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Abstract. Global and regional chemical transport models of the atmosphere are based on the assumption that chemical species 15 

are completely mixed within each model grid box. However, in reality, these species are often segregated due to localized 

sources and the influence of the topography. In order to investigate the degree to which the rates of chemical reactions between 

two reactive species are reduced due to the possible segregation of species within the convective boundary layer, we perform 

large-eddy simulations (LES) in the mountainous region of the Hong Kong island. We adopt a simple chemical scheme with 

15 primary and secondary chemical species including ozone and its precursors. We calculate the segregation intensity due to 20 

inhomogeneity in the surface emissions of primary pollutants and due to turbulent motions related to topography. We show 

that the inhomogeneity in the emissions increases the segregation intensity by a factor 2-5 relative to a case in which the 

emissions are assumed to be uniformly distributed. Topography has an important effect on the segregation locally, but this 

influence is relatively limited when considering the spatial domain as a whole. 

1 Introduction 25 

The spatial distribution of reactive species in the atmosphere derived by global or regional chemical-meteorological models is 

obtained by solving a system of nonlinear continuity (mass conservation) equations coupled with the Navier-Stokes 

(momentum) and energy conservation equations (Brasseur and Jacob, 2017). In most cases, a numerical approximation of the 

solution of these partial differential equations is found at a finite number of locations on a grid that covers the three-dimensional 

(3D) geographical domain under consideration. The size of the spatial patterns that is explicitly resolved by such models is 30 
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determined by the size of the adopted grid meshes. Smaller features, called subgrid-scale (SGS) processes that influence the 

large-scale dynamical and chemical solutions, are often represented by closure relations based on empirical parameterizations. 

 

With the computer resources currently available, the spatial resolution adopted for the discretization of the model equations is 

typically of the order of 50-100 km in the case of global models and 1-50 km in the case of regional models used for operational 35 

numerical weather and climate predictions. Thus, in both cases, small-scale processes such as turbulent motions in the 

boundary layer, mountain flows, sea breeze, urban dynamics, shallow clouds, as well as the complexity of surface chemical 

emissions are crudely represented or parameterized. Coarse models, for example, assume total mixing between trace species 

inside each grid mesh, and therefore do not accurately account for the segregation that may exist between these species in 

organized turbulent flows. The segregation effect is important for fast reactions, of which the chemical timescale is shorter 40 

than the turbulent timescale. In this case the reactants remain segregated rather than reacting, and such segregation tends to 

reduce the averaged rate at which chemical reactions happen within a model grid mesh (e.g. Komori et al., 1991; Schumann, 

1989; Vinuesa and Vilà-Guerau de Arellano, 2005). 

 

Numerical treatment of the turbulent flow can be provided by Large Eddy Simulation (LES) models. LES is a rapidly evolving 45 

approach for modelling the turbulent flows, which was initially proposed by Smagorinsky (1963) and first explored by 

Deardorff (1970).  In this approach, the unsteady Navier-Stokes and continuity equations are filtered to remove the smallest 

eddies, while capturing the eddy motions at a size larger than a specified cut-off width.  The interactions of the larger, resolved 

eddies and the smaller, unresolved eddies are addressed by specifying a SGS stress model (Deardorff, 1970; Smagorinsky, 

1963). 50 

 

The LES technique has been used in past studies to quantify the segregation effect in the turbulent atmospheric boundary layer. 

Schumann (1989) simulated a single secondary reaction in the convective boundary layer with one bottom-up and one top-

down tracer, and showed that the segregation of one reaction is dependent on the ratio of the chemical and turbulent timescales, 

the concentration ratio of the two reactants, and the initial condition. Other LES studies with different configurations of surface 55 

emissions, such as Krol et al. (2000), Auger and Legras (2007), and Ouwersloot et al. (2011), pointed out that spatially 

inhomogeneous emissions increase the segregation intensities in the case of ozone chemistry. There are other factors that affect 

the segregation intensities. For example, Li et al. (2016) looked at how segregation of VOC varies with weather conditions 

(e.g., temperature, humidity and the presence of clouds). Kim et al. (2016) showed that the segregation intensities of isoprene 

and OH differ at low and high NOX levels. Li et al. (2017) added the effect of aqueous-phase chemistry to a LES model, which 60 

resulted in further segregation of OH and isoprene in clouds. Studies focusing on isoprene chemistry in a forested region have 

been initiated to understand the underestimation of the OH in global models (Dlugi et al., 2019; Ouwersloot et al., 2011). These 

studies all used flat domains and calculated the domain-averaged segregation intensities to account for the errors induced by 

the turbulence in regional or global models. However, the impact of the terrain on the segregation was not considered.  
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 65 

The purpose of this paper is to use a stand-alone LES model included in the Weather Research and Forecasting (WRF) model 

(Skamarock et al., 2008; 2019) to investigate the importance of segregation between reacting species in an area where surface 

emissions are spatially very inhomogeneous and the flow is turbulent due to the influence of a complex topography. Under 

such conditions, the vertical mixing and the reaction rates between chemical species in the boundary layer are expected to be 

sensitive to the strength of the large eddies. The simulations are performed in a geographical area covering the island of Hong 70 

Kong. The surface wind measurements from the Hong Kong Observatory (HKO) station show the prevailing wind blow from 

the east in about 80% of the time and from the west about 15% of the time (Shu et al., 2015). There are two important features 

in the air pollution in Hong Kong: the pollution sources are concentrated in the very dense urban region, mostly along the 

coast, while natural emissions occur in large forested areas in the center of the island; both regions are separated by the complex 

topography. With the intense and inhomogeneous emissions in such urban environment, the resultant segregation can cause a 75 

large impact on the calculation of chemical reactions (Li et al., 2020). This impact is expected to be even larger with the 

influence of complex topography. In this study, we therefore set up a domain with a mountainous terrain characterized by 

complex flows determined by the topography and the occurrence of related turbulent motions.  

 

The purpose of the study is to investigate the importance of interactions between chemistry and turbulence in the planetary 80 

boundary layer (PBL), as well as to assess how the spatial segregation between chemical species affects the nonlinear 

production and destruction rates of key chemical species. Since the study is intended to be conceptual, we adopt a simple 

chemical scheme to represent the chemical interactions between ozone and its precursors. We make plausible assumptions 

about the spatial distribution of the surface emissions of primary species emitted in the forested and urbanized areas of the 

island. We estimate how the vertical eddy transport fluxes of the chemical species and the covariance between their 85 

concentrations, generally unaccounted for in coarse atmospheric models, affect the distribution of chemical species in the 

lowest levels of the atmosphere in the vicinity of the island. 

 

The present modelling study should be viewed as a step towards a more complex investigation of chemical and turbulent 

processes occurring in the densely populated urban area of Hong Kong characterized by a complex urban canopy of high-rise 90 

buildings and street canyons built on an uneven topography surrounded by the ocean and affected by emissions in Mainland 

China and other Asian countries and by the presence of an active harbour with intense shipping in the region. The present 

study focuses on the impact of the heterogenous emissions and the turbulent flow generated by the topography on chemical 

processes. Model description and dynamical and chemical settings are introduced in Section 2. Results of the large-eddy 

simulations and the interpretations of the model output are presented in Section 3. Section 4 provides the principal conclusions 95 

of this study. 
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2 Methodology 

2.1 Model description 

The WRF model (version 4.0.2) with the ARW (Advanced Research WRF) core (Skamarock et al., 2008; 2019) was used in 

this study to perform mesoscale meteorology simulations that provided the initial fields for the large eddy simulations. The 100 

LES module included in WRF was run in an idealized mode, which has been implemented and evaluated by Moeng et al. 

(2007), Kirkil et al. (2012), and Yamaguchi and Feingold (2012). A low-pass filter was applied to separate the large and small 

eddies, where the large eddies (energy-producing scales near the classic inertial range of 3D turbulence) were explicitly 

resolved, while the small eddies were parameterized by the SGS model. In the idealized LES, the physical conditions were 

specified by uniform values over the domain; a random perturbation was imposed initially on the mean temperature field at 105 

the lowest four grid levels to initiate the turbulent motions.  

2.2 Dynamical settings 

A nested two-domain setup was used in the LES simulation. The size of the outer domain was 45 km × 45 km and the spatial 

resolution was 300 m.  The inner domain size was 24 km × 24 km with a horizontal grid spacing of 100 m. The vertical layers 

were the same for both domains with 100 vertical levels and the model top was at 4 km altitude. Double periodic boundary 110 

conditions were used in both the west-east and south-north directions for the outer domain. One-way nesting was used in which 

the outer domain provided turbulence-inclusive boundary conditions for the inner domain (Moeng et al., 2007; Muñoz-Esparza 

et al., 2014). 

 

The initial profiles for the potential temperature (𝜃) and water mixing ratio (𝑞) for the outer domain were taken from the output 115 

of the mesoscale WRF run operated at a resolution of 1.33 km (shown by the green dash line in Figure 1), and were interpolated 

to the 40 m vertical grid spacing with the highest level at 4 km. The date (Aug 1, 2018) and time of the day (UTC 04:00; local 

time 12:00) were chosen to correspond to a typical summer condition in Hong Kong with a well-developed convective 

boundary layer. Four cases were considered with initial wind directions corresponding to west (TERW; TER stands for terrain), 

east (TERE), south (TERS), and north winds (TERN), respectively, while the initial wind speed in each case was equal to 10 120 

m/s. 

 

The LES version adopted here used the Deardorff's turbulent kinetic energy (TKE) scheme to compute the sub-grid scale 

(SGS) eddy viscosity and eddy diffusivity for turbulent mixing. The Coriolis parameter was set according to the latitude of the 

Hong Kong island. The Kessler microphysics scheme (Kessler, 1969) was used to derive cloudiness in the model. The 125 

radiation, land surface, and PBL schemes were all turned off. We applied a fixed sensible heat flux of 230 W/m-2 at the bottom 

boundary, while the latent heat flux was calculated in the model from a prescribed surface water vapor content specified at the 

beginning of the simulations. We chose to apply a relatively small sensible heat flux (compared to summer noon conditions in 
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Hong Kong) to produce a gradual development of the boundary layer and keep the convection condition unchanged during the 

course of the simulation. 130 

 

The outer model domain was assumed to be entirely flat, while the inner domain included a representation of the topography 

of the Hong Kong island. This modelling setup followed the approach of Kosović et al (2014). The elevation of the surface 

was taken from the ALOS world 3D data (Takaku et al., 2014) distributed by OpenTopography (https://opentopography.org; 

last access: Jun 1, 2020) with a spatial resolution of 30 m. To avoid numerical errors due to the terrain following coordinate, 135 

the terrain was somewhat smoothed in areas where the surface slope exceeds 25º. The smoothed terrain height is shown in 

Figure 2a. 

2.3 Chemical settings 

A simple O3-NOX-VOCs chemical mechanism with 15 reactive species and 18 photochemical reactions (see Table 1) adopted 

in this conceptual study was based on Brasseur and Jacob (2017). We included two primary hydrocarbons, RH-A and RH-B, 140 

which represent anthropogenic (labelled -A) and biogenic (labelled -B) VOCs, respectively.  

 

Among all the species, NO, CO, RH-A, and RH-B were emitted at the surface. Constant emissions were used in the outer 

domain. The emission rates for NO, CO, and RH-A were chosen to be 1.2×1012 molecule cm-2 s-1, 8.0×1012 molecule cm-2 s-1, 

and 7.0×1011 molecule cm-2 s-1, respectively, to represent the polluted urban condition. The RH-B emission was set to be 145 

3.0×1011 molecule cm-2 s-1 for the tropical forest. For the inner domain, we considered two specific regions corresponding to 

urban and forested areas, based on information provided by the land use map from ESA CCI (ESA, 2017, https://www.esa-

landcover-cci.org; last access: Jun 1, 2020). The resulting emission map on the nested domain that includes terrain features is 

shown in Figure 2b with NO, CO, and RH-A emitted in the urban region and RH-B emitted in the forested region. The emission 

rates in the inner domain were calculated by dividing the corresponding values in the outer domain by the fraction of the 150 

corresponding land use type, so that the averaged emission rates for the whole inner domain were the same to those of the 

outer domain. In order to separate the influence of the emissions and topography, two additional simulations were conducted. 

A simulation with homogeneous emissions and without topography for both domains (HOMF; HOM stands for homogeneous 

emission; F stands for flat terrain) was performed as a baseline experiment. To assess the role of the inhomogeneous emissions 

on our results, a control simulation with flat terrain but with inhomogeneous emissions as shown in Figure 2b (referred to as 155 

HETF; HET stands for heterogeneous emission; F stands for Flat terrain) was also conducted. The details of all the experiments 

are listed in Table 2. 

 

The model did not consider the possible occurrence of convective precipitation as observed during summertime in Hong Kong, 

and hence no detailed formulation was used for the wet removal in the LES model. A single value of 2.5×105 s-1 (lifetime of 160 

about half a day) was adopted for the removal rate of the soluble species HNO3, H2O2, ROOH-A, and ROOH-B. For the dry 
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deposition on the surface, the deposition velocities for the different species and the different land types are provided in Table 

3.  

 

In order to generate reasonable initial profiles for the chemical species for the two-domain simulations and to reduce the spin 165 

up time, a simple one-domain LES simulation was run for two days using the same chemical scheme as in the two-domain 

simulation. The one-domain LES used the same homogeneous emissions as described above. The time-varying photolysis 

rates were calculated by the TUV scheme for producing the diurnal variation in the photochemistry. The domain-averaged 

profiles for the chemical species at the local time 12:00 of the second day were then used as the chemical initial profiles for 

the two-domain simulations. The initial profiles are shown by green lines in Figure 3.  170 

2.4 Formulations to describe the chemistry-turbulence characteristics 

Following the concept of the Reynolds decomposition, any physical variable 𝐴 such as the concentration of chemical species, 

can be expressed as the sum between its mean value < 𝐴 > and the fluctuation 𝐴( caused, for example, by turbulent motions. 

Thus, we write 

𝐴 =< 𝐴 > +𝐴(																																																																																							 	 	 	 	          (1) 175 

For a second-order chemical reaction 

𝐴 + 𝐵 → 𝐶                                                                                                                                   (2) 

with the reaction rate constant, 

𝑘 = 𝑘0𝑒
2343                                                                                               (3) 

where 𝑘0 and 𝑇0  are reaction-dependent constants, the rate 𝑅 of the reaction is expressed as 180 

𝑅 = 𝑘 ∙ 𝐴 ∙ 𝐵                                                                                  (4) 

If we ignore the temperature fluctuation (i.e., 𝑇( = 0), the averaged reaction rate is 

𝑅9 = 𝑘 ∙< 𝐴 ∙ 𝐵 >= 𝑘 ∙< 𝐴 >∙< 𝐵 > +𝑘 ∙< 𝐴′ ∙ 𝐵′ >  = 𝑘 ∙< 𝐴 >∙< 𝐵 >∙ (1 + 𝐼>?)                               (5) 

where < 𝐴′ ∙ 𝐵′ > is the chemical covariance between the two reacting chemicals and 𝐼>?is called the segregation intensity 

(Danckwerts, 1952) defined as 185 

𝐼>? =
@>A∙?AB
@>B∙@?B

                                                                                                                                                                            (6) 

The intensity of the segregation is therefore equal to the covariance of the two reactants divided by the product of their mean 

concentrations. IAB is equal to zero when the chemicals A and B are fully mixed, and equals to -100% when the two chemicals 

are fully segregated. For initially segregated A and B, the corresponding segregation intensity is closer to -100% if the chemical 

reaction between the two species is fast, i.e. when the corresponding chemical timescale is shorter than the turbulent timescale, 190 

as turbulent motion is less efficient to mix the two species. This can occur when the rate constant k is large (Schumann, 1989; 

Vinuesa and Vilà-Guerau de Arellano, 2005; 2011) or when the emission of A or B is intense (Molemaker and Vilà-Guerau de 
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Arellano, 1998; Kim et al., 2016; Li et al., 2020). Other factors such as inhomogeneous emissions (Ouwersloot et al. 2011; 

Auger and Legras, 2007; Li et al., 2020) and other structures that obscure mixing also result in a more negative segregation 

intensity. IAB is positive when the concentrations of the two chemicals are correlated.   195 

 

In the Reynolds decomposition described here, the reaction rate is thus expressed by the sum of two terms: the first term is 

proportional to the product of the mean concentrations, represented, for example, by the concentration averaged over a grid 

cell in a global and regional model. The second term accounts for the contribution of subgrid chemical-turbulent interactions, 

and can be estimated using a large-eddy simulation. The effective rate constant 𝑘CDD of a reaction affected by turbulent motions 200 

is therefore (Vinuesa and Vilà-Guerau De Arellano, 2005) 

keff = k (1 + IAB)                                                                                                                                                                           (7) 

Thus, a negative value of the segregation intensity IAB tends to reduce the average rate at which a reaction occurs, while a 

positive value of IAB leads to an enhancement in this rate.  

 205 

The segregation intensity can also be written as a function of the correlation coefficient and the concentration fluctuation 

intensity as shown in  Ouwersloot et al. (2011). The standard deviation of A is expressed as 𝜎> =< 𝐴′ ∙ 𝐴′ >F/H  and the 

covariance of A and B is 𝜎>? =< 𝐴′ ∙ 𝐵′ >, so the segregation intensity becomes 

𝐼>? =
IJK
IJ∙IK

∙ IJ
>̅
∙ IK
?9
= 𝑟 ∙ 𝑖> ∙ 𝑖?                                                                                                                                                 (8) 

where 𝑟 = IJK
IJ∙IK

 is the correlation coefficient of A and B, which determines the sign of the segregation intensity, 𝑖>(?) =210 

IJ(K)
@>B(@?B)

, defined as the concentration fluctuation intensity of A(B), controls the strength of the segregation. 

 

In this paper, the mean fields of the chemical species were all calculated as time average. 

3 Results 

The simulations for the inner domain were analysed and are shown in this Section. The results of the simulations are presented 215 

in several subsections. First, we derive domain averaged characteristics of physical and chemical quantities (i.e., temperature, 

humidity, concentrations of chemical species) from a baseline experiment (HOMF) that ran with uniform surface emissions in 

the absence of topography. Second, we analyse the effects of inhomogeneous (spatially concentrated) surface emissions 

(HETF) on the distribution of chemical species and on the spatial segregation between reacting species. Third, we discuss the 

impact of the topography on the same quantities. Finally, we assess the influence of different mean wind directions on our 220 

model results.    
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3.1 General development 

The time evolution of the profiles of the potential temperature and water vapor mixing ratio (averaged over the entire domain) 

is shown in Figure 1. The dash lines represent the output from the mesoscale WRF model at a spatial resolution of 1.33 km. 

The green dash lines at UTC 04:00 (local time 12:00) represent the initial profiles adopted for the LES simulation, and the 225 

magenta dash lines are the WRF output at UTC 05:00 (local time 13:00). At this time, the temperature has increased in the 

boundary layer and the top of the PBL has been lifted in response to the warming of the surface. The sounding measurements 

at UTC 05:00 at King’s Park station are used to validate the simulated physical quantities (black lines in Figure 1). The 

mesoscale WRF model reproduces the potential temperature quite well, while it underestimates the water vapor mixing ratio, 

especially in the boundary layer. The red and blue solid lines show the large eddy simulation (HOMF) after two and four 230 

integration hours, respectively. The development of the PBL is slower than in WRF because of the small heat flux adopted in 

the LES model; however, it shows the same tendency: the PBL height increases with time. The simulated water vapor from 

LES is higher than in the mesoscale model, and the agreement with the measurements is improved, especially at high altitudes. 

 

Figure 3 shows the domain-mean profiles of several chemical species at hours 2 and 4. The green lines represent the initial 235 

profiles applied in the LES model. The profiles at hours 2 and 4 are very similar, which suggests that chemical equilibrium 

conditions have been reached in the LES simulation. The atmospheric concentrations of the species emitted at the surface (NO, 

RH-A, RH-B) are largest near the ground, and decrease with altitude. Because O3 is consumed by NO and since NO is highest 

at the surface, the O3 concentration is lowest in the bottom layers of the model. The same situation exists for OH that reacts 

with the primary species CO, RH-A, and RH-B that are emitted at the surface. NO2 is produced by the reaction between NO 240 

and O3; this reaction is therefore largely dependent on the NO concentration, so that the NO2 shows a similar profile to that of 

NO. RO2-A and RO2-B are produced by the oxidation by OH of RH-A and RH-B; however, RH-A reacts more slowly than 

RH-B, and therefore RO2-A vertical profile is more affected by the concentration of OH than RO2-B that shares the same 

structure as that of RH-B. 

 245 

In order to assess the average effect of turbulence on the reaction rates, we calculated the segregation intensities (𝐼>?) using 

Equation (6) and averaged them over the entire domain (shown in Figure 4) for the following 5 reactions:  

R8: NO + O3 →	NO2 + O2 

R16: RH-A + OH → RO2-A 

R17: RO2-A + NO → HCHO + HO2 + NO2 250 

R19: RH-B + OH → RO2-B 

R20: RO2-B + NO → HCHO + HO2 + NO2 
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Among these reactions, R8 plays a key role in linking the atmospheric levels of tropospheric ozone and nitrogen oxides; R16 

and R17 represent the degradation path of anthropogenic VOCs while R19 and R20 account for the same reactions, but for 255 

biogenic VOCs. In this study, we only analyse the segregation effect in the boundary layer to avoid the more complex influence 

from clouds that are formed higher up in the atmosphere. The horizontal averaged segregation profiles for the selected reactions 

from surface to 1000 m are shown in Figure 4. For the LES experiment with flat terrain and homogenous emissions, the 

segregation is weak near the surface, and becomes larger at higher altitudes. It is generated by the turbulent patterns of the 

flow. The segregation intensities for reactions R8, R16, R17, and R19 are negative, which highlights the anti-correlation 260 

between the atmospheric concentration of the reactants. The segregation intensity, however, is positive in the case of R20 

because RO2 and NO are correlated. We calculated the statistics from the segregation fields for the center region of the domain 

(14×14 km) so that we exclude the influence of the buffering zone near the lateral boundaries of the domain. We provide 

values for two altitude layers: 0-500 m and 500-800 m, as shown in Table 4. The separation at 500 m is adopted to make 

comparisons with subsequent simulations in which the effect of the terrain is considered. The mean segregation intensity for 265 

the reaction between NO and O3 is -0.60% below 500 m and -0.95% above 500 m, which are the smallest values among the 

five selected reactions. This results from the fact that the reaction rate between NO and O3 is relatively small, as well as the 

rapid cycling between NO and NO2. The intensities for the reaction between the anthropogenic hydrocarbon (RH-A) and OH 

are -0.84% at the lowest levels, and -1.52% at the highest level, respectively. The reaction of the biogenic hydrocarbon (RH-

B) is considerably faster than that of RH-A; as a result, segregation is as large as -5.08% and -8.38% for the low and high 270 

levels, respectively. The calculated segregation intensity for RH-B and OH is comparable to -7% (PBL averaged) as reported 

for the homogeneous case by Ouwersloot et al. (2011). The mean values calculated for NO and RO2-A are -3.14% and -5.38%. 

For the reaction of the positively correlated species, NO and RO2-B, the segregation intensities are +2.77% and +5.43%. 

 

Figure 4 also shows that the negative segregation intensities are larger for hour 2 than for hour 4 of the simulation, while the 275 

positive segregation is smaller at hour 2 compared to hour 4. This highlights the gradual mixing of the tracers as time proceeds, 

so that the reactions become increasingly effective. 

3.2 Impact of inhomogeneous surface emissions on the chemical reactions 

To investigate the impact of the spatially inhomogeneous emissions on Hong Kong island, a control run (HETF) was conducted 

using the emission distribution shown in Figure 2. The mean concentrations of several chemical species near the surface and 280 

in a vertical cross section along the west-east direction at latitude 22.275º are shown in Figure 5. NO with anthropogenic 

emissions has the highest concentrations in the urban area at the edge of the Hong Kong island. RH-A shares the same pattern 

as NO, so that it is not shown here. Since RH-B has a biogenic source located in the forested region of the island, the highest 

values are found in the centre of the island. NO2 produced by the reaction between NO and O3 shows the same pattern as NO, 

while O3, which is negatively correlated with NO, exhibits the lowest concentration in the urbanized area. OH, which is depleted 285 

by both anthropogenic and biogenic species, is characterized by low concentrations above the whole island. Since the 
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anthropogenic emissions including CO and RH-A are considerably larger than the emissions of RH-B, the OH concentrations 

are lowest in the urbanized area. The OH concentration also shows peak values at the edge between the areas dominated by 

anthropogenic and biogenic emissions, where the destruction of the radical is smallest. The organic peroxy radicals of 

anthropogenic and biogenic origin, RO2-A and RO2-B, share the patterns found for OH and RH-B, respectively. This is 290 

consistent with the discussion in Section 3.1. 

 

The segregation intensity derived for the HETF case is shown in Figure 6. Since the segregation intensities of the reactions of 

OH with RH-A and NO with RO2-A have similar distribution to that of the NO and O3 reaction, they are not shown in the 

figure. Different from the experiment HOMF with the homogenous emissions, the segregation intensity from the HETF run is 295 

largely dependent on the distribution of the emissions. The segregation map near the surface shows that intensity is much 

larger near the source region than at other locations. For the reaction of NO and O3, the concentration distributions of the two 

species are opposite to each other, and the segregation effect is negative. Because of the stronger depletion of OH by the 

anthropogenic species (both CO and RH-A) than by biogenic RH-B, the OH concentration is lower in the urban region and 

higher in the forest area, which results in a opposite pattern to RH-A. Thus, the segregation effect is negative for the reaction 300 

between RH-A and OH. This is also the case for the reaction between NO and RO2-A, since RO2-A follows the pattern of OH. 

The segregation map for RH-B and OH is complicated with both positive and negative values, depending on the location; the 

positive segregation intensities are located mainly at the edge between urban and forested areas where OH concentration 

exhibits some peaks in its concentration. Because RH-B depletes OH, the two species are expected to be negatively correlated; 

however, OH is also consumed by other species, which affects the distributions of the radical. This implies that the 305 

heterogenous emissions not only lead to different intensity distributions, but they also can change the sign of the segregation 

when one chemical species reacts with several species present in different concentrations at separated locations. From the 

segregation map near the surface, we can see that the segregation intensities for NO and RO2-B are negative, which is different 

from the HOMF case in which the emissions are homogeneous. In the HOMF simulation, the emissions of NO and RH-B 

(which is highly correlated to RO2-B) are co-located, so NO and RO2-B are positively correlated; while in the HETF simulation, 310 

the emission of RH-B is separated from the NO emissions, resulting in a negative correlation between NO and RO2-B. The 

vertical patterns of the segregation intensity, shown in the second row of Figure 6, indicate that the impact of the emission 

distribution is substantial from the surface to about 500 m height, and is affected by the strength of convection. It is seen that 

the segregation for NO and RO2-B is only negative at low altitudes; it becomes positive at higher levels where the impact of 

the separated sources has vanished. This is consistent with what is reported by Ouwersloot et al. (2011) and Li et al. (2020) 315 

for their cases with heterogeneous emissions. The large magnitude of segregation intensity between RO2-B and NO near the 

surface is also comparable to the values reported in Li et al. (2020) in their cases with heterogeneous emissions. 

 

The calculated mean segregation intensities for NO and O3 are -3.21% and -2.25% for the low and high altitude bands 

respectively, which is more than 5 times (low band) and 2 times (high band) larger than the HOMF simulation with 320 
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homogeneous emissions (see details in Table 4). Since the influence of the emissions is stronger in the lowest levels, the 

segregation intensity is also larger at lower altitudes. Besides of the mean values, the maximum intensity can reach -50%, 

implying that the impact of the heterogenous character of the emissions can be very strong at certain locations, specifically in 

the vicinity of the source regions. For the two other negatively correlated reactions, the mean segregation intensities for RH-

A and OH are -3.61% (low) and -3.20% (high), and those for NO and RO2-A are -9.79% and -9.21%. For reaction of RH-B 325 

with OH, which has both positive and negative intensities as shown in Figure 6, the mean values are -7.20% and -10.19%. 

Even though the total segregation is characterized by a negative intensity, the maximum positive value of this quantity is higher 

than 100%, which occurs near the surface; this may explain why the negative intensity at low altitudes is smaller than the 

intensity at high altitudes for this reaction. Regarding the reaction of NO with RO2-B, the mean segregation intensity at the 

lower atmospheric levels is negative (-5.15%) and that is positive (0.90%) in the higher levels. The small positive value is 330 

probably diminished by the negative intensities, so it is smaller than that in the HOMF simulation with homogeneous surface 

emissions. 

3.3 Influence of the complex terrain 

In order to assess the role of the turbulence generated by the presence of mountains on the segregation between chemical 

species, we add the topography of the Hong Kong island in our model simulations (simulation TERW, TERE, TERS, TERN). 335 

The terrain is expected to affect the chemical reactions by changing (1) the turbulent strength and (2) the mean distribution of 

the chemical species. We first show these two effects by considering the simulation TERW, in which the prevailing mean 

winds are westerlies. The total turbulent kinetic energy (TKE) along latitude = 22.275 degrees is displayed in Figure 7, which 

shows how the topography affects local turbulence. It is seen that the TKE mainly increases behind the steep hills as a result 

from the flow separation and shear effect produced by the slope (Cao et al., 2012). The TKE associated with the terrain 340 

produces fluctuations in the concentration of the chemical species. 

 

The simulated concentrations of chemical species are shown in Figure 8. Comparing to the concentration distributions from 

the HETF case without topography (Figure 5), the overall patterns are similar for the horizontal maps following the ground, 

but there are more defined structures in the concentration fields when taking into account the influence of the terrain. For the 345 

vertical cross sections, since the anthropogenic emissions are located in the urbanized areas around the mountains, the NO 

concentration is high in the valleys and low over the mountains. As a result, the concentrations of ozone are low in the valley 

and high above the mountains. The concentration of biogenic RH-B is highest near the surface of the mountains since this 

primary species is emitted by the trees located on the slopes of the mountains. The vertical distribution of OH is low near the 

surface everywhere above the Hong Kong island because it is depleted by both anthropogenic and biogenic species; however, 350 

the OH concentration is even lower in the valleys because the anthropogenic species (CO and RH-A) consume more OH. 
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Figure 9 shows the calculated segregation intensities for three different reactions under consideration in this study. As for the 

mean concentration and TKE distributions, the structure of the segregation intensities changes with the topography. For the 

distributions near the ground, it shares patterns similar to those found in the HETF case, since the near-surface chemical 355 

concentrations are similar in the two model experiments. For the vertical structures, the topography not only lifts the patterns 

by the height of the terrain, but it also changes the strength of the segregation intensities. For the reaction between NO and O3, 

the calculated mean segregation intensity in the 0-500 m layer is -3.14% and that in the 500-800 m layer is -2.40%. These 

values are similar to the those derived in the HETF simulation, implying that the terrain does not substantially change the mean 

segregation. However, the maximum intensity is -59.18%, which is slightly larger than the -50.44% obtained in the HETF 360 

case. The terrain impact on the reaction of RH-A and OH, and NO and RO2-A is the same to the reaction of NO with O3. For 

the reaction of OH and RH-B, the averaged intensity for the low altitude band is -5.86%, and is therefore smaller than the -

7.20% obtained in the HETF case; however, the mean segregation intensity is -11.16% for the higher altitude band, which is 

larger than in the HETF calculation. For the reaction between NO with RO2-B, negative segregation intensities are found 

mainly below 500 m and positive intensities are derived above 500m. The separation height is raised by about 300 m compared 365 

to the HETF case (no topography). The mean intensity below and above 500 m is -5.60% and 1.65% respectively. 

 

The concentration fluctuation intensities for the selected species are represented in Figure 10. As defined in Section 2.4, the 

concentration fluctuation intensity depends on both the mean concentration and the intensity of the eddies. For the 

anthropogenic emitted species such as NO with high concentrations in the urban area, the fluctuation generated by the 370 

turbulence is relatively large because of the large concentration gradients in this region. The NO concentration fluctuation 

intensity is highest in the urban regions where fluctuations dominate, for instance, in the valley between the two mountain 

peaks and at the eastern side of the hills. This is in consistent with the TKE distribution. In the case of O3, that is consumed by 

NO, the concentration is low; however, in the urban area, the gradient in the concentration is large and therefore the fluctuation 

intensity is strong. The situation is similar for OH. For the biogenic species RH-B and its secondary product RO2-B, the 375 

calculated concentration fluctuation intensity is low in their source region, implying that the TKE above the mountain is 

relatively small, and thus the concentration fluctuation intensity is inversely related to the concentration of the two species. As 

shown in Equation (8), the sign of the segregation is controlled by the correlation factor 𝑟, and the segregation intensity depends 

on the concentration fluctuation intensity of both reactants. For the reaction of NO and O3, because the concentration 

fluctuation intensity for both species is strong in the urban region, the segregation is strong in this area, especially in areas 380 

where TKE is large. For the reaction of RH-B and OH, the segregation intensity is more dependent on the concentration 

fluctuation intensity of RH-B, which has larger values. The segregation intensity for the reaction of NO and RO2-B is controlled 

by NO at the low altitude, but it is dominated by RO2-B above 500 m. 

 

To better analyse the impact of the topography, the differences of the segregation between the experiment TERW and HETF 385 

are shown in Figure 11. The statistics of the differences are listed in Table 5. It shows that, even though the averaged intensities 
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do not change substantially, the local influence of the terrain is important. The maximum differences are 57.95%, 49.79%, 

154.03%, 85.73%, and 186.42% for the 5 reactions under consideration. For the reaction between NO and O3, the negative 

intensity increases mainly in the valley near the center and on the east edge of the island, and decreases in the north of the 

island and on the top of the mountains. The terrain impact on the reaction of NO with RO2-B is similar to what is found for 390 

the NO - O3 reaction near the surface, but it is different in the upper layers where the positive segregation becomes stronger. 

The situation is more complicated for the reaction between OH and RH-B in the surface layer: the strongest influence of the 

terrain appears at the boundary between the urban and forest emissions where the segregation intensity is largest. For the 

vertical distribution, the negative segregation decreases at most places in the lower levels, except to the west of the mountains 

and on the windward side of the slope. At higher altitudes the negative segregation intensity increases. 395 

 

The differences in the intensities of the concentration fluctuations between the simulations with and without topography are 

shown in Figure 12. The concentration fluctuation intensities for NO, O3, and OH are all increased in the valleys and on the 

leeward side of the mountains at the east of the island. This results from the increase in the concentration gradient of these 

species and from the strong TKE created by the terrain. On the contrary, the concentration fluctuation intensity of RH-B 400 

decreases in the region where TKE is large, because the source of the RH-B is not located in an area where turbulence is strong. 

Thus, the model shows that the concentration fluctuation intensity of a tracer species is dependent on the emissions, the 

turbulent kinetic energy, and the relative location of the two terms. When we connect the segregation induced by topography 

with the differences of the concentration fluctuation intensities, we find that the segregation becomes stronger in areas where 

the concentration fluctuation intensities of both reactants increase, while it is weaker where their concentration fluctuation 405 

intensities decrease. The segregation intensity is dominated by the chemical species that has the larger concentration fluctuation 

intensity if the changes by the terrain of this latter quantity are opposite for the two reactants. 

3.4 Difference with the wind directions 

Additional simulations were performed to assess if the prevailing wind direction affects the segregation intensity since different 

wind directions are expected to produce different spatial distributions of the turbulence generated by the topography. The 410 

calculated statistics are shown in Table 4. For the reaction between NO and O3, the mean segregation intensity in the lower 

layer is -3.14%, -3.04%, -2.78%, and -2.83%, respectively for mean winds blowing from the west, east, south, and north 

directions, respectively; the corresponding intensities for the higher altitudes are -2.40%, -2.45%, -1.59%, and -2.84%. The 

largest segregation intensity for the lower level is from the west wind, while that for the higher level is from the north wind. 

The smallest segregation intensity is from the south wind for both altitude bands. For the reaction of RH-A with OH, the 415 

calculated mean intensities for the west, east, south, and north winds are -3.54%, -3.39%, -3.15%, and -3.76% for the lower 

altitudes and -3.47%, -3.41%, -2.17%, and -4.39% for the higher altitudes. The strongest segregation is generated by the north 

wind and the weakest by the south wind. The same qualitative result is found for the reaction between NO and RO2-A. In this 

case, the mean intensities are -9.56%, -9.07%, -8.63%, and -10.08% for the low level, and -9.79%, -9.51%, -6.86%, and -

https://doi.org/10.5194/acp-2020-877
Preprint. Discussion started: 30 September 2020
c© Author(s) 2020. CC BY 4.0 License.



14 
 

12.32% for the high level. For the reaction of RH-B with OH, the mean intensities are -5.86%, -5.01%, -6.62%, and -8.50% 420 

for the four wind directions at the low bands, and -11.16%, -10.58%, -10.08%, and -15.8% for the high altitude band. The east 

wind produces the strongest segregation and the north wind has the lowest intensity at the low level; the south and the north 

winds gives the highest and the lowest segregation intensity at the high level, respectively. For the reaction between NO and 

RO2-B, the averaged intensities are -5.60%, -6.03%, -4.15%, and -2.91% at low altitudes, and 1.65%, 1.04%, 3.93%, 5.03% 

at high altitudes. The negative intensity at the low level is largest when the wind is from the east, and smallest when the wind 425 

is from the north. The positive segregation is strongest for the north wind and weakest for the east wind. 

 

As discussed in the previous section, the large TKE appears at the leeward side of the hills resulting from the flow recirculation 

and wind shear effect. However, TKE is high only at certain specific locations, while its magnitude is similar for the four 

experiments in the whole domain. On the other hand, the large TKE is expected to have a strong impact on the chemical 430 

reactions at the locations where the two reactants are characterized by large concentration gradients. This means that the 

influence of the TKE is dependent on the distribution of the tracers too. 

4 Summary 

The large-eddy simulations presented here were performed to study how urban air pollution behaves at the turbulent scale, a 

scale that cannot be resolved by global or regional models. The segregation effect on the chemical reactions resulting from 435 

inefficient turbulent mixing was analysed. The region of the Hong Kong island offers an interesting situation to conduct such 

a study because of the highly inhomogeneous surface emissions of reactive species and the complex topography.  

 

The inhomogeneity in the emissions tends to increase the segregation intensities by a factor of 2-5 compared to the simulations 

performed with homogeneous emissions. In some cases, the heterogeneity in the emissions can even generate a change in the 440 

sign of the segregation, resulted from the separated sources of the two reactants. In our chemical mechanism, the reaction 

between NO and RO2-B is not affected by segregation if NO and RH-B emissions are co-located as in the HOMF case, but a 

separation between the location of the anthropogenic and biogenic emissions produces a segregation between NO and RH-B 

at low altitudes, and thus a reduction in the effective rate at which reaction between NO and RO2-B proceeds.  

 445 

The topography plays a substantial role on the chemical reactions by impacting the concentration distribution and influencing 

the turbulence distribution and intensity. Near the mountains, the TKE increases on the leeward side of the slope, leading to 

more intense concentration fluctuations for the species with large concentration gradients. For the species with large spatial 

concentration gradients in areas where turbulence is weak (e.g. RH-B on the top of the mountain), the intensity of the 

concentration fluctuation is not enhanced.  450 
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The topography has important impact on the segregation intensity locally, especially if the terrain induces strong TKE values 

in areas where emissions are intense. The differences in the segregation intensities caused by the terrain can be larger than 

50% at certain locations; however, the mean influence of the topography over the whole domain remains relatively small. 

 455 

Simulations performed for varied wind directions show little differences in the mean segregation intensities, because the values 

of the TKE generated by the topography are high only at a limited number of locations (generally the leeward side of the 

mountains) with little impact on the spatially averaged intensity of the segregation. 

 

The conceptual model presented here and applied to a region with very inhomogeneous conditions highlights the importance 460 

of segregation between reactive species, in particular in the convective planetary boundary layer.  Segregation, whose intensity 

is a function of the chemical and turbulent time constants, occurs at spatial and temporal scales that are not resolved by usual 

global and regional chemical transport models. The study suggests that, when used in coarse resolution models, the chemical 

rate constants measured in the laboratory should be adjusted in the boundary layer to correct for the sub-grid segregation effect 

(see equation 7). This effect is ignored by these models because they assume complete mixing of reactive species within each 465 

grid cell. 
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Table 1: The chemical reactions used in the model. 

No Reactions Reaction rates 

R1 NO2+hv→NO+O3 5.0´10-3 

R2 O3+hv→O1D+REST 2.5´10-5 

R3 HCHO+hv→HO2+CO+REST 2.5´10-5 

R4 HNO3+hv→NO2+OH 3.0´10-7 

R5 O1D+M→O3+REST 0.78084´1.8´10-11×e110/T + 0.20946×3.2´10-11×e70/T; 

R6 O1D+H2O→OH+OH 2.2´10-10 

R7 HO2+NO→NO2+OH 3.7´10-12×e240.0/T 

R8 O3+NO→NO2+REST 3.0´10-12×e-1500.0/T 

R9 HO2+HO2→H2O2+REST 2.2´10-13×e600/T + 1.9´10-33×CM×e980/T 

R10 HO2+HO2+H2O→H2O2+REST 3.08´10-34×e2800/T+ 2.66´10-54×CM×e3180/T 

R11 OH+NO2→HNO3 TROE 

R12 CO+OH→HO2+REST 1.5´10-13×(1 + 2.439´10-20×CM) 

R13 HCHO+OH→HO2+CO+REST 5.5´10-12×e125.0/T 

R14 OH+O3→HO2+REST 1.0´10-11×e-665.0/T 

R15 HO2+O3→OH+REST 2.8´10-12×e300.0/T 

R16 RH-A+OH→RO2-A+REST 4.1´10-13×e750.0/T 

R17 RO2-A+NO→HCHO+HO2+NO2+REST 1.0´10-10 

R18 RO2-A+HO2→ROOH-A+REST 1.0´10-11 

R19 RH-B+OH→RO2-B+REST         1.5´10-11 

R20 RO2-B+NO→HCHO+HO2+NO2+REST 1.7´10-12×e-940.0/T 

R21 RO2-B+HO2→ROOH-B+REST              1.0´10-14×e-490.0/T 

Note: T stands for the temperature; M stands for air; CM stands for the air density; REST stands for the products that are not evaluated; 

TROE =  k1/(1.0+k2)×0.6(1.0/(1.0+log(k
2

)2)), k1= 2.6´10-30×(300/T)3.2×CM, k2 = k1/(2.4´10-11×(300/T)1.3) 

 575 
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Table 2: List of the numerical experiments. 585 

Case name With terrain With heterogeneous emissions Wind direction 

HOMF no no West (u=10, v=0) 

HETF no yes West (u=10, v=0) 

TERW yes yes West (u=10, v=0) 

TERE yes yes East (u=-10, v=0) 

TERS yes yes South (u=0, v=10) 

TERN yes yes North (u=0, v=-10) 

 

 

 

 

 590 

 

 

 

 
Table 3: Dry deposition used in this study. 595 

Deposition 

(cm s-1) 

No terrain With terrain 

forest other 

O3 0.06 0.6 0.01 

NO2 0.04 0.4 0.01 

HNO3 0.5 5 0.7 

 
 

 

 

 600 
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Table 4: List of the calculated segregation intensities for the center region (14´14 km2) of the domain.  

Case Altitude  Segregation intensity (%): mean±std (range) 

name (m) R8: NO+O3 R16: RH-A+OH R19: RH-B+OH R17: NO+RO2-A R20: NO+RO2-B 

HOMF 0-500 -0.60±0.20(-1.52~-0.12) -0.84±0.30(-2.46~-0.15) -5.08±1.82(-12.5~-0.50) -3.14±1.16(-9.07~-0.53) 2.77±1.50(-1.17~9.08) 

500-800 -0.95±0.29(-2.70~-0.25) -1.52±0.54(-4.97~-0.34) -8.38±2.68(-22.4~-1.87) -5.38±1.93(-17.1~-1.27) 5.43±2.33(0.30~19.0) 

HETF 0-500 -3.21±6.01(-50.44~-0.03) -3.61±6.13(-47.10~15.52) -7.20±8.21(-77.13~112.37) -9.79±13.72(-90.42~-0.43) -5.15±13.95(-96.73~158.68) 

500-800 -2.25±3.35(-27.39~-0.16) -3.20±4.43(-27.49~-0.10) -10.19±8.60(-50.08~4.14) -9.21±9.98(-57.32~-0.69) 0.90±9.00(-48.81~32.71) 

TERW 0-500 -3.14±6.05 (-59.18~-0.09) -3.54±6.25 (-53.98~16.75) -5.86±6.67 (-64.26~188.58) -9.56±13.78 (-90.40~-0.38) -5.60±14.67 (-96.41~108.05) 

500-800 -2.40±3.60 (-41.34~-0.15) -3.47±4.88 (-37.73~-0.07) -11.16±9.46 (-52.18~0.77) -9.79±10.75 (-72.13~-0.65) 1.65±10.00 (-67.28~57.11) 

TERE 0-500 -3.04±5.77 (-55.84~-0.06) -3.39±5.77 (-47.98~6.40) -5.01±7.35 (-50.73~93.12) -9.07±13.13 (-89.67~-0.33) -6.03±13.70 (-95.52~24.90) 

500-800 -2.45±3.87 (-30.34~-0.14) -3.41±4.90 (-35.48~-0.10) -10.58±10.12 (-67.12~2.75) -9.51±10.97 (-67.80~-0.78) 1.04±9.05 (-57.58~41.07) 

TERS 0-500 -2.78±5.36 (-68.79~-0.07) -3.15±5.47 (-57.74~28.52) -6.62±8.26 (-73.19~199.54) -8.63±12.43 (-95.65~0.10) -4.15±12.98 (-98.21~121.93) 

500-800 -1.59±2.62 (-35.05~-0.15) -2.17±3.18 (-31.34~-0.06) -10.08±9.63 (-57.11~1.16) -6.86±7.57 (-65.35~-0.66) 3.93±7.48 (-50.80~62.30) 

TERN 0-500 -2.83±4.20 (-45.49~0.08) -3.76±4.57 (-39.21~8.13) -8.50±9.21 (-63.65~119.59) -10.08±10.72 (-88.80~-0.38) -2.91±12.38 (-94.63~38.86) 

500-800 -2.84±2.93 (-32.28~-0.11) -4.39±3.81 (-29.83~-0.09) -15.80±11.98 (-63.06~1.38) -12.32±8.95 (-63.99~-0.51) 5.03±11.18 (-70.11~55.55) 

 

 

 

 610 

 

 

 

 

 615 
Table 5: List of the calculated segregation differences between the experiments TERW and the HETF run for the center region 
(14´14 km2) of the domain.  

Altitude Segregation intensity (%): mean±std (range) 
(m) R8: NO+O3 R16: RH-A+OH R19: RH-B+OH R17: NO+RO2-A R20: NO+RO2-B 

0-500 0.10±3.60(-57.95~30.69) 0.03±3.23(-49.79~23.28) 0.67±4.97(-98.67~154.03) 

 

0.12±6.92(-85.73~53.17) 0.09±8.63(-186.42~59.74) 

500-800 -0.04±1.80(-21.71~15.71) -0.17±2.03(-22.90~16.58) -1.06±5.34(-32.40~31.77) -0.41±4.46(-48.44~31.88) 1.45±6.57(-60.53~50.21) 

 

 

 620 
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Figure 1: The evolution of the profiles for potential temperature (left) and water mixing ratio (right) from mesoscale WRF (green 
dash lines at UTC 04:00; magenta dash line at UTC 05:00) and LES (red solid lines for hour 2 from the start time; bule solid line 625 
for hour 4). The measurements at King’s Park station taken at UTC 05:00 are shown in black lines (data source: 
http://www.hko.gov.hk).  
 

 

 630 

 
Figure 2: The elevation of the topography for the Hong Kong island (a) and the emission map (b; red is the anthropogenic emission 
area and green represents the biogenic emission). 

 

 635 
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Figure 3: The domain-averaged profiles of the selected tracers at the initial time (green lines), the hour 2 (red lines), and the hour 4 
(blue lines) for HOMF case. 

 640 

 

 

 
Figure 4: The domain-averaged segregation intensity profiles of selected reactions at hour 2 (red) and hour 4 (blue) for HOMF case. 

 645 
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Figure 5: The VMR of the tracers at the first level (top panel) and the vertical cross section along latitude 22.275 °N (bottom panel) 
at hour 4 for HETF case. The red line shows the urban area and the black line shows the forest area. 650 

 

 

 
Figure 6: The segregation intensities at the first level (top panel) and the vertical cross section along latitude 22.275 °N (bottom 
panel) at hour 4 for HETF case. The black line shows the urban area and the green line shows the forest area. 655 
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Figure 7: The vertical cross section of the total TKE along latitude 22.275 °N at hour 4 for TERW case. 

 

 

 660 

 

 
Figure 8: Same as Fig. 5, but for TERW case. 

 665 
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Figure 9: Same as Fig. 6, but for TERW case. 

 

 670 

 
Figure 10: The concentration fluctuation intensities at the first level (top panel) and the vertical cross section along latitude 22.275 
°N (bottom panel) at hour 4 for TERW case. The red line shows the urban area and the black line shows the forest area. 
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675 

 
Figure 11: The differences of the segregation intensity between TERW and HETF (TERW – HETF) at the first level (top panel) and 
the vertical cross section along latitude 22.275 °N (bottom panel). The black line shows the urban area and the green line shows the 
forest area. 

 680 

 
Figure 12: The differences of the concentration fluctuation intensity between TERW and HETF (TERW – HETF) at the first level 
(top panel) and the vertical cross section along latitude 22.275 °N (bottom panel). The black line shows the urban area and the green 
line shows the forest area. 685 
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