.1. (a) Five domains and (b) the innermost domain in the WRF-

SNUUCM simulation with terrain height (shaded). (c) Land-use/land-cover 

(LULC) in the innermost domain. Note that the summits of Mt. Bukhan and Mt. 

Gwanak are indicated by arrows in (b). The 12 urban stations selected for the 

model validation are marked by dots in (b). The “C”, “I”, and “S” in (c) stand for 

coastal urban area, inland urban area, and Seoul urban area (further inland 

urban area), respectively. The boundary between the coastal and inland urban 
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areas is indicated by dashed line in (c). The administrative boundary of Seoul is 

marked by thick line in (b) and (c). 
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Table 5.1. Values of urban surface parameters and anthropogenic heat intensity 

used in the WRF-SNUUCM simulation. The anthropogenic heat intensity is set 

based on the work of Lee et al. (2009). The roughness lengths for momentum 

and heat are denoted by z0m and z0θ, respectively. 

Parameters Industrial/ 
Commercial 

Residential 

Area fractions   
Built-up area 0.9 0.815 
Natural area 0.1 0.185 

Geometric parameters   
Mean building height (m) 15 10 
Canyon aspect ratio 1.0 0.5 
Roof fraction 0.6 0.6 
z0m/z0θ for canyon air 10 10 

Roof and wall properties   
Albedo 0.12 0.12 
Emissivity 0.95 0.95 
Heat capacity 

(MJ m−3 K−1) 
1.0 1.0 

Thermal conductivity 
(W m−1 K−1) 

0.67 0.67 

z0m/z0θ (only for roof) 10 10 
Road properties   

Albedo 0.08 0.08 
Emissivity 0.95 0.95 
Heat capacity 

(MJ m−3 K−1) 
1.4 1.4 

Thermal conductivity 
(W m−1 K−1) 

0.4 0.4 

z0m/z0θ 10 10 
Anthropogenic heat intensity (W m–2)   

Maximum 43 27 
Minimum 19 12 
Average 33 21 
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the Dudhia shortwave radiation scheme (Dudhia 1989), the Rapid Radiative 

Transfer Model (RRTM) longwave radiation scheme (Mlawer et al. 1997), the 

Noah LSM (Chen and Dudhia 2001), the Yonsei University planetary boundary 

layer scheme (Hong et al. 2006), and the WRF single-moment 6-class 

microphysics scheme (Hong and Lim 2006). The updated Kain-Fritsch 

convective scheme (Kain 2004) is used as a cumulus parameterization scheme 

only for the domains with horizontal grid spacings of 27 and 9 km. 

The global topography data provided by the United States Geological 

Survey have a horizontal resolution of 30 s (~1 km), and hence they are not 

suitable as surface boundary data for a high-resolution simulation. The 

topography data ranging from 37°N to 38°N and from 126°E to 128°E are 

therefore updated based on the Shuttle Radar Topography Mission (SRTM) data 

(Farr et al. 2007) that have a horizontal resolution of 3 s (~90 m), providing a 

good representation of the fine-scale topography in the SMA (Fig. 5.1b). 

The accurate representation of land-use/land-cover (LULC) of an urban 

area is important in studying urban-related phenomena. Hence, a new LULC 

dataset based on Geographic Information System (GIS) data (with a horizontal 

resolution of 4 m) established by the Korea Ministry of Environment in 2009 is 

utilized, which covers the SMA. The new LULC dataset originally has 23 

categories, and among the 23 categories there are six urban categories: 

industrial, commercial, residential, recreational, transport, and public facility. 

In this study, the six urban categories are re-categorized into two urban 

categories: industrial/commercial and residential. The industrial and 
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commercial categories of the new LULC dataset are combined into the 

industrial/commercial category, and the remaining four categories are 

combined into the residential category. Different values of urban surface 

parameters and anthropogenic heat intensities are applied to the two categories 

(see Table 5.1). Note that to examine urban impacts an additional simulation 

(NO-URBAN simulation) is performed in which the urban area in the SMA is 

replaced with cropland. 

The Han River passes through the SMA (Fig. 5.1c). In the WRF model, the 

surface temperature of water body is not a prognostic variable. Accordingly, the 

river surface temperature is held constant during the entire integration. To 

provide more realistic boundary conditions, the average river surface 

temperature observed at Guri station (37.58°N, 127.16°E) for a period from 0000 

LST 24 to 0000 LST 25 June 2010 is used. 

 

5.2  Meteorological condition and model validation 

A high-pressure system prevailed over the Korean peninsula on 23–24 

June 2010, and the weather on 24 June 2010 was calm and clear. The high-

pressure system that developed initially in the eastern Mongolia (47°N, 117°E) at 

0000 UTC 21 June 2010 slowly moved southeastward until it was centered on 

the northern Yellow Sea (39°N, 125°E) at 0000 UTC 24 June 2010 (not shown). 

Figure 5.2 shows the atmospheric vertical structures observed at Osan station 

(37.10°N, 127.03°E) and simulated at the grid nearest to Osan station in the 
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domain with the horizontal grid spacing of 3 km at 0300, 0900, and 1500 KST (= 

UTC + 9 h) 24 June 2010. The simulated temperature shows good agreement 

with the observed one, and simulated dew-point temperature also shows 

generally good agreement with the observed one. The model generally captures 

well the boundary layer height and inversion layer height with time. As the 

high-pressure system moves southeastward, the prevailing wind at low levels 

becomes easterly (0900 and 1500 KST) from westerly (0300 KST). Although the 

model does not capture the change in wind direction at low levels at 0300 KST, 

the model simulates well the horizontal wind speed and wind direction in the 

vertical direction at 0900 and 1500 KST. Under the influence of the high-

pressure system, the low-level wind over the SMA remains weak. The daytime 

wind speed observed at 850 hPa level on 24 June 2010 was lower than 4 m s–1 (Fig. 

5.2). Thus, the meteorological condition on 24 June 2010 was favorable for the 

development of local circulations with the weak synoptic forcing. In particular, 

the weak off-shore (easterly) background wind provides a favorable condition 

for the development of a sea-breeze circulation with a distinct and intense sea-

breeze front, as pointed out by Crosman and Horel (2010). 

The simulated near-surface air temperature is validated against the 

observed one at 12 urban stations in the SMA, and the performance of the 

SNUUCM is compared with that of the Noah LSM (Fig. 5.3). The 12 urban 

stations are marked by dots in Fig. 5.1b. In the Noah LSM simulation, the Noah 

LSM is used solely as a slab model and the SNUUCM is not incorporated. Figure 
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Figure 5.2. Skew T-log p diagrams at Osan station for observations (thin black 

lines) and simulations (thick red lines) valid at (a) 0300, (b) 0900, and (c) 1500 

KST (= UTC + 9 h) 24 June 2010. 
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Figure 5.3. (a) Diurnal variations of near-surface air temperature observed at 12 
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urban stations and simulated by the SNUUCM and Noah LSM on 24 June 2010. 

Scatter plots of near-surface air temperature observed versus that simulated by 

the (b) SNUUCM and (c) Noah LSM. 
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5.3a shows that both models slightly underestimate the maximum temperature 

but well reproduce the diurnal variation of temperature. While the Noah LSM 

tends to underestimate both daytime and nighttime temperatures (Fig. 5.3c), 

the SNUUCM simulates higher nighttime temperatures than the Noah LSM 

does (Fig. 5.3b). The hit rate, which is defined as the percentage of simulated 

values within a desired accuracy range of the observed ones, is calculated for the 

simulations. The accuracy range for temperature is set as ±2°C, following Ries 

and Schlünzen (2009). Judging by the hit rate, the SNUUCM (96.7%) performs 

better than the Noah LSM (93.7%). 

 

5.3  Results and discussion 

5.3.1 Local circulations in the SMA 

Figure 5.4 shows the diurnal variations of sensible heat flux, latent heat 

flux, air temperature at 2 m, and boundary layer height averaged over all the 

urban grids in the URBAN simulation and the corresponding cropland grids in 

the NO-URBAN simulation. In this study, urban impacts are examined by 

comparing the results of the URBAN simulation with those of the NO-URBAN 

simulation. Note that in this study simulation data in the innermost domain are 

used for all the analyses. It is well known that the sensible heat flux from urban 

areas is generally larger than that from surrounding rural areas owing to 

distinctive urban-surface characteristics, such as low surface moisture 

availability and large thermal inertia, and owing to the emission of  
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Figure 5.4. Diurnal variations of (a) sensible heat flux, (b) latent heat flux, (c) air 

temperature at 2 m, and (d) boundary layer height averaged over all the urban 

grids in the URBAN simulation and the corresponding cropland grids in the 

NO-URBAN simulation. 
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anthropogenic heat. Figures 5.4a and 5.4b show the typical features of sensible 

and latent heat fluxes observed in many cities and their surroundings (e.g., 

Hidalgo et al. 2008a). As a result of the larger sensible heat flux from the urban 

area, the air temperature is higher and the boundary layer height is also higher 

in the URBAN simulation than in the NO-URBAN simulation. The UHI 

intensity, which is defined in this study as the difference in air temperature 

between the two simulations, is strong in the nighttime. The daytime UHI 

intensity is weak in the morning (e.g., 0.2°C at 1000 LST) and increases in the 

afternoon (e.g., 1.0°C at 1600 LST). These characteristics of the daytime UHI are 

consistent with those observed in many cities (e.g., Kim and Baik 2002; 

Giridharan et al. 2007; Hidalgo et al. 2008a). As reported in a number of 

observational and modeling studies, the urban boundary layer is deeper by 

several hundreds of meters than the rural boundary layer (e.g., Dirks 1974; 

Hidalgo et al. 2008b). For example, the difference in boundary layer height at 

1600 LST between the two simulations is 379 m. 

In the SMA, urban-breeze, cross-valley, river-breeze, and sea-breeze 

circulations develop under the weak synoptic-wind condition. To illustrate the 

local circulations, near-surface air temperature and wind fields in the URBAN 

and NO-URBAN simulations are presented in Fig. 5.5. In both simulations, a sea 

breeze and a river breeze start to develop in the morning near the coastal area 

and near the Han River, respectively (Figs. 5.5a,b). The Han River divides Seoul 

into northern and southern areas. In this study, the northern (southern) area of 

Seoul refers to the area to the north (south) of the Han River. Upslope winds 
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develop in the vicinity of mountains, such as Mt. Bukhan and Mt. Gwanak, in 

both simulations. The wind fields in the two simulations are rather similar to 

each other. This is because the difference in thermal forcing between the urban 

surface and cropland is small in the morning. 

As the daytime UHI intensity increases in the afternoon, the wind fields 

in the two simulations exhibit different features (Figs. 5.5c,d). The air 

temperature over Seoul in the URBAN simulation is up to 1.5°C higher than that 

in the NO-URBAN simulation. The most remarkable feature in the URBAN 

simulation is the formation of a convergence zone associated with an urban-

breeze circulation near the northeastern area of Seoul. In the northern area of 

Seoul adjacent to Mt. Bukhan, the upslope wind that develops in the morning is 

indiscernible. The interaction between the urban-breeze and cross-valley 

circulations is described in section 4b. On the other hand, in the NO-URBAN 

simulation, the upslope wind prevails in the vicinities of Mt. Bukhan and Mt. 

Gwanak. In addition, an along-valley circulation develops in the northern and 

southern areas of Seoul. In those areas, the along-valley circulation is combined 

with the river-breeze circulation, so a southerly (northerly) wind prevails in the 

northern (southern) area of Seoul. 

Another convergence zone is formed in the southern area of Seoul 

adjacent to the Han River in the URBAN simulation (Fig. 5.5c). This is a result of 

the interaction between the urban breeze and the river breeze, and the detailed 

analysis results are given in section 4c. 

In both simulations, the sea breeze that initially develops in the morning 



131 
 

 

 

Figure 5.5. Fields of air temperature at 2 m and wind at 10 m at (a) 1000, (c) 1500, 

(e) 1800 LST in the URBAN simulation and at (b) 1000, (d) 1500, (f) 1800 LST in 

the NO-URBAN simulation. 
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penetrates inland as time passes. The sea breeze is greatly influenced by Seoul 

and nearby cities. For example, in the presence of the urban area, the sea breeze 

penetrates further inland (compare Fig. 5.5c with Fig. 5.5d) and stalls near the 

eastern boundary of Seoul in the early evening (compare Fig. 5.5e with Fig. 5.5f). 

The detailed analysis results are given in section 4d. 

 

5.3.2 Cross-valley circulation and its interaction with 
urban-breeze circulation 

 To examine the evolutions of cross-valley and urban-breeze circulations 

and their interaction, the vertical cross sections of potential temperature 

anomaly and wind along the line A-B (depicted in Fig. 5.9a) are presented in Fig. 

5.6. The line A-B is chosen to show representative examples of the two 

circulations. Here, the potential temperature anomaly is calculated at each level 

by subtracting the average value from the total value. In the morning, the 

upslope wind is driven by the horizontal temperature contrast between the air 

near the mountain slope and the air at the same level over the plain. In both 

simulations, the upslope wind along the slope of Mt. Bukhan and the associated 

cross-valley circulation are evident (Figs. 5.6a,b). The wind patterns in the two 

simulations are rather similar to each other, but the intensity of the cross-valley 

circulation at 1000 LST is weaker in the URBAN simulation than in the NO-

URBAN simulation. This is because the higher air temperature in the urban 

valley acts to inhibit the development of a stronger cross-valley circulation. 
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Figure 5.6. Vertical cross sections of potential temperature anomaly (shaded), 
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horizontal velocity in the east-west direction (thin line), and vertical velocity 

(thick line) along the line A-B in Fig. 5.9a at (a) 1000, (c) 1200, (e) 1300, (g) 1500 

LST in the URBAN simulation and at (b) 1000, (d) 1200, (f) 1300, (h) 1500 LST in 

the NO-URBAN simulation. The contour levels of horizontal velocity are –2.0, –

1.5, –1.0, –0.5, –0.25, 0.25, 0.5, 1.0, 1.5, and 2.0 m s–1. The contour levels of vertical 

velocity are 0.5, 1.0, and 1.5 m s–1. The dots represented with the same colors as 

those used in Fig. 5.1c on the x-axis indicate the LULC of each grid. 
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 At noon, the air temperature in the valley increases in the URBAN 

simulation. As a result, an inward flow toward the valley center starts to develop 

in the lower boundary layer (Fig. 5.6c). The leading edges of the urban-breeze 

circulation are detected by the two updrafts near points V1 and V2 in Fig. 5.6e 

(also see Fig. 5.9c), and they move toward the valley center. The updrafts finally 

merge with each other near the valley center at 1500 LST, resulting in a strong 

upward motion (Fig. 5.6g). The strong updraft and well-developed urban breeze 

are also evident in Fig. 5.9d. Because the air temperature in the urban valley is 

high, the cross-valley circulation whose direction is opposite to the direction of 

the mountain-side urban-breeze circulation weakens and eventually becomes 

insignificant, unlike the circulation in the NO-URBAN simulation. Thus, similar 

to the result of Lee and Kimura (2001), in the afternoon the urban-breeze 

circulation predominates over the cross-valley circulation. 

 The time variations of horizontal convergence averaged over the 

rectangular area marked in Fig. 5.9a in the URBAN and NO-URBAN simulations 

are compared (Fig. 5.7). Here, the positive values (convergence) are averaged to 

take into account the urban-breeze and cross-valley circulations that can 

produce horizontal convergence at the low atmospheric level. The rectangular 

area in Fig. 5.9a is chosen to exclude the effect of the sea breeze. Note that the 

sea-breeze front arrives in this area at ~1610 LST. During 0900−1045 LST, the 

horizontal convergence in the NO-URBAN simulation is stronger than that in 

the URBAN simulation. The weaker horizontal convergence in the morning in 

the URBAN simulation means that the cross-valley circulation weakens owing 
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Figure 5.7. Time variations of horizontal convergence averaged over the 

rectangular area marked in Fig. 5.9a in the URBAN and NO-URBAN simulations. 

The wind field at the lowest fourth model level (z = ~250 m) is used to calculate 

the convergence. 
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Figure 5.8. Time-height fields of the term of the vertical advection of potential 

temperature ( zw ∂∂− θ ) in the thermodynamic energy equation at points (a) 

V1 and (b) V2 in the URBAN simulation. Points V1 and V2 are indicated by the 

thick and thin arrows in Fig. 5.6, respectively. The thick line indicates the top of 

the boundary layer. 
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to the presence of the urban area, as shown in Figs. 5.6a,b. However, the 

horizontal convergence in the URBAN simulation increases in the late 

morning/early afternoon and becomes much stronger in the late afternoon 

than that in the NO-URBAN simulation. The strong convergence in the urban 

valley results from the combined effect of heating from the urban surface and 

subsidence heating associated with the cross-valley circulation. 

 Figures 5.6c and 5.6e show that the air temperature near the mountain 

(near point V1) is higher than that near the valley center. In addition, the 

updraft near point V1 is stronger than that near point V2. The large 

temperature anomaly near point V1 is related to the adiabatic heating by the 

downward motion of the cross-valley circulation (subsidence heating). Figure 

5.8 shows the time-height fields of the term of the vertical advection of potential 

temperature ( zw ∂∂− θ ) in the thermodynamic energy equation at points V1 

and V2 in the URBAN simulation. Here, w is the vertical velocity, θ is the 

potential temperature, and z is the vertical coordinate. Subsidence heating is 

evident in the morning near the top of the boundary layer, particularly 

prominent at point V1. This subsidence heating contributes to increasing the air 

temperature in the valley, as demonstrated by Rampanelli et al. (2004). Thus, 

this suggests that in the urbanized terrain not only the large sensible heat 

(resulting in the UHI) but also the subsidence heating plays an important role 

in increasing the air temperature. The stronger subsidence heating at point V1 

than at point V2 implies that the stronger heating associated with the stronger 

cross-valley circulation is a responsible factor for the larger temperature 
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anomaly. 

 It is shown that the direction of the mountain-side urban-breeze 

circulation is opposite to that of the cross-valley circulation. It is interesting 

that the intensity of the plain-side urban-breeze circulation (e.g., near point V2) 

is stronger than that of the mountain-side urban-breeze circulation (e.g., near 

point V1) (Figs. 5.6c,e,g). As compared with the urban-breeze circulation in a 

simulation without topography, the intensity of the mountain-side urban-

breeze circulation in the URBAN simulation with topography is evidently 

weaker, but the intensity of the plain-side urban-breeze circulation is stronger 

(not shown). The strengthened plain-side urban-breeze circulation away from 

the mountain is because of the combined effect of heating from the urban 

surface and subsidence heating due to the cross-valley circulation. This 

mechanism is therefore responsible for the strong horizontal convergence in 

the late afternoon in the urbanized terrain (URBAN simulation) (Fig. 5.7). 

 

5.3.3 River-breeze circulation and its interactions with 
other local circulations 

 On 24 June 2010, the river breeze starts to develop in the morning (see 

Figs. 5.5a,b) and increases in strength in the daytime. Figure 5.9 shows the 

horizontal and vertical velocity fields at z = 600 m in the URBAN simulation. In 

Figs. 5.9b,c,d, convergence zones with strong updrafts formed as a result of the 

interaction between the urban breeze and the river breeze are evident in the 
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Figure 5.9. Horizontal and vertical velocity fields at z = 600 m at (a) 1000, (b) 

1200, (c) 1300, (d) 1500, (e) 1700, and (f) 1800 LST in the URBAN simulation. 



141 
 

vicinity of the Han River, as mentioned in section 4a. 

 To examine the evolution of the river breeze and its interaction with the 

urban breeze, the vertical cross sections of potential temperature anomaly and 

wind along the line C-D (depicted in Fig. 5.9a) are presented in Fig. 5.10. At 1030 

LST, in both simulations, the river-breeze circulation characterized by the 

divergent (convergent) flow in the lower (upper) boundary layer prevails near 

the Han River and the upslope wind develops along the slope of Mt. Gwanak. 

Similar to the example examined in section 4b, the intensity of the upslope 

wind in the URBAN simulation is weaker owing to the UHI than that in the NO-

URBAN simulation. In the NO-URBAN simulation, moreover, the upslope wind 

is combined with the divergent river breeze and hence its intensity is strong. 

 As the daytime UHI intensity increases in the afternoon, the upslope 

wind that develops along the slope of Mt. Gwanak is indiscernible and a strong 

urban-breeze circulation develops in the southern and northern areas of Seoul 

(Fig. 5.10c). Meanwhile, the river-breeze circulation prevails in the vicinity of 

the Han River due to the much cooler river surface than the adjacent urban 

surface, exhibiting divergent flow and downdrafts over the river. Furthermore, 

the large difference in air temperature between the river and the adjacent 

urban area induces a strong river breeze (Figs. 5.10c,d). Consequently, the two 

prevailing breezes form strong convergence zones in the southern and 

northern areas of Seoul adjacent to the river, producing strong upward motions 

there. In the NO-URBAN simulation, the combined circulation in the southern 

region of Seoul strengthens in the afternoon (Figs. 5.10d,f). 
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Figure 5.10. Vertical cross sections of potential temperature anomaly (shaded), 
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horizontal velocity in the north-south direction (thin-black line), vertical 

velocity (thick-gray line), and horizontal wind speed (thick-red line) along the 

line C-D in Fig. 5.9a at (a) 1030, (c) 1430, (e) 1500, (g) 1630 LST in the URBAN 

simulation and at (b) 1030, (d) 1430, (f) 1500, (h) 1630 LST in the NO-URBAN 

simulation. The contour levels of horizontal velocity are –2.0, –1.5, –1.0, –0.5, –

0.25, 0.25, 0.5, 1.0, 1.5, and 2.0 m s–1. The contour levels of vertical velocity are –

0.5, 0.5, 1.0, and 1.5 m s–1. The contour levels of horizontal wind speed are 5.0, 5.5, 

and 6.0 m s–1. The dots represented with the same colors as those used in Fig. 

5.1c on the x-axis indicate the LULC of each grid. 
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 As the sea breeze penetrates inland, the sea-breeze front interacts with 

the updrafts that are formed as a result of the interaction between the urban 

breeze and the river breeze. For example, at 1500 LST (Figs. 5.9d and 5.10e), the 

vertical velocity at which the sea-breeze front encounters the updraft near the 

Han River is larger than at other locations. In Fig. 5.10e, the upward motion 

seen in the region from Mt. Gwanak to the Han River represents the sea-breeze 

front. Thus, it can be said that the strong upward motion at the intersection 

point is a result of the interaction among the urban-breeze, river-breeze, and 

sea-breeze circulations. 

 A remarkable urban impact on the sea breeze that is found is an increase 

in the wind speed of the sea-breeze inflow along the river. Figure 5.10g shows 

that the wind speed of the sea-breeze inflow over the Han River is stronger than 

that over the adjacent land. This increase in wind speed along the river is also 

seen in the near-surface wind field in Fig. 5.5e (highlighted by gray arrows). 

Because the marine air brought in by the sea-breeze inflow remains warm in 

the urban area, the difference in air temperature between the river and the 

adjacent urban area is large even after the intrusion of cool marine air (Figs. 

5.5e and 5.10g). This leads to a large difference in internal boundary layer height 

between the river and the adjacent urban area (e.g., ~1500 m at 1630 LST). As the 

sea breeze blows over the river where the boundary layer is shallow, the wind 

speed of the sea-breeze inflow increases there. On the other hand, in the NO-

URBAN simulation, the difference in air temperature between the river and the 

adjacent cropland is small (Figs. 5.5f and 5.10h) and accordingly the difference 
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in internal boundary layer height is small (e.g., ~400 m at 1630 LST). Thus, the 

increase in the wind speed of the sea-breeze inflow is more prominent in the 

URBAN simulation. 

 

5.3.4 Sea-breeze circulation and its interactions with other 
local circulations 

 Under the weak offshore-wind condition, the sea breeze develops with 

clearly detectable front (Fig. 5.9). In the daytime, the sea breeze in the URBAN 

and NO-URBAN simulations penetrates inland (Figs. 5.5 and 5.9). Figure 5.11 

shows the location of the sea-breeze front following the line E-F (depicted in Fig. 

5.9a) and the characteristics of the sea breeze in the URBAN and NO-URBAN 

simulations. In this study, the urban areas in the SMA are divided into three 

types: coastal urban area (C), inland urban area (I), and further inland urban 

area, namely Seoul urban area (S), for the sake of comprehensive 

understanding of urban impacts on the sea breeze (Fig. 5.1c). 

 At 1000 LST, the sea-breeze front in the two simulations has almost the 

same location (Fig. 5.11a). It is interesting that during 1030–1140 LST the sea 

breeze moves inland slightly faster in the NO-URBAN simulation than in the 

URBAN simulation (Fig. 5.11a) even though the air temperature ahead of the 

front is higher in the URBAN simulation (Fig. 5.11b). This is because the 

dynamical effect arising from the increased roughness length of the coastal 

urban area plays a more important role in the inland penetration of the sea 
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Figure 5.11. (a) The location of sea-breeze front following the line E-F in Fig. 5.9a, 

(b) potential temperature ahead of the front at the lowest model level, (c) 
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maximum friction velocity near the front within the marine air mass ( SBu* ), (d) 

depth of the sea-breeze inflow layer of the front, (e) maximum horizontal wind 

speed near the front within the marine air mass ( SBu ), and (f) maximum 

vertical velocity of the front ( SBw ) in the URBAN and NO-URBAN simulations. 
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breeze than the thermal effect does during this period when the daytime UHI 

intensity is weak. The larger friction velocity behind the front in the URBAN 

simulation than in the NO-URBAN simulation explains the retardation of the 

inland penetration of the sea breeze (Fig. 5.11c). The friction velocity presented 

in Fig. 5.11c is the maximum value near the front within the marine air mass 

( SBu* ). This retardation due to the coastal urban area is consistent with the 

results of previous studies (e.g., Bornstein and Thompson 1981; Martilli 2003; 

Dandou et al. 2009; Chen et al. 2011). After passing through the coastal urban 

area, however, the sea breeze moves inland faster in the URBAN simulation 

than in the NO-URBAN simulation although SBu*  is consistently larger in the 

URBAN simulation. Thus, it is concluded that the dynamical effect has a 

dominant impact on the inland penetration of the sea breeze in its early 

development. Unlike the penetration speed of the sea breeze, in the morning, 

the maximum horizontal wind speed near the front within the marine air mass 

( SBu ) and the maximum vertical velocity of the front ( SBw ) are larger when the 

urban area is present than when the urban area is not present (Figs. 5.11e,f). In 

addition, the depth of the sea-breeze inflow layer (simply, depth of the inflow 

layer) is larger in the URBAN simulation (Fig. 5.11d). Here, the depth of the 

inflow layer is defined as the depth from the surface to the height where the 

magnitude of the horizontal velocity in the east-west direction reaches its 

minimum, i.e., roughly equal to the height of the upper boundary of the inflow 

layer. The stronger sea-breeze circulation and deeper inflow layer are due to the 
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higher air temperature in the urban area. 

 Figure 5.12 shows the vertical cross sections of potential temperature, 

vertical velocity, and wind along the line E-F in the URBAN and NO-URBAN 

simulations. As shown in Fig. 5.11a, in the morning, the sea-breeze front moves 

inland slightly faster in the NO-URBAN simulation (Fig. 5.12b) than in the 

URBAN simulation (Fig. 5.12a). After passing through the coastal urban area, 

the location of the front in the URBAN simulation is almost the same as that in 

the NO-URBAN simulation (Figs. 5.12c,d). Over the inland urban area, it is seen 

that the air temperature ahead of the front is higher and accordingly the 

boundary layer is deeper in the URBAN simulation than in the NO-URBAN 

simulation. Additionally, the updraft that is seen in Fig. 5.12a over the inland 

urban area is intensified. This updraft is highlighted by the circle in Fig. 5.9b. 

The UHI in the inland urban area induces a relatively strong landward-

convergent flow. This flow attracts the front toward the urban area, which is 

also seen in Fig. 5.9c (highlighted by the circle). 

 The updraft over the inland urban area merges with the sea-breeze front 

at 1300 LST, producing a strong upward motion (Fig. 5.12e). In addition, the 

depth of the inflow layer increases significantly (Fig. 5.11d). The increase in the 

depth of the inflow layer due to the interaction with the updraft is consistent 

with the observation in a non-urban environment by Laird et al. (1995). 

Yoshikado and Kondo (1989) observed a similar phenomenon wherein the 

mixing height over the suburban area of Tokyo, Japan, sharply increases from 

0.6 to 1.7 km when the sea breeze reaches the suburban area. Yoshikado (1990) 



150 
 

 

 

Figure 5.12. Vertical cross sections of potential temperature (shaded with thin 
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line), vertical velocity (thick line), and wind (vector) along the line E-F at (a) 1050, 

(c) 1200, (e) 1300, (g) 1430 LST in the URBAN simulation and at (b) 1050, (d) 1200, 

(f) 1300, (h) 1430 LST in the NO-URBAN simulation. The contour levels of 

vertical velocity are 0.3, 0.5, 1.0, and 1.5 m s–1. The hatched area is where the 

horizontal velocity in the east-west direction ranges from 0.0 to 0.25 m s−1 in 

magnitude. The location of sea-breeze front is indicated by thick-short white 

bar on the x-axis. The dots represented with the same colors as those used in Fig. 

5.1c on the x-axis indicate the LULC of each grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



152 
 

interpreted this as being attributed to the stagnant region formed over the 

suburban area. 

 A more noticeable urban impact on the sea breeze is that the inflow layer 

remains relatively deep over the inland urban area even after the sea-breeze 

front passes through the urban area (Fig. 5.12g). Even though the updraft over 

the urban area weakens with time because of the advection of cool marine air, 

the updraft still exists after the frontal passage. Consequently, the depth of the 

inflow layer shows an undulating feature along the path of the front. The uplift 

of the inflow layer over the updraft persists until late afternoon (not shown). 

The still prominent UHI in the marine air mass is responsible for the uplift of 

the inflow layer. On the other hand, no significant change in the depth of the 

inflow layer is seen in the NO-URBAN simulation (Figs. 5.12d,f,h). Thus, it is 

found that at the moment of the interaction between the updraft over the urban 

area and the sea-breeze front the sea-breeze circulation is intensified and the 

sea-breeze inflow layer is deepened, and that after the frontal passage the urban 

thermal effect is still exerted on the sea-breeze inflow layer. 

 As the sea breeze penetrates further inland, the sea-breeze front merges 

with the strong updrafts that are formed as a result of the interaction between 

the urban breeze and the river breeze and SBw  increases (Fig. 5.9d). When the 

front crosses the Han River, in contrast, SBw  decreases because of the 

consistently low air temperature over the river. Accordingly, the depth of the 

inflow layer abruptly decreases around 1520 LST (Fig. 5.11d). Zhong et al. (1991) 
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showed a similar result that the magnitude of upward motion of a sea-breeze 

front is reduced by a factor of 5 as the front crosses the Indian River, Florida. In 

addition, the divergent river breeze acts to inhibit further inland penetration of 

the sea breeze prior to crossing the river. Therefore, the sea-breeze front tends 

to stagnate near the river during 1410–1510 LST in the URBAN simulation and 

moves inland at a slow rate during 1500–1600 LST in the NO-URBAN simulation 

(Fig. 5.11a). Note that the time at which the sea-breeze front crosses the Han 

River is different in the two simulations. As highlighted in section 4c, SBu  

increases considerably over the Han River when the urban area is present, i.e., 

at around 1530 LST in the URBAN simulation (Fig. 5.11e). The SBu  in the NO-

URBAN simulation, however, does not show a significant change when the sea-

breeze front crosses the river. 

 After crossing the Han River, the sea-breeze front enters the northern 

area of Seoul and then the sea breeze interacts strongly with the urban breeze 

that develops there (e.g., Figs. 5.9e,f). For example, in Fig. 5.9e, the strong 

upward motion resulting from the interaction between the urban breeze and 

the sea breeze is seen, with a maximum vertical velocity of 2.9 m s−1. The air 

temperature in the mid/late afternoon in the northern area of Seoul is high, and 

hence the inland penetration of the sea breeze in the URBAN simulation is 

accelerated after crossing the Han River (Figs. 5.11a,b). This acceleration of the 

front is consistent with the results of previous studies (e.g., Khan and Simpson 

2001; Freitas et al. 2007). Similar to the example shown in Fig. 5.12, the abrupt 
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increases in the depth of the inflow layer at around 1550, 1700, and 1750 LST in 

the URBAN simulation correspond to the interactions between the updrafts 

over Seoul and the sea-breeze front. 

 Because the inward flow toward the center of Seoul that forms part of the 

urban breeze acts to inhibit further inland penetration of the sea breeze, the sea 

breeze stalls near the eastern boundary of Seoul (Fig. 5.9f). The decrease in the 

penetration speed of the sea breeze in the late afternoon/early evening is clearly 

evident in the URBAN simulation as compared with the NO-URBAN simulation 

(Fig. 5.11a). The sea-breeze front in the URBAN simulation stagnates in Seoul 

during 1700–1830 LST. This stagnation due to the inland urban area (Seoul 

urban area) is consistent with the results of previous studies (e.g., Freitas et al. 

2007). It is noteworthy that not only the thermal effect due to the urban surface 

but also the thermal effect due to topography contributes to the stagnation of 

the sea breeze. In section 4b, it is shown that the high air temperature in the 

urban valley resulting from the combined effect induces the strong plain-side 

urban breeze in the late afternoon. The stronger inward flow opposing the 

inland penetration of the sea breeze leads to the stagnation of the sea breeze in 

the urbanized terrain. 
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6  Impact of urban land-surface forcing 
on air quality in the Seoul metropolitan 
area 

6.1  Methodology 

6.1.1 Meteorology modeling system 

 In this study, the same experimental setup used in section 5 is adopted 

except for the domain with the horizontal grid spacing of 0.333 km. Four 

domains with horizontal grid sizes of 27, 9, 3, and 1 km are considered. There 

are 43 vertical layers below the model top of 20 hPa and 16 below 2 km. The grid 

size of the lowest vertical grid is ~35 m. The same case, 24 June 2010, in section 5 

is also chosen in this study. The model is integrated for 72 h from 0900 LT (= 

UTC + 9 h) 22 June 2010. As initial condition and boundary conditions, the 

National Centers for Environmental Prediction (NCEP) final analysis data is 

used. In order to represent more realistic urban land-use/land-cover (LULC) in 

the study area, the LULC dataset based on Geographic Information System 

(GIS) data utilized in section 5 is also used (Fig. 6.1b). To examine impact of 

urban land-surface forcing, an additional simulation in which the urban LULC 

is replaced with cropland LULC is performed. 

 

6.1.2 Air quality modeling system 
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 The Community Multi-scale Air Quality (CMAQ) modeling system has 

been designed to model multiple air quality issues (Byun and Schere 2006). In 

this study, the CMAQ model version 4.7.1 is used. The output of the WRF-

SNUUCM simulation is provided as the meteorological input for the air quality 

simulation. In the air quality simulation, three domains with horizontal grid 

sizes of 9, 3, and 1 km are adopted (Fig. 6.1a). The initial and boundary 

conditions for the outermost domain are provided by the default profiles 

implemented in the CMAQ model. The output of each outer domain is then 

used as the boundary conditions for each inner domain. The number of vertical 

layers used is 29, and the same vertical layers from the lowest layer to the 22th 

layer (eta level = 0.63) as those used in the WRF-SNUUCM simulation are used. 

The simulation also starts from 0900 LT 22 June 2010, and the simulation data 

of 24 June 2010 are used in the analyses. The Statewide Air Pollution Research 

Center version 99 (SAPRC-99) chemical mechanism (Cater 2000) and the fifth-

generation modal CMAQ aerosol module (Foley et al., 2010) are used. The 

Yamartino scheme (Yamartino 1993) for advection and the Asymmetric 

Convective Model version 2 (ACM2) vertical diffusion scheme (Pleim 2007) are 

adopted. The ACM cloud processor using the ACM methodology to compute 

convective mixing is used (Foley et al. 2010). 

 The gridded and speciated hourly anthropogenic emission data for South 

Korea are prepared using the Sparse Matrix Operator Kernel Emissions 

(SMOKE) system (Houyoux et al. 2000). Following Moon et al. (2006), an 

emission inventory is developed under the 2007 Clean Air Policy Support 
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System of South Korea. The detailed methods for the spatial and temporal 

allocations of anthropogenic emissions for various source categories are 

described in Kim et al. (2008). In the present study, the emission data for NOx 

and VOC are modified based on the emission inventory in 2008. The total 

annual emissions of NOx (VOC) for each source category are adjusted according 

to the ratio of total annual emissions of NOx (VOC) in 2008 to those in 2007. For 

preparation of biogenic VOC (BVOC) emissions, the Model of Emissions of 

Gases and Aerosols from Nature (MEGAN) (Guenther et al. 2006) is used. As 

examples, the NOx and isoprene emission rates are given in Figs. 6.1c and 6.1d, 

respectively. In the study area, the NOx emission rate is very high, particularly 

near the center and southwestern regions of Seoul. That is, the urban area is 

characterized by a NOx-rich area. Note that the emission rate shown in Fig. 6.1c 

is the rate at a working hour (1500 LT) and on a working day (Thursday). There 

are large forest areas near Seoul (Fig. 6.1b), and a significant amount of 

isoprene can be correspondingly emitted from the forest areas (Fig. 6.1d). In 

addition, on 24 June 2010, the air temperature was high and solar radiation was 

strong. Hence, the isoprene emission rate is estimated to be high. 

 As for the meteorological model, an additional simulation in which the 

meteorological fields are forced by the cropland is performed using the CMAQ 

model (hereafter, NO-URBAN simulation). In this simulation, both 

anthropogenic and biogenic emissions are set to be identical to those in the 

baseline simulation (hereafter, URBAN simulation). 
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Figure 6.1. (a) Domain configuration of the CMAQ model simulation with 

terrain height (shaded). (b) Land-use/land-cover (LULC) in the innermost 

domain. The white circles indicate air quality monitoring sites whose data are 

used for the validation. The rectangle indicates the urban analysis area. (c) NOx 

and (d) isoprene emission rates at 1500 LT 24 June 2010 in the innermost 

domain. 
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6.1.3 Process analysis 

 The process analysis tool implemented in the CMAQ modeling system is 

used in this study. It comprises the Integrated Process Rates (IPR) and 

Integrated Reaction Rates (IRR) analyses. The IPR analysis quantifies the 

contributions of individual physical/chemical processes, such as advection, 

diffusion, deposition, and gas-phase chemistry processes, to changes in 

pollutant concentrations. The details of the analysis method are introduced by 

Jeffries and Tonnesen (1994), and the details of the way it is implemented in the 

CMAQ modeling system are given by Gipson (1999). Note that in the present 

study the horizontal and vertical advection processes are integrated into the 

total advection process (TADV) and the horizontal and vertical diffusion 

processes are integrated into the total diffusion process (TDIF). The IRR 

analysis has been developed to provide quantitative information on individual 

chemical transformations (Jeffries and Tonnesen, 1994). In the present study, 

several chemical reactions are grouped together to calculate the hydroxyl 

radical (OH) chain length. The OH chain length is the number of times that OH 

goes through the ROx (= OH + HO2 + RO2 + RO) cycle before a termination 

reaction (Sheehy et al. 2010). It provides a measure of the overall efficiency of a 

gas-phase chemical mechanism in converting NO to NO2 for O3 formation in 

the atmosphere (Zhang et al. 2009). In the present study, the OH chain length is 

calculated based on the calculation method used in Mao et al. (2010). The IPR 

and IRR analyses are applied to the atmospheric boundary layer (ABL), and 
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hourly output of the IPR/IRR analysis is used. 

 

6.2  Ozone episode 

 An O3 episode that occurred on 24 June 2010 is chosen in this study. As 

reported in section 5, the weather condition during the episode was 

characterized by weak synoptic wind, high temperature, and clear sky under a 

high-pressure system. The wind speed observed at the 850 hPa level in the 

daytime was lower than 4 m s–1. Under the favorable weather condition, several 

local circulations such as urban-breeze, valley-breeze, and sea-breeze 

circulations developed in the daytime. The weak wind condition is particularly 

important for the development of relatively strong urban-breeze circulation. 

The weather condition during the episode was also conducive to elevated O3 

levels in conjunction with increased BVOC emissions. On 24 June 2010, high O3 

concentrations, which exceed the Korean air quality standard of 100 ppb (1-h 

average), were recorded in the Seoul metropolitan area. Note that the weather 

on the previous day (i.e., 23 June 2010) was also hot and clear under the high-

pressure system. 

 

6.3  Results and discussion 

6.3.1 Model validation 

 Simulated O3 concentrations are validated against observed ones (Figs. 
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6.2 and 6.8). Figure 6.2a shows the diurnal variations of observed O3 

concentrations at air quality monitoring sites (marked by white circles in Fig. 

6.1b) and of simulated O3 range at the corresponding locations. Note that all the 

analyses in this study are performed based on simulation data in the innermost 

domain. The air quality monitoring sites corresponding to the urban LULC are 

adopted for the validation. The model adequately reproduces the maxima and 

minima of O3 concentration. Although the model overestimates O3 

concentrations in the late afternoon/in the evening, the model captures the 

diurnal variation of O3 concentration on average. Figure 6.2b shows a relation 

between the observed and simulated O3 concentrations and performance 

statistics. The simulated O3 concentrations are well correlated with the observed 

ones. Following Lei et al. (2007) and Khiem et al. (2010), the mean normalized 

bias error (MNBE) and mean normalized gross error (MNGE) with observed O3 

concentrations above a 40-ppb threshold are calculated. The MNBE and MNGE 

are 7.6% and 26.4%, respectively, and satisfy the performance criteria 

recommended by the US Environmental Protection Agency (USEPA): MNBE is 

within ±15% and MNGE is less than or equal to 35% (USEPA 1991). The mean bias 

error (MBE) is 3.8 ppb, and the root-mean-square error (RMSE) is 20.5 ppb. 

Overall, the model performs well in simulating O3 concentration. 

 The horizontal distributions of the simulated O3 and NO2 concentrations 

in the afternoon are compared with those of the observed ones (marked by 

circles) in Figs. 6.8a,c. The model underestimates O3 concentrations and 

overestimates NO2 concentrations near the city center where NOx emissions are 
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Figure 6.2. (a) Diurnal variations of observed and simulated O3 concentrations 

near the surface. The dots indicate the observed O3 concentrations at air quality 
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monitoring sites marked in Fig. 6.1b, and shading indicates the simulated O3 

range at the corresponding locations. The thin and thick lines represent average 

observed and simulated O3 concentrations, respectively. (b) Scatter diagram of 

observed O3 concentrations versus simulated ones on 24 June 2010. The MNBE 

and MNGE refer to the mean normalized bias error and mean normalized gross 

error, respectively, and their units are %. The MBE and RMSE refer to the mean 

bias error and root-mean-square error, respectively, and their units are ppb. 
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high. However, the high O3 and relatively low NO2 concentrations in the 

northern and southern regions of Seoul are well reproduced. Although O3 

concentrations are overestimated in the southwestern region of Seoul and in 

the southwestern region outside Seoul where the sea breeze prevails, the high 

NO2 concentrations in those regions are well captured by the model. 

 

6.3.2 Impact of urban-modified boundary layer on air 
quality 

 The ABL height or mixed layer height primarily governs pollutant 

concentrations, and hence urban-modified ABL can have considerable impacts 

on pollutant concentrations in urban areas. Figure 6.3 shows the diurnal 

variations of near-surface concentrations of O3, NOx, Ox (= O3 + NO2 in this 

study), and CO averaged over the urban analysis area in the URBAN and NO-

URBAN simulations. Note that the near-surface concentrations are the values at 

the lowest model level. On average, O3 concentration is 16 ppb higher in the 

nighttime (from 0000 to 0500 LT and from 2000 to 2400 LT) and 13 ppb in the 

daytime (from 0600 to 1900 LT) in the URBAN simulation than in the NO-

URBAN simulation. In the nighttime, the higher O3 concentration is primarily 

due to the less O3 destruction by NO in the deeper urban boundary layer 

through the reaction NO + O3 → NO2 + O2. In the deepened urban boundary 

layer, the primary pollutants such as NOx and CO are diluted and hence their 

near-surface concentrations become lower (Figs. 6.3b,d), as demonstrated by 
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Sarrat et al. (2006). The less O3 destruction by NO is particularly prominent in 

the evening when simultaneously the urban boundary layer remains deep and 

there are massive emissions of NOx in conjunction with rush-hour traffic. In the 

evening, the differences in NOx and CO concentrations between the two 

simulations are large. The lower Ox level in the evening (and also at night and in 

the morning) is therefore due to the lower NO2 concentration in the URBAN 

simulation. In the shallow ABL in the NO-URBAN simulation, O3 is largely 

destructed by NO and its concentration decreases rapidly as the ABL height 

decreases, particularly in the evening. In the morning, the differences in NOx 

and CO concentrations between the two simulations are also large but the 

difference in O3 concentration is rather small. In the morning, the near-surface 

O3 concentration increases significantly in both simulations. This is due to the 

mixing with O3 in the residual layer aloft as the ABL grows and erodes the 

residual layer as well as the chemical production. Although in the morning O3 is 

less destructed by NO in the deepened urban boundary layer, the rapid increase 

in O3 concentration as a result of the mixing bringing O3-rich air down to the 

surface in both simulations leads to the small difference in O3 concentration. In 

the afternoon, the difference in O3 concentration between the two simulations 

becomes large. For example, O3 concentration is 6 ppb higher at 1300 LT and 17 

ppb at 1600 LT in the URBAN simulation than in the NO-URBAN simulation. 

Apart from the titration effect, O3 is produced more in the afternoon, as can be 

inferred from the higher Ox level in the URBAN simulation. 
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Figure 6.3. Diurnal variations of near-surface concentrations of (a) O3, (b) NOx, 

(c) Ox (= O3 + NO2), and (d) CO averaged over the urban analysis area in the 

URBAN and NO-URBAN simulations. 
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 To evaluate the contributions of individual physical/chemical processes to 

changes in O3 concentration, an IPR analysis is performed. Figure 6.4 shows the 

ABL-averaged contributions of individual physical/chemical processes for the 

period from 1200 to 1600 LT when the chemical production of O3 is large. Based 

on the IPR analysis, the larger chemical production of O3 in the URBAN 

simulation is confirmed. The contribution of the advection process is also larger 

in the URBAN simulation. This implies that the wind induced and/or modified 

by urban land-surface forcing also contributes to the increase in O3 

concentration. While O3 in the residual layer is brought into the ABL in the 

morning when the ABL grows rapidly, O3 is partially vented out of the ABL into 

the free atmosphere in the afternoon by vigorous mixing (negative contribution 

of the diffusion process in Fig. 6.4) and intense upward motion (positive 

contribution of the advection process above the ABL in Fig. 6.5b) in the urban 

area. The upward transport of O3 into the free atmosphere can lead to increased 

lifetime of O3 there (Henne et al. 2004) and possibly contribute to the long-rage 

transport of O3. Relatively large difference in contribution of the dry deposition 

process is found. The dry deposition velocity averaged over the urban analysis 

area in the daytime in the NO-URBAN simulation is almost 2 times that in the 

URBAN simulation (not shown). This results from the change in land-surface 

characteristics, e.g., from the lesser vegetated surface (urban surface) to the 

highly vegetated surface (cropland). As the urban surface is altered by the 

cropland, the stomatal resistance, mesophyl resistance, lower canopy resistance, 

and other resistances are correspondingly altered. However, the effect of the 
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Figure 6.4. Time-integrated contributions of individual processes averaged in 

the ABL over the urban analysis area for the period from 1200 to 1600 LT in the 

URBAN and NO-URBAN simulations. 
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dry deposition process is confined to the lowest layer, so the difference in 

contribution of the dry deposition process in the ABL between the two 

simulations is small relative to that of the chemical or advection process. The 

more intense upward motion in the urban area results in more O3 loss by the 

cloud process, but this contribution is very small. 

 To examine the contributions of individual processes in the vertical 

direction, the vertical profiles of O3 and Ox concentrations and contributions of 

individual processes to O3 and Ox concentrations averaged over the urban 

analysis area for the period from 1200 to 1600 LT are presented in Fig. 6.5. Note 

that the height of the 19th layer is 2.6 km. The O3 and Ox concentrations in the 

ABL are higher in the URBAN simulation than in the NO-URBAN simulation 

(Figs. 6.5a,c). The differences in contribution of the chemical process to O3 and 

Ox concentrations between the two simulations are large in the surface layer 

and in the upper ABL. In the URBAN simulation, the near-surface O3 

concentration decreases less by the chemical process (Fig. 6.5b). Besides the less 

O3 destruction by NO, the larger Ox production in the surface layer in Fig. 6d 

indicates that O3 is produced more there. In the upper ABL, the large O3 

production in the URBAN simulation results from the upward transport of O3 

precursors by both enhanced upward motion and turbulence in the deepened 

urban boundary layer. Considering the larger contributions of the advection 

and diffusion processes to Ox concentration in the upper ABL (Fig. 6.5d) relative 

to those to O3 concentration there (Fig. 6.5b), NO2 is transported to the upper 

ABL by the advection and diffusion processes. Not only NO2 but also other 
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Figure 6.5. 4 h-average vertical profiles of (a) O3 and (c) Ox concentrations and 

contributions of individual processes to (b) O3 concentration and (d) Ox 

concentration averaged over the urban analysis area for the period from 1200 to 

1600 LT. Note that the solid (dashed) lines in (b) and (d) indicate the results of 

the URBAN (NO-URBAN) simulation. The same abbreviations for the processes 

as those in Fig. 6.4 are used. 
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precursors are transported upward (not shown), and therefore more Ox as well 

as O3 can be produced in the upper ABL in the urban area. Therefore, the larger 

chemical production of O3 in the ABL in the URBAN simulation is attributed to 

the less O3 destruction by NO, the more O3 production in the surface layer, and 

the more O3 production in the upper ABL due to the upward transport of O3 

precursors. Not only the urban-modified boundary layer but also the urban-

induced/-modified local circulation contributes to the increase in chemical 

production of O3 in the URBAN simulation. The impacts of urban-induced/-

modified local circulation are described in detail in section 6.3.3. 

 In the URBAN simulation, the advection process contributes to the 

increase in O3 concentration in the lower ABL (Fig. 6.5b). On the other hand, in 

the NO-URBAN simulation, the advection process makes a negligible 

contribution in the lower ABL but a positive contribution in the upper ABL. The 

different contributions of the advection process are closely related to the 

prevailing local circulation: urban-breeze circulation versus valley-breeze 

circulation. The detailed analysis results are presented in the following section. 

 In the URBAN simulation, the near-surface O3 concentration decreases 

less by the dry deposition process. In the NO-URBAN simulation, the large O3 

loss by the dry deposition and chemical processes in the surface layer is 

compensated by the downward diffusion of O3 from the upper layers. 

 

6.3.3 Impact of urban-induced/-modified local circulations 
on air quality 
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 As mentioned in section 5, the prevailing local circulation in the morning 

in the study area is the valley-breeze circulation. As the sensible heat from the 

urban surface increases and accordingly the air temperature increases over 

time, the valley-breeze circulation weakens and urban-breeze circulation starts 

to develop in the late morning/early afternoon. As an example, Fig. 6.6 shows 

the vertical cross sections of NO2 concentration, the results of the IPR analysis 

for NO2 and O3 concentrations, and wind along the line M-N (depicted in Fig. 

6.1d) at 1100 LT when the valley-breeze circulation develops in both simulations. 

The cross section along the line M-N is chosen to show representative examples 

of the valley-breeze and urban-breeze circulations. The wind field in the URBAN 

simulation shows an onset of an urban-breeze circulation near the lower part of 

the mountain (~37°27′N) and a weaker valley-breeze circulation owing to the 

UHI effect than that in the NO-URBAN simulation. In both simulations, NO2 is 

advected over the mountain crest following the upslope wind, thus showing 

positive contributions of the advection process there. Because a larger amount 

of NO2 is advected over the mountain by the stronger upslope wind in the NO-

URBAN simulation, the chemical production of O3 over the mountain is larger 

(Fig. 6.6f). In both simulations, besides the advection of NO2 and other 

precursors (not shown) by the valley-breeze circulation, the larger O3 

production over the mountain in comparison to over the urban area (cropland) 

is a result of the absence of massive NOx emissions and the presence of BVOC 

emissions. The O3 concentration over the mountain is of course higher than 

that over the urban area (cropland). It is found that the build-up of O3 in the 
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Figure 6.6. Vertical cross sections of (a) NO2 concentration, (c) contribution of 

the advection process to NO2 concentration, (e) contribution of the chemical 

process to O3 concentration, and wind along the line M-N in Fig. 6.1d at 1100 LT 

in the URBAN simulation. (b), (d), and (f) are the same as (a), (c), and (e), 

respectively, but for the NO-URBAN simulation. The color of circles on the x-

axis corresponds to the color of the LULC in Fig. 6.1b. 
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Figure 6.7. Horizontal distributions of (a) O3 and (c) NO2 concentrations and 
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horizontal wind at the lowest model level at 1500 LT in the URBAN simulation. 

The circles in (a) and (c) show the observed O3 and NO2 concentrations, 

respectively. (b) and (d) are the same as (a) and (c), respectively, but for the NO-

URBAN simulation. (e) Differences in O3 concentration and horizontal wind 

between the two simulations (URBAN minus NO-URBAN). (f) is the same as (e) 

but for NO2. The concentration units are ppb. Region A, region C, and region S 

are marked in (e) by the three rectangles with thin-black line, the rectangle with 

thick-blue line, and the rectangle with thick-grey line, respectively. 
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morning also appears over other mountains in the study area. 

 Figure 6.7 shows the horizontal distributions of near-surface O3 and NO2 

concentrations and wind at 1500 LT in the two simulations and the differences 

between the simulations. At this time, the urban-breeze circulation develops 

well in the URBAN simulation. It is clearly seen that the horizontal wind in the 

URBAN simulation converges toward the city center, exhibiting the 

predominant urban-breeze circulation. On the other hand, the horizontal wind 

in the NO-URBAN simulation diverges toward the surroundings. Therefore, the 

differential wind field displays convergence patterns near the city boundaries. 

Based on the fact that the prevailing local circulation is altered by urban land-

surface forcing, it is expected that pollutant concentrations in the urban area 

are in turn influenced locally by the circulation. 

 As shown in the area-averaged concentrations (Fig. 6.3), the O3 

concentration in the urban analysis area is generally higher in the URBAN 

simulation than in the NO-URBAN simulation. In particular, the difference in 

O3 concentration is large near the city boundaries (Fig. 6.7e). This seems closely 

related to the convergent flow there. In general, the NO2 concentration is lower 

in the URBAN simulation particularly in the regions where the convergent flow 

appears (Fig. 6.7f). 

 To gain insight into the reason for the elevated O3 levels in the presence of 

urban land-surface forcing, the contributions of the advection and chemical 

processes averaged in the lower ABL (from the surface to mid-ABL) are 

presented in Fig. 6.8. In the lower ABL in which near-surface pollutant 
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concentrations are directly influenced by the local circulations, the O3 

concentration in the regions near the city boundaries significantly increases in 

the URBAN simulation but decreases in the NO-URBAN simulation by the 

advection process (Figs. 6.8a,b). In the URBAN simulation, the O3-rich air is 

advected over the urban area from the surroundings following the urban-breeze 

circulation. On the other hand, in the NO-URBAN simulation, O3 is advected 

toward the surroundings by the valley-breeze circulation. Therefore, the 

difference in O3 concentration between the two simulations is large near the 

city boundaries. 

 Comparing Fig. 6.8c with Fig. 6.8d, there are also different contributions 

of the chemical process between the two simulations (Fig. 6.8f). As O3 being less 

destructed by NO in the URBAN simulation, the contribution of the chemical 

process is larger in the URBAN simulation. Interestingly, the contribution of 

the chemical process in the URBAN simulation is larger in the regions where 

the convergent flow prevails. This indicates that O3 is produced more owing to 

the urban-breeze circulation. 

 To examine the impacts of local circulation in the vertical direction, Fig. 

6.9 shows the vertical cross sections of O3 concentration, contributions of the 

advection and chemical processes, and wind along the line M-N at 1500 LT. In 

the URBAN simulation, it is seen that the urban-breeze circulation develops 

over the northern foot of the mountain. Another well-developed urban-breeze 

circulation is found in the northern region of the cross section (~37°40′N). It is 

clearly seen that following the convergent flow the O3-rich air is advected over 
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Figure 6.8. Horizontal distributions of column-integrated contributions of the 

(a) advection process and (c) chemical process in the lower ABL at 1500 LT in the 
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URBAN simulation. (b) and (d) are the same as (a) and (c), respectively, but for 

the NO-URBAN simulation. (e) and (f) show differences in the contributions of 

the advection and chemical processes between the two simulations, respectively. 

The units are ppb h−1. The horizontal winds are at the lowest model level. 
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Figure 6.9. Vertical cross sections of (a) O3 concentration, (c) contribution of the 

advection process, (e) contribution of the chemical process to O3 concentration, 

and wind along the line M-N in Fig. 6.1d at 1500 LT in the URBAN simulation. 

(b), (d), and (f) are the same as (a), (c), and (e), respectively, but for the NO-

URBAN simulation. The color of circles on the x-axis corresponds to the color of 

the LULC in Fig. 6.1b. 
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the urban area from the surroundings (Fig. 6.9c), as seen in the horizontal 

distribution of contribution of the advection process in Fig. 6.8a. The O3-rich air 

over the mountain is a result of the supply of NO2 from the urban area by the 

valley-breeze circulation in the morning and BVOC emissions from the forest 

area. As the prevailing local circulation in the afternoon turns to the urban-

breeze circulation, O3 over the mountain is brought into the urban area. Thus, 

under the circumstances in which both anthropogenic and biogenic (natural) 

emissions play important roles in forming O3, the urban-breeze circulation that 

prevails against the valley-breeze circulation contributes substantially to the 

elevated O3 levels in the urbanized mountainous area. This implies that urban 

land-surface forcing can exacerbate air pollution problems in urban areas, 

particularly those adjacent to mountains. 

 On the other hand, in the NO-URBAN simulation, the valley-breeze 

circulations prevail in the southern and northern regions of the cross section as 

in the morning (see Fig. 6.6b and Fig. 6.9b). Therefore, O3 is advected toward the 

surroundings in the lower ABL, showing the negative contributions of the 

advection process in the southern and northern regions of the cross section (Fig. 

6.9d). However, the convergent flow toward the basin in the upper branch of the 

valley-breeze circulation brings the O3-rich air into the cropland, thus yielding 

the positive contribution of the advection process in the upper ABL. This 

recirculation can contribute to increasing near-surface O3 concentration. Ozone 

in the upper ABL diffuses downward, as can be inferred from the large negative 

contribution of the diffusion process in the upper ABL in Fig. 6.5b. In addition, 
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O3 aloft can be entrained as the ABL in the basin grows over time. These results 

are consistent with the findings of previous studies of the impacts of valley-

breeze circulation on air quality (e.g., Fast and Zhong 1998). The recirculated O3, 

however, tends to stay in the upper ABL, exhibiting the relatively large 

concentration gradient in the vertical direction (Fig. 6.9b). On the other hand, 

in the presence of urban land-surface forcing, the direct advection of O3-rich air 

from surroundings occurs in the lower ABL and thereby makes a great 

contribution to the increase in near-surface O3 concentration. 

 A noticeable result is found in the IPR analysis in which the contribution 

of the chemical process in the URBAN simulation is also large in the regions 

where the convergent urban breeze prevails (Fig. 6.9e). As seen in Figs. 6.8e and 

6.8f, this reflects that because of the urban-breeze circulation O3 concentration 

increases owing to the chemical process as well as the advection process. To 

understand the increase in O3 production in these regions, an IRR analysis is 

performed (Fig. 6.10). Over the mountain and in the regions where the urban 

breeze prevails, the OH chain length is large. The large OH chain length in the 

air mass over the mountain is attributed to the low NOx level (e.g., Fig. 6.7c) and 

high BVOC level, as can be inferred from the emission fields (Figs. 6.1c,d). This 

air mass is characterized by high O3, low NOx, high BVOC, and high oxygenated 

VOC levels, and of course the OH level in the air mass is high (not shown). As 

the air mass having different characteristics moves toward the urban area 

following the convergent flow, the amount of OH reacting with VOCs increases 

in the regions where the urban breeze prevails (Fig. 6.10c). The reactions 
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Figure 6.10. Vertical cross sections of (a) OH chain length, (c) rate of OH reacted 

with VOCs, (e) NO2 production from the reactions between NO and peroxy 

radicals (HO2 and RO2), and wind along the line M-N at 1500 LT in the URBAN 

simulation. (b), (d), and (f) are the same as (a), (c), and (e), respectively, but for 

the NO-URBAN simulation. The color of circles on the x-axis corresponds to the 

color of the LULC in Fig. 6.1b. 
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between OH and VOCs further produce peroxy radicals such as HO2 and RO2. 

As the peroxy radicals oxidize NO to NO2 (Fig. 6.10e), O3 can be produced more 

there (Fig. 6.9e). In the NO-URBAN simulation, the supply of NO2 over the 

mountain by the valley-breeze circulation occurs continuously and thereby O3 is 

produced more over the mountain where massive NOx emissions are absent 

(Fig. 6.9f). On the other hand, there are no significant changes in contribution 

of the chemical process and in chemical reaction rates associated with the 

valley-breeze circulation over the cropland (Fig. 6.9f and Figs. 6.10b,d,f). 

Therefore, it is found that the changes in contribution of the chemical process 

and in chemical reaction rates associated with local circulation occur 

considerably when urban land-surface forcing is present. 

 Over the city center where NOx emissions are high, the OH chain length is 

small in both simulations. In the NOx-rich area such as the city centre, OH is 

predominantly removed by the reaction with NO2 (Seinfeld and Pandis 2006). 

Thus, the O3 production is smaller in the city center than in the surroundings. 

However, in the upper ABL over the city center (~37°35′N), the slightly increased 

NO2 production from peroxy radicals (Fig. 6.10e) and increased O3 production 

(Fig. 6.9e) are seen in the URBAN simulation. As shown in Fig. 6.5b, the upward 

transport of O3 precursors by the rising motion of the urban-breeze circulation 

is responsible for the increased O3 production in the upper ABL. 

 

6.3.4 Ozone production efficiency 
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 The ozone production efficiency (OPE) can be defined as the number of 

O3 molecules photochemically produced by a molecule of NOx before it is lost 

from the NOx–O3 cycle (Zaveri et al. 2003). The OPE is first introduced by Liu et 

al. (1987) and has been extensively used to study air quality (e.g., Nunnermacker 

et al. 2000; Kleinman et al. 2002; Daum et al. 2003; Zaveri et al. 2003; Lei et al. 

2007). According to Wood et al. (2009), the OPE has been reported to range 

from 2–8 in urban areas to 46. In the present study, to ignore the titration 

reaction between O3 and NO, the net chemical production of Ox instead of O3 is 

used. Following Lei et al. (2007), the OPE is calculated as the ratio of net 

chemical production of Ox to that of NOz, i.e., P(Ox)/P(NOz), where NOz is the 

NOx oxidation products. The near-surface OPE as a function of near-surface 

NOx concentration over the urban analysis area is depicted in Fig. 6.11. The rate 

of OH reacting with VOCs ( ∑
i

iik ]VOC][OH[ , hereafter denoted by 

k[OH][VOC]) is represented by color. In both simulations, the OPE tends to 

decrease as NOx concentration increases, as previously demonstrated in 

numerous studies for polluted areas (e.g., Kleinman et al. 2002; Lei et al. 2007). 

As can be expected from the higher O3 concentration in the URBAN simulation, 

the average OPE in the URBAN simulation (6.9) is higher than that in the NO-

URBAN simulation (6.1). The average k[OH][VOC] is also higher in the URBAN 

simulation (10.4) than in the NO-URBAN simulation (9.4). In particular, an air 

mass characterized by high OPE, low NOx level, and high k[OH][VOC] appears 

in the URBAN simulation. Such an air mass is also seen in the NO-URBAN 
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Figure 6.11. Scatter diagrams of ozone production efficiency (OPE) and NOx 

concentration over the urban analysis area in the (a) URBAN and (b) NO-

URBAN simulations. 
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simulation but to lesser extent relative to that in the URBAN simulation. 

 To examine the characteristics of the air mass yielding the high OPE, the 

scatter diagrams for region A in the two simulations are shown in Figs. 6.12a,b. 

In Fig. 6.12, the color of outer circles indicates k[OH][VOC] at 1100 LT and the 

color of inner circles indicates that at 1500 LT. Region A is characterized by 

being directly influenced by the urban-breeze circulation (see Fig. 6.7e). The 

OPE in region A is much higher in the URBAN simulation (8.8 on average) than 

in the NO-URBAN simulation (6.0 on average). The air mass in region A is 

characterized by low NOx level and high k[OH][VOC], which is consistent with 

the air mass outside the city (e.g., mountainous areas where BVOC emissions 

are significant). In previous studies, the significantly high OPE has been 

observed in regions with high isoprene emissions (e.g., Luria et al. 2000; 

Ryerson et al. 2001). As compared with k[OH][VOC] at 1100 LT (6.7 on average), 

it is confirmed that owing to the advection of the air mass from the 

surroundings k[OH][VOC] increases significantly at 1500 LT (12.0 on average). 

This advection effect is also confirmed by comparing the results in region A 

with those in region C where the urban-breeze circulation is less predominant. 

The difference in k[OH][VOC] at 1500 LT between the URBAN and NO-URBAN 

simulations in region C is not as evident as that in region A. On the other hand, 

the air mass in region A in the NO-URBAN simulation is characterized by low 

OPE, high NOx level, and low k[OH][VOC] relative to those in the URBAN 

simulation. From the scatter diagram, it is found that the increase in O3 

production associated with the urban-breeze circulation examined through the 
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Figure 6.12. Scatter diagrams of ozone production efficiency (OPE) and NOx 
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concentration in the (a) URBAN and (b) NO-URBAN simulations in region A, 

the (c) URBAN and (d) NO-URBAN simulations in region C, and the (e) URBAN 

and (f) NO-URBAN simulations in region S. The color of outer (inner) circles 

indicates the rate of OH reacted with VOCs at 1100 (1500) LT. 
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example in Figs. 6.9 and 6.10 also occurs in other regions where the urban-

breeze circulation prevails. Thus, it is concluded that the increase in OPE in the 

urban area is largely attributed to the advection of the air mass from the 

surroundings by the urban-breeze circulation. 

 For region C where NOx emissions are high, the OPE and k[OH][VOC] in 

the afternoon in the URBAN simulation are slightly higher than those in the 

NO-URBAN simulation (Figs. 6.12c,d). Region C coincides with the city center 

and reveals relatively strong UHI intensity (not shown). The difference in ABL 

height in region C is also large. That is, the dilution effect in the deepened 

urban boundary layer is large in region C. As a result, the NOx level in this 

region is lower in the URBAN simulation than in the NO-URBAN simulation. A 

decrease in NOx level can reduce the amount of OH terminated and thereby 

increase the OPE. Yet, owing to the still high NOx level, the dilution effect 

associated with the urban-modified boundary layer appears to be small relative 

to the advection effect associated with the urban-induced/-modified local 

circulation examined in region A. 

 The dilution effect can be, however, large in the regions where the sea 

breeze prevails (e.g., region S). As demonstrated in section 5, the depth of the 

sea-breeze inflow layer can increases significantly in the urban area owing to 

the UHI effect. When comparing Fig. 6.12e with Fig. 6.12f, an increase in OPE, a 

decrease in NOx level, and an increase in k[OH][VOC] are found in the URBAN 

simulation. To examine the impacts of the urban-modified sea breeze, the 

vertical cross section of NOx and O3 concentrations and wind along the line E-F 
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(Fig. 6.1c) are presented in Fig. 6.13. The NOx level in region S is significantly 

lower in the URBAN simulation than in the NO-URBAN simulation. The 

relatively strong mixing in the urban boundary layer embedded in the sea-

breeze inflow layer contributes markedly to the decreased NOx level. Therefore, 

the less O3 destruction by NO and relatively high OH level (not shown) result in 

the higher O3 concentration and the higher OPE in region S. In addition, a 

deepened boundary layer, a decrease in NOx concentration, and an increase in 

O3 concentration in region C in the URBAN simulation are seen Figs. 6.13a,c. 

 Actually, the sea breeze brings O3-rich air onto land. The advection of O3 

precursors by land-breeze circulation results in the build-up of O3 over the sea 

(not shown). As seen in Fig. 6.7, the O3 concentration is high in the regions 

where the sea breeze prevails, except for the regions where there are massive 

emissions of NOx such as region S. An elevated O3 level behind region S is also 

seen in Fig. 6.13. Even though the O3-rich air is advected following the sea-

breeze inflow, O3 is largely destructed by NO over the urban area where NOx 

emissions are high. When urban land-surface forcing is present, O3 loss by NO 

can be reduced. 
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Figure 6.13. Vertical cross sections of (a) NOx and (c) O3 concentrations and 

wind along the line E-F in Fig. 6.1c at 1500 LT in the URBAN simulation. (b) and 

(d) are the same as (a) and (c), respectively, but for the NO-URBAN simulation. 

The blue arrow indicates the location of the sea-breeze front. 
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7  Summary and conclusions 
 A more physically based single-layer urban canopy model (named Seoul 

National University Urban Canopy Model, SNUUCM) has been developed for 

use in mesoscale models. The physical processes parameterized in the 

SNUUCM are the absorption and reflection of shortwave and longwave 

radiation, exchanges of turbulent energy and water between surfaces and 

adjacent air, and heat transfer by conduction through substrates. In the 

radiation process, two facing walls are specified as the sunlit and shaded walls 

according to solar azimuth angle and canyon orientation. Thus, unlike previous 

single-layer UCMs, surface temperatures as well as energy budgets for the four 

surfaces (roof, sunlit wall, shaded wall, and road) are calculated. The shadow 

effect and multiple reflection are included in the radiation process. The 

turbulent energy fluxes are calculated following the Monin–Obukhov similarity 

theory and the empirical formula. For better estimation of turbulent energy 

exchange within the canyon, equations for the ratio of canyon wind speed to 

reference wind speed are proposed based on the simulation results from the 

CFD model, which reflect the effects of canyon aspect ratio and of reference 

wind direction. The surface temperatures and canyon air temperature are 

explicitly calculated. 

 The developed model was validated by using datasets obtained at two 

urban sites: Marseille, France and Basel, Switzerland. The canyon air 

temperatures for Marseille and Basel are reasonably simulated by the SNUUCM 
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with positive mean bias errors of 2–3°C. The model well reproduces the observed 

wall temperatures that exhibit different diurnal variations of sunlit and shaded 

walls depending on canyon orientation, as well as roof and road temperatures. 

The net radiation, sensible heat fluxes, latent heat fluxes, and storage heat 

fluxes are reproduced well by the model for both the sites. 

 Extensive experiments were conducted to examine the sensitivities of 

urban surface energy balance to meteorological factors (temperature and wind 

speed at a reference height) and urban surface parameters (radiative, geometric, 

thermal, and roughness length parameters). The impact of the reference wind 

speed on the energy fluxes was found to be more crucial than that of the 

reference air temperature, especially for weak winds. Among the urban surface 

parameters, the roof albedo was found to be the most sensitive parameter. The 

parameters related to the roof such as roof albedo, roof fraction, and ratio of 

roughness length for momentum to that for heat for the roof play important 

roles in altering urban surface energy balance since energy fluxes from the roof 

are directly influenced by and influence the overlying atmosphere. 

 The SNUUCM is coupled to the WRF model. Using the WRF-SNUUCM 

model, the relative contributions of the causative factors of UHI and their 

interactions to the daytime and nighttime UHI intensities were examined 

under an idealized urban environment. The suggested main factors responsible 

for the UHI are anthropogenic heat, impervious surfaces, and three-

dimensional (3-D) urban geometry. In this study, the 3-D urban geometry effect 

was explicitly examined using the SNUUCM. The 3-D urban geometry factor is 
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subdivided into three sub-factors: additional heat stored in vertical walls, 

radiation trapping, and wind speed reduction, each arising from the distinctive 

geometry of cities. By performing the factor separation analysis, the 

contributions of the factors and their interactions are quantified. 

 The relative importance and ranking order of the factors and their 

interactions were found to differ between the daytime and nighttime. In the 

daytime, the impervious surfaces have the greatest effect on the UHI intensity 

(98%). The anthropogenic heat also contributes positively to the daytime UHI 

intensity (36%), but the 3-D urban geometry contributes negatively to the 

daytime UHI intensity (–24%). Among the 3-D urban geometry sub-factors, the 

additional heat stored in vertical walls gives the largest negative contribution to 

the daytime UHI intensity. Due to shortwave radiation trapping within the 

urban canyon, the radiation trapping contributes positively to the daytime UHI 

intensity. The wind speed reduction resulting from the existence of buildings 

decreases the daytime UHI intensity. In the nighttime, the anthropogenic heat 

is crucial to the UHI intensity (86%), but this factor interacts strongly with other 

factors. The second most important contributing factor is the impervious 

surfaces factor (47%). The nighttime contribution of the 3-D urban geometry 

factor contrasts with the daytime contribution by yielding the positive 

contribution (28%). Among the 3-D urban geometry sub-factors, the additional 

heat stored in vertical walls contributes most to the nighttime UHI intensity 

and the radiation trapping and the wind speed reduction also contribute 

positively to that. 
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 Through the sensitivity experiments, it was found that the 3-D urban 

geometry effect increases with increasing urban canyon fraction and aspect 

ratio, thus possibly deteriorating a nighttime thermal environment in urban 

areas. The sensitivity experiments indicated that although each of the 

contributions varies with the anthropogenic heat intensity and the values of the 

urban surface parameters, the relative importance and ranking order of the 

contributions are not significantly changed. 

 The structure and evolution of daytime UBC and its interaction with 

convective cells that form in both the rural and urban areas under an ideal fair-

weather condition were examined using the WRF-SNUUCM model. The 

distinctive urban surface energy balance is well represented, which is 

predominantly characterized by large sensible heat flux and small latent heat 

flux in the daytime. As the differential sensible heat flux increases with time, 

the temperature excess and the CBL height accordingly increase in the urban 

area. As a result, the UBC that is accompanied by the two strong fronts as the 

leading edges of the circulation starts to develop in the morning and becomes 

larger and stronger with time. The water vapor deficit in the urban area is large 

in the morning but becomes small as a significant amount of water vapor is 

transported from the rural area by the UBC. By performing the vorticity budget 

analysis, it was found that the UBC is primarily forced by the thermal solenoid. 

Due to the strong surface heating in the daytime, a number of convective cells 

form in both the rural and urban areas. In the rural area, the positive (negative) 

potential temperature anomaly appears in the lower (upper) part of the cell 
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updrafts, and the positive water vapor mixing ratio anomaly appears 

consistently in the cell updrafts. However, different characteristics were found 

for the urban cells. The aspect ratio of the urban cells is smaller than that of the 

rural cells, which is partly attributed to the deeper CBL in the urban area. The 

intensity of the cell updrafts in the urban area is stronger than that in the rural 

area. The positive potential temperature anomaly in the cell updrafts is larger 

and even extends to a higher level in the urban area. The positive water vapor 

mixing ratio anomaly in the cell updrafts near the surface in the urban area is 

not as evident as that seen in the rural area. These different characteristics 

between the rural and urban cells are attributed to the difference in the SEB 

between the urban and rural areas. 

 As the UBC develops, the convective cells that form in the rural area are 

influenced by the UBC. The cell updrafts weaken and the water vapor mixing 

ratio in the cell updrafts decreases when they are advected by the UBC. As the 

cell updrafts that originate from both the rural and urban areas merge with the 

front, the front intensity significantly increases. When the front merges with 

the cell updrafts advected from the rural area, the water vapor mixing ratio at 

the front increases. When, however, the front merges with the cell updrafts that 

originate from the urban area, the water vapor mixing ratio at the front 

decreases. As the UBC develops in the daytime, the two fronts that initially form 

at the urban-rural boundaries in the morning move toward the urban center 

and finally merge with each other in the late afternoon, yielding a strong 

upward motion at the urban center. 
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 Daytime local circulations, such as urban-breeze, cross-valley, river-

breeze, and sea-breeze circulations, and their interactions under a weak 

synoptic-wind condition were investigated using the WRF-SNUUCM coupled 

model. In the morning, the cross-valley circulation is predominant in the valley 

region. As the daytime UHI intensity increases in the afternoon and accordingly 

the urban-breeze circulation increases in strength, the urban-breeze circulation 

dominates over the cross-valley circulation in the valley region. While the 

mountain-side urban-breeze circulation weakens because of the cross-valley 

circulation in the opposite direction, the plain-side urban-breeze circulation 

away from the mountain strengthens because of the combined effect of heating 

from the urban surface and subsidence heating associated with the cross-valley 

circulation. In addition, the strengthened urban breeze due to the combined 

effect acts to inhibit further inland penetration of the sea breeze. Consequently, 

the sea breeze stagnates in Seoul. 

 The river breeze develops near the Han River in response to the 

differential surface heating between the river and land. Because of the larger 

difference in air temperature between the river and the adjacent urban area, the 

intensity of the river breeze is stronger when the urban area is present (URBAN 

simulation) than when it is absent (NO-URBAN simulation). As a result of the 

interaction between the urban breeze and the river breeze, convergence zones 

with strong updrafts are formed in the vicinity of the river. When the sea-

breeze front interacts with the updrafts in the convergence zones, the vertical 

velocity of the front increases considerably at the intersection points. When the 
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sea-breeze front crosses the Han River, the cool air over the river causes the 

vertical velocity of the front and the depth of the sea-breeze inflow layer to 

decrease. Interestingly, the wind speed of the sea-breeze inflow over the river 

increases. This increase in wind speed along the river is considerable when the 

urban area is present because of the large difference in air temperature and the 

corresponding large difference in internal boundary layer height between the 

river and the adjacent urban area. 

 It was found that the presence of the urban area modifies the sea-breeze 

circulation and its penetration speed. In the morning, when the sea breeze 

moves over the coastal urban area, the inland penetration of the sea breeze is 

retarded because of the increased surface roughness of the coastal urban area. 

After passing through the coastal urban area, the sea breeze moves inland faster 

in the URBAN simulation than in the NO-URBAN simulation owing to the 

landward-convergent flows induced by the UHIs in the inland urban areas. As 

the sea-breeze front interacts with the updrafts formed over the inland urban 

areas, the vertical velocity of the front and the depth of the inflow layer at the 

intersection points increase significantly. Even after the frontal passage, the 

urban thermal effect still contributes to warming and deepening the sea-breeze 

inflow layer. 

 The impacts of urban land-surface forcing on air quality in the Seoul 

metropolitan area were examined. Under the fair weather condition, the 

temperature excess, represented as the urban heat island with an intensity of 

~1°C in the mid-afternoon, significantly modifies the boundary layer 
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characteristics/structure and local circulations. On average, the O3 

concentration is 16 ppb higher in the nighttime and 13 ppb in the daytime in the 

URBAN simulation than in the NO-URBAN simulation even though the 

emissions are the same in both simulations. Owing to the intense heating from 

the urban surface, the turbulent mixing is enhanced and the boundary layer 

height correspondingly increases. The pollutants are more diluted and well 

mixed in the deepened urban boundary layer, and this results in less O3 

destruction by NO. Therefore, the O3 concentration is higher in the URBAN 

simulation than in the NO-URBAN simulation. This effect dominates especially 

in the late afternoon/early evening and under the influence of the sea breeze.  

 The urban-breeze circulation is induced by the urban heat island, and this 

circulation prevails in the afternoon against the valley-breeze circulation that is 

predominant in the morning. The change in prevailing local circulation from 

the valley-breeze circulation to the urban breeze-circulation in the afternoon 

acts to effectively recirculate O3. In the morning, pollutants such as NO2 are 

advected over the mountains by the upslope wind. This contributes to the build-

up of O3 over the mountains in conjunction with BVOC emissions there. As the 

prevailing local circulation in the afternoon turns to the urban-breeze 

circulation that is opposite to the valley-breeze circulation, the O3-rich air over 

the mountains is brought into the urban area. Hence, the O3 concentration in 

the regions where the urban breeze prevails increases directly by the advection 

of the O3-rich air. In addition, the intrusion of the air masses, characterized by 

low NOx and high BVOC levels and large OH chain length, from the 
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surroundings by the urban-breeze circulation increases ozone production 

efficiency in the urban area, thus yielding more O3 production. It is concluded 

that the urban-breeze circulation that prevails against the valley-breeze 

circulation exerts significant influences on both the advection and chemical 

processes under the circumstances in which both anthropogenic and biogenic 

(natural) emissions play important roles in forming O3, thus contributing to the 

elevated O3 levels in the urbanized mountainous area. Furthermore, the upward 

transport of pollutants by the rising motion of the urban-breeze circulation 

contributes to the increase in O3 production in the upper boundary layer. 

 The findings of this study would expand our understanding of the urban 

impacts on local meteorology and air quality. For example, the intensification of 

upward motion of sea-breeze front by cities can enhance convective activities in 

urban areas. It was shown that the urban land-surface forcing can increase O3 

concentration in the urban area under the fair weather condition that is 

conducive both for strong UHI and elevated O3 levels. The results presented in 

this study suggest that the urban impacts should be properly dealt with in air 

quality studies as well as local meteorology studies particularly under favorable 

weather conditions. 
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초 록 

  

중규모 모형에서 사용하기 위한 새로운 도시 캐노피 모형을 

개발하였다. 도시 캐노피 모형에서 도시 지역은 도시 도로 협곡, 마주하는 

두 개의 건물, 그리고 도로로 표현된다. 기존의 모형과 달리, 본 모형에서 

마주하는 두 개의 벽면은 태양의 방위각과 협곡 방향에 따라 햇빛을 직접 

받는 벽면과 그늘지는 벽면으로 구분되며, 각 벽면에 대한 표면 온도와 

에너지 수지가 계산된다. 또한 보다 현실적으로 협곡 내 난류 에너지속 

교환을 고려하기 위해 계산유체역학 모형을 이용하여 협곡 외관비(canyon 

aspect ratio)와 협곡 방향에 상대적인 외부 풍향이 협곡 내 풍속에 미치는 

영향을 모수화하였다. 모형에서 모수화된 주요 물리 과정은 장·단파 

복사 에너지의 흡수·반사, 표면과 주변 공기 간의 난류 에너지 및 수분 

교환, 전도에 의한 표면과 내부 기층 간의 열 전달 등이다. 

 개발한 도시 캐노피 모형을 유럽의 두 도시(프랑스 마르세유, 

스위스 바젤)에서 관측된 자료와 비교하여 검증하였다. 모형은 두 도시에 

대해 협곡 공기 온도, 표면 온도, 총 복사 에너지, 현열속, 잠열속, 

지중열속을 모의하는 데 만족할 만한 수준을 보였다. 기상학적 인자와 

도시 지표 파라미터에 대한 민감도 실험을 수행한 결과, 모형은 외부 

기온보다 풍속에 더 민감하게 반응하며 도시 지표 파라미터 중 건물 옥상 

알베도에 가장 민감한 것으로 나타났다. 

 개발한 도시 캐노피 모형이 접목된 중규모 모형을 이용하여 도시 

열섬을 야기하는 원인 인자별 도시 열섬 강도에 대한 기여도를 

정량적으로 조사하였다. 고려된 원인 인자는 인공열, 불투성 피복, 3차원 
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도시 구조 인자이다. 이 중 3차원 도시 구조 인자는 건물 벽면에 

저장되는 추가 열, 복사 에너지 갇힘, 그리고 풍속 감소 부인자로 

세분화되었다. 주간 도시 열섬 강도에 대한 기여도는 불투수성 피복, 

인공열 순으로 나타났으며, 3차원 도시 구조 인자는 음의 기여도를 보였다. 

야간에는 인공열 인자가 가장 큰 기여도를 보였으며, 불투성 피복, 3차원 

도시 구조 인자가 차례로 그 뒤를 이었다. 3차원 도시 구조 인자의 부인자 

중 건물 벽면에 저장되는 추가 열 인자가 주·야간 도시 열섬 강도에 

가장 큰 기여도를 보였다. 상기 원인 인자별 기여도의 상대적 중요도는 

인공열 강도와 도시 지표 파라미터에 크게 바뀌지 않는 것으로 나타났다. 

 개발한 도시 캐노피 모형이 접목된 중규모 모형을 이용하여 2차원, 

이상화된 환경에서 발달·진화하는 도시풍 순환(urban breeze circulation)과 

도시풍과 대류 세포 간의 상호 작용을 조사하였다. 도시 지역의 기온이 

주변 지역의 기온보다 높아지며 (도시 열섬) 도시풍 전선이 전면부에 

위치하는 도시풍 순환이 오전에 도시/주변 지역 경계에서 발달하기 

시작한다. 시간이 지날수록 온도 차가 증가하며 도시풍 순환의 규모와 

강도가 증가한다. 주간 지표면 가열에 따라 도시 지역과 주변 지역에서 

많은 대류 세포가 발달한다. 도시 지역과 주변 지역에서 형성되는 대류 

세포 간에는 서로 다른 특징이 나타나는데, 도시 지역의 대류 세포는 

주변 지역의 대류 세포보다 더 강하며, 따뜻하고, 건조한 특징을 지닌다. 

시간이 지날수록 발달하는 도시풍 순환에 의해 이류된, 주변 지역에서 

형성된 대류 세포가 도시풍 전선과 상호 작용할 때 전선의 강도는 

증가하며 수증기 혼합비도 증가한다. 도시 지역에서 형성된 대류 세포와 

도시풍 전선이 상호 작용할 때 전선의 강도는 마찬가지로 증가하나 
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수증기 혼합비는 감소한다. 

 서울 지역에서 발달하는 국지 순환과 국지 순환 간 상호 작용을 

조사하였다. 종관 강제력이 약한 사례에 대해 고해상도 수치 모의 실험을 

수행하였고, 이 지역에서 발달하는 도시풍 순환은 곡풍, 강풍(river breeze), 

그리고 해풍 순환과 강한 상호 작용을 보였다. 해풍이 오전에 해안 

도시를 지나갈 때 해안 도시의 거칠기 길이 증가에 따른 영향으로 인해 

내륙으로의 해풍 침투가 억제되나, 그 후 내륙 도시의 도시 열섬에 의해 

유도된 도시풍에 의해 해풍의 내륙 침투는 빨라진다. 오전에 계곡에 

위치한 도시 지역에서 우세한 국지풍은 곡풍이며, 오후에는 도시풍이 

우세한 것으로 나타났다. 곡풍 순환과 도시풍 순환은 서로 반대 방향을 

갖기 때문에 산 인접 지역에서 발달하는 도시풍 순환은 곡풍 순환에 의해 

약화되나, 평지 지역의 도시풍 순환은 도시 지표면 가열 영향에 곡풍 

순환에 의한 하강 가열(subsidence heating) 영향이 더해져 강화된다. 평지 

지역에서 강화된, 도시 중심으로 향하는 도시풍은 해풍의 내륙 침투를 

저지하여 해풍 정체를 유발한다. 한강 인근 지역에서 도시풍과 강풍의 

상호 작용으로 상승 기류가 형성되고, 해풍 전선과 상승 기류가 상호 

작용할 때 해풍 전선의 연직 속도가 증가하는 것으로 나타났다. 

 서울 지역 고농도 오존 사례 연구를 수행하여 도시 지표 강제력이 

대기질에 미치는 영향을 규명하였다. 도시 지역의 높은 기온으로 인해 

대기 경계층의 특성·구조와 국지 순환이 변화되었다. 변화된 대기 

경계층과 국지 순환에 의해 서울 지역 오존 농도는 평균적으로 야간에 16 

ppb, 주간에 13 ppb 증가하였다. 깊어진 대기 경계층 내에서 강화된 난류 

운동으로 인해 NOx와 같은 오염 물질이 희석되어 지표 부근 농도가 
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감소된다. 이로 인해 오존과 NO 간 적정 반응이 감소하여 오존 농도가 

증가하였다. 오전에 발달하는 곡풍에 의해 도시 지역에서 방출된 오존 

전구 물질이 산 위로 이류되고, 전구 물질과 산의 자연 식생으로부터 

배출되는 휘발성 유기 화합물(biogenic volatile organic compounds, BVOCs)이 

결부되어 산 위에서 고농도 오존이 형성된다. 오후에 도시풍이 발달하고 

우세해지며 산 위의 고농도 오존이 도시 지역으로 이류된다. 또한 오존과 

BVOC 농도가 높고, NOx 농도가 낮으며, OH chain length가 긴 주변 공기 

덩이가 도시풍에 의해 도시 지역으로 침투되며 도시 지역의 ozone 

production efficiency는 증가하였다. 해풍 유입류층(sea-breeze inflow layer) 내 

도시 경계층에서 연직 방향으로 오염 물질 혼합이 원활이 일어나면서 

NOx 농도가 감소하고 이로 인해 오존 농도가 증가하는 것으로 나타났다. 

 

주요어: 도시 캐노피 모형, 도시 열섬, 도시풍 순환, 도시 경계층, 대기질 
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