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Abstract 

During recent decades in Pakistan, dense urban areas generally underwent more warming than 

rural areas and small towns. Minimum temperatures also generally increase more than 

maximum temperatures. This study aims to understand why minimum temperatures increase 

more in urban areas than maximum temperatures. Simulations are performed with an urban 

climate model for different configurations of urban parameters: city size, land urban fraction, 

and building heights. The relative effects of these urban parameters on minimum and maximum 

temperatures are analyzed, and used to investigate the evolution of temperatures in the megacity 

Lahore (Pakistan) from 1980 to 2004. Both minimum and maximum temperatures tend to 

increase with city size and urban fraction. Higher buildings can lead to higher minimum 

temperature, but also to lower maximum temperature depending on the season. The simple 

model reproduces well the difference of evolution in minimum and maximum temperature, but 

overestimates the increase of maximum temperature. Our study indicates that the city size of 

Lahore appears to be the main factor driving urban warming and its variations.  
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Introduction 

Climate change is leading to increased temperatures worldwide, changes in weather seasonality 

and in extreme weather events (e.g. frequency and intensity of heatwaves), and to many impacts 

on society and ecosystems (Sippel et al., 2020; Breton, 2021; Masson-Delmotte et al., 2021; 

Wang et al., 2021; Breton et al., 2022; Clarke et al., 2022). In addition to climate change, air 

temperature is often higher in urban areas than in surrounding rural areas due to city geometry 



 

(shape and direction of buildings and streets), the heat-retaining properties of artificial materials 

(such as concrete), and the heat produced from human activities (such as residential heating 

during winter; Oke et al., 2017). This so-called “urban heat island” (UHI) is increasing with 

urbanization in many parts of the world (IPCC, 2021; Liu et al., 2022). Combined with an 

increase in heatwaves, the UHI represents an important health risk in summer for populations 

now, and even more in the future (Lemonsu et al., 2015; Heaviside et al., 2016; Paravantis et 

al., 2017, Viguié et al., 2020). Urban areas are expected to continue growing in size, population, 

and building heights (Gao & O’Neill, 2020; Kii, 2021; Li et al., 2021), while several urban 

planning strategies are proposed to reduce local risks to health and infrastructure, such as to 

increase the proportion of vegetation and water surfaces in cities (Kabisch et al., 2017; 

Lafortezza et al., 2018).  

The links between urban planning, urbanization, and warming have been highlighted since a 

long time (e.g. Oke, 1973; Park, 1986; Karl et al., 1988). In 2003 for instance, Kalnay and Cai 

estimated with about two thousand weather stations in the United States that land-use changes 

(e.g. urbanization, agriculture) led to about 0.35 °C mean surface warming per century. At local 

scale, Bottyan et al. (2005) found that UHI intensity is higher near the city center (in Debrecen, 

Hungary), where the fraction of impervious surface (i.e. urban fraction) is also higher. Jáuregui 

(2005) also highlighted a stronger warming of about 0.57 °C/decade in large cities (>106 

inhabitants) than in medium-sized cities (104-106 inhabitants) with 0.37 °C/decade. In their 

review of the numerical modelling literature about urban heat mitigation, Krayenhoff et al. 

(2021) argue that the priority is now to focus on urban thermal comfort. Qian et al. (2022) go 

further and stress the importance of a better quantification of large temperature fluctuations 

(e.g. extreme weather conditions) in the urban environment.   

A few studies indicate that the minimum temperature of urban areas is increasing more than the 

maximum temperature (Makokha & Shisanya, 2010; Park et al., 2017; Shi et al, 2019; Sajjad 

et al., 2021). At global scale, this feature is also noted in rural areas (Jones et al., 1999; Donat 

et al., 2013) and could be explained by different factors, such as changes in atmospheric 

circulation and an increase in cloud cover (Karl et al., 1993; Easterling et al., 1997). At urban 

scale, the literature does not clearly explain why minimum temperature increases even more 

than maximum temperature in the largest cities (Sajjad et al., 2021; Qian et al., 2022).  

The goal of this study is therefore to analyze the factors responsible for this difference in 

increase between minimum and maximum temperatures. Previous studies related to the topic 

are based on the analysis of in-situ measurements and/or city-scale simulations.  



 

Mesoscale atmospheric models were progressively modified to better consider the impact of 

urban morphology on urban meteorology (Masson, 2000, Debbage & Shepherd, 2015; Liang et 

al., 2020; Pappaccogli et al., 2020; Ma et al., 2021; Florenzio et al., 2022) and have been used 

for decades to investigate urban processes (Pielke, 2013; Dudhia, 2014). They are now able to 

consider physical factors at microscale (e.g. neighborhood morphology) and regional scale (e.g. 

weather pattern) interacting together (NRC, 2012; Oke et al., 2017). Based on a review of the 

urban climate literature, several parameters appear essential to examine urban temperatures: 

● City size (Zhou et al., 2017; Rahimzadeh, 2019; Liang et al., 2020; Ma et al., 2021); 

● Building heights (Pappaccogli et al., 2020; Qian et al., 2022); 

● Fraction of vegetation or impervious surfaces (Martilli, 2014; Buchholz & Kossmann, 

2015; Harun et al., 2020; Liang et al., 2020; Qian et al., 2022); 

● Population density (Martilli, 2014; Liang et al., 2020; Ma et al., 2021). 

 

The present study investigates the respective effects of city size, urban fraction, and building 

heights on the evolution of both urban minimum and maximum temperatures by combining 

urban simulations and observations. The urban simulations are performed with the Finite 

Volume Model (FVM) developed by Clappier et al. (1996). This model was previously used in 

various studies to simulate the urban climates of different cities and was validated using diverse 

information sources (meteorological measurements; Martilli et al., 2003; Roulet, 2004; Roulet 

at al., 2005; Rasheed et al., 2007; Rasheed, 2009). Here, we  first use FVM simulations to 

describe the urban climate of a Pakistani city and the influence of urban parameters on minimum 

and maximum temperatures. In a second step, the simulations are used to develop a method to 

understand the evolution of temperature in the megacity Lahore in Pakistan (second largest city 

with about 10 million inhabitants). The city is growing and delivering economic incentives to 

increase the vegetation cover. Pakistan has a rapidly increasing urban population like many 

other developing countries of the world, and has the highest proportion (about 40% today and 

60% by 2050; UNDESA, 2011) of population living in urban areas in South Asia (Goujon et 

al., 2020).  

The data and methods of the present study are detailed in Section 2, the results are presented in 

Section 3, and Section 4 concludes with a discussion of the results as well as limitations and 

perspectives of the study. 



 

2.  Data and methods 

2.1   Modelling the impact of urban structure on air temperatures 

The mean air temperature of a city over time depends a lot on the city size, building heights, 

and the fraction of vegetation. We hypothesize here that these three factors are sufficient to 

estimate the temperature evolution in a city. The city size is represented by the radius r of a 

circle, representing the whole city. Variable h represents the mean building height in the urban 

area. The urban fraction u represents the mean proportion of land that is artificial (i.e. excluding 

vegetation). The mean temperature T computed over the whole city, called city temperature 

thereafter, can be written as a function of time t, radius r, mean height h, and urban fraction u, 

such as T(t, r, h, u). And the total derivative of function T with time can then be written as 

follows: 
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We can then compute the evolution of T with time in function of the urban parameters, by 

knowing the variations of T with the three urban parameters and how these urban parameters 

change with time. 

The application of the method to a city can be summarized as:  

● A meteorological urban model is used to estimate the variations of mean city temperature 

with parameters r, h and u. This is done by running simulations with different scenarios of 

theoretical cities to compute 
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● Observations of the evolution of urban parameters for a real city (here Lahore) are collected 

for several years and their variations with time (i.e. terms 
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● The contributions of each urban parameter changes to the temperature evolution (i.e. 
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)  are computed to be compared;  

● The changes in city temperature due to all urban parameters (
𝑑𝑇

𝑑𝑡
) is estimated and compared 

to the observed evolution of temperature in the studied city with time.  

 

For the purpose of this study, we use Equation 1 to investigate both minimum and maximum 

temperatures (Tmin and Tmax).    

 



 

2.2 Estimating the effect of urban structure on temperature evolution with 

an urban climate model  

2.2.1 Overview of the Finite Volume Model (FVM) 

The Finite Volume Model (FVM) is a non-hydrostatic meteorological model developed by 

Clappier et al. (1996). This model calculates meteorological variables such as pressure, wind 

(direction, speed), air temperature, density and humidity on a terrain-following grid with finite 

volume discretization. FVM solves the conservation equations of mass, momentum, humidity, 

energy and turbulent kinetic energy. The model also includes an urban turbulence module (BEP; 

Martilli et al., 2001) and a building energy model (BEM; Kpro et al., 2009) that simulate the 

effects of urban areas on the surrounding atmosphere.  

The city is represented in FVM as a combination of several urban classes. Each class is 

represented by: 

• an urban fraction (i.e. fraction of built surface); 

• building morphology (distribution of height and width, street dimensions, percentage of 

windows, etc.); 

• building physical properties (e.g. materials of floor, walls and roofs); 

• building radiative properties (e.g. albedo, thermal capacity, conductivity).  

FVM was applied in many cities (e.g. Mexico, Athens), and validated with meteorological 

measurements (Martilli et al., 2002; Roulet, 2004; Roulet et al., 2005; Rasheed, et al. 2007; 

Rasheed, 2009). In the present study, FVM is used to determine the evolution of a city's mean 

temperature, when changing the city size, the mean building height, and the mean urban 

fraction. The next sections describe the simulations that were produced.  

2.2.2 Model setup for a typical city in Pakistan 

In order to reduce the complexity of the urban system, we focused on a theoretical city. This 

city is designed as a circular urban area located in the almost flat plain of central Punjab, at a 

mean altitude of 175m. This area is far from the mountains located North and West, from the 

Arabian Sea and from major water reservoirs. We defined two nested grid domains that are 

centered on the theoretical city:  

● a coarse grid domain with 30 cells and a horizontal resolution of 10km x 10km;  

● a smaller grid domain with also 30 cells but a finer resolution of 4km x 4km.  



 

The vertical resolution ranges from 10m to 18m in the first 55m above the ground and then 

stretches upward until the tropopause (i.e. 1000m layer at model maximum altitude of 9347m). 

The model needs as input the: 

● Land topography; 

● Land use (with a detailed description of urban areas); 

● Boundary meteorological conditions (temperature, wind, humidity, atmospheric 

pressure). 

The topography data were extracted from GTOP30. The landuse usually used in FVM is the 

Global Land Cover (GLC) database, but for the purpose of the present study it was modified to 

describe a round city with specific urban characteristics and homogeneous rural area. The urban 

characteristics are representative of a typical Pakistani city (i.e. 15m building width and 30m 

street width). The materials are considered identical for ground, wall, window, roof and street 

with few characteristics:  

● Albedo = 0.2; 

● Emissivity = 0.9; 

● Surface roughness length of the surfaces =  0.01; 

● Thermal conductivity = 1.73 m2.s-1; 

● Material specific heat = 2.07E+006 J.m-3.K-1; 

● Initial temperature of the surfaces = 293 K.  

As forcing boundary conditions of the model, we used realistic (typical) meteorological 

situations of Pakistan. These meteorological boundary conditions were obtained from the 

National Center for Environmental Predictions (NCEP) database.  

2.2.3 Simulation of urban scenarios with FVM 

To reduce the computing time, the simulations were run only for three days of each month in 

2005, starting at 00:00 (GMT) on the 19th day, and ending at 00:00 (GMT) on the 22nd day. 

Several scenarios were designed to analyze the effect of city factors (size, building height, urban 

fraction) on temperature: 

● 4 scenarios of city size (radius of 8km, 12km, 16km, 20km); 

● 3 scenarios of building heights (20m with 4 floors, 25m with 5 floors, 30m with 6 

floors); 

● 4 scenarios of urban fraction (95%, 90%, 80%, 70%). An urban fraction of 95% 

corresponds to a densely built city with 95% of land occupied by artificial materials 

(buildings, roads and other paved surfaces) and only 5% of land covered by vegetation.  



 

The combination of these scenarios corresponds to 48 urban configurations, which were each 

investigated by simulations with FVM. The simulated hourly temperatures were first averaged 

on the whole city to determine a city temperature. To avoid the effect of simulation initialization 

which can bias the results, the daily minimum and maximum temperatures were computed and 

averaged only on the two last days of simulation per month. In total 576 values (48*12) were 

thus produced. The FVM simulations then allow us to determine the variation of city 

temperature due to a change in: 

● city radius (r) 

● building height (h) 

● urban fraction (u)  

These variations can be written as follows: 

𝜕𝑇

𝜕𝑝
=

𝑇𝑝𝑗
−𝑇𝑝𝑖

𝑝𝑗−𝑝𝑖
          (2) 

where 𝑇𝑝𝑖
 is the city temperature calculated based on the value of an input parameter pi, and 𝑇𝑝𝑗

 

is the city temperature for another value of input parameter (pj). 

2.3 Temperature evolution of Lahore megacity 

The method to study the evolution of temperature in Lahore is based on: 

● Analyzing the landuse changes in Lahore over different years, to determine the variation 

of the city radius, urban fraction and building height with time, i.e. 
𝑑𝑝𝑖

𝑑𝑡
 terms of Equation 

1; 

● Calculating the variation of temperature as a function of the changes in urban structure of 

Lahore. This calculation uses each term of Equation 1, i.e. the relationships between 

temperature and urban factors 
𝜕𝑇

𝜕𝑝𝑖
.

𝑑𝑝𝑖

𝑑𝑡
 (city radius, urban fraction and building height) 

determined with FVM simulations;  

● Analyzing the evolution of temperatures at weather stations in Lahore; 

● Comparing the results from our simulations to the observational data.  

 

The evolution of Lahore’s urban parameters from 1980 to 2010 is shown in Table 1. 

  



 

 

Table 1: Evolution of urban parameters in Lahore from 1980 to 2010 (based on estimations from census reports 

and Khaliq-uz-Zaman and Baloch, 2011). 

Year Urban area (km2) Radius of the city r 

(km) 

Urban fraction u (%) Building height h (m) 

1980 138 6.63 - - 

1990 629 14.15 51.4 20 

2000 961 17.49 57.1 25 

2010 1950 24.91 71.6 30 

 

The urban area of Lahore was about 138 km2 in 1980, and increased greatly to about 1,950 km2 

in 30 years (Khaliq-uz-Zaman and Baloch, 2011). The city radius was estimated from the urban 

area and based on a round city (with 𝑟 = √ 
𝑈𝑟𝑏𝑎𝑛 𝑎𝑟𝑒𝑎

𝜋
). The urban fraction is computed from 

data provided by Almas et al. (2005) and through personal communication with Amjad S. 

Almas (2010). Due to missing data about building heights, approximate values were calculated 

based on population density and city size (using estimations from census reports). Overall, the 

net urban changes are about: 

● 4.4km/decade in city radius 

● 10.1%/decade in urban fraction 

● 5m/decade in building height 

The observational temperature data were collected from the Pakistan Meteorological 

Department on the two weather stations available for Lahore (Figure 1). One is located in the 

Shadman district near the city center, and the other one at Lahore airport in the periphery of the 

city. The airport weather station is officially classified as rural, but is in the vicinity of built 

areas and quite influenced by Lahore’s urban climate.      

 



 

 

Figure 1: Location of weather stations in the Lahore area. 

   

The daily minimum and maximum temperatures were then homogenized with the HOMER 

method (version 2.6) and analyzed. Details about the data and homogenization, as well as the 

evaluation of the temperature trends and discussions about these trends, are provided in Sajjad 

et al. (2021). The temperature trends of the period 1980-2004 are also reported in section 3.4. 

Though the urban station is probably not representative of the mean city temperature, the time 

evolution of the temperature observed on this station will be compared with the one estimated 

from Equation 1 to evaluate the order of magnitude of our estimations. This representativity 

issue will be a source of uncertainty in the comparison.  

 

3.  Results 

3.1  Effect of city size on UHI and wind 

For conciseness and since many simulations were done, a single example of results with FVM 

is given in Figure 2.  



 

             

Figure 2: Surface temperatures and winds simulated by FVM 20.04.2005 at 09:00 GMT (top) and 17:00 GMT 

(bottom) for a city with a radius of 8 km (left) and 20 km (right), a building height of 20m and an urban fraction 

of 80%. The spatial resolution is 4km by 4km, and the wind speed is in m.s
-1

 (the arrow drawn on the bottom left 

corner of each map gives the scale).   

 

This figure illustrates the surface temperatures and winds simulated by the model on the day 

20.04.2005 (morning and afternoon) for a city radius of 8 km and 20 km, building height of 

20m and urban fraction of 80%. The temperature appears higher over urban areas than rural 

areas), and this UHI is stronger when the city size increases. The UHI also leads to the 

convergence of wind over the city during the morning and afternoon. One can note that the 

temperatures are not homogeneous over the city. They are often higher downwind in the city.   

 

3.2  Effect of urban structure on annual temperatures 

The variations of annual temperatures (minimum, mean, maximum) with different urban 

parameters are summarized in Table 2 for the 576 simulations (48 scenarios and 12 months).  

 

   



 

Table 2: Annual values (minimum, mean, maximum) of the variation in minimum and maximum temperature with 

city radius, urban fraction, and building height. The last column shows the percentage of simulations with a 

positive change in temperature for an increase in urban parameter.  

Annual values of all 

the scenarios 

Minimum value Mean value Maximum value % of positive 

values out of all 

the simulations 

dTmin/dr (in K/km) 

dTmax/dr (in K/km) 

0.10 

0.07 

0.13 

0.11 

0.20 

0.18 

100% 

100% 

dTmin/du (in K) 

dTmax/du (in K) 

0.01 

0.02 

0.02 

0.03 

0.03 

0.05 

100% 

100% 

dTmin/dh (in K/m) 

dTmax/dh (in K/m) 

0.00 

-0.12 

0.04 

-0.03 

0.08 

0.02 

95% 

39% 

 

The results indicate that increasing the city size or the urban fraction always leads to higher 

minimal and maximal temperatures. However, an increase in building height generally leads to 

an increase in minimum temperature (about 95% of cases) but also to a decrease in maximum 

temperature (about 61% of cases). To further investigate the mechanisms for these temperature 

variations, the differences in variations of minimum and maximum temperatures (averaged on 

all months and urban parameter variations) are shown in Table 3. 

 

Table 3: Annual mean differences of variations in minimum and maximum temperatures as a function of urban 

parameters (city size, urban fraction, building height).  

Annual values of all the 

scenarios 

Annual average % of positive values out of all 

the simulations 

d(Tmin-Tmax)/dr (in K/km) 0.02 59% 

d(Tmin-Tmax)/du (in K) -0.01 7% 

d(Tmin-Tmax)/dh (in K/m) 0.07 98% 

 

When building height increases, minimum temperature increases more than maximum 

temperature (about 98% of cases). An increase in urban fraction can lead to a slightly higher 

increase in maximum temperatures than in minimum temperatures (about 93% of cases). The 

effect of city size is less clear, as either minimum or maximum temperature tends to increase 

more (about half of cases).  

 



 

3.3 Effect of city radius on seasonal and monthly temperatures  

In order to better understand the effect of city size on temperature, an analysis per season and 

month is presented in Table 4. This table shows the differences between the variation in 

minimum and maximum temperature, averaged over months and seasons, in function of the city 

radius.  

 

Table 4: Monthly and seasonally averaged differences (K/km) between changes in minimum and maximum 

temperature with variations in city radius. 

d(Tmin-Tmax)/dr 

Season Seasonal 

average 

(K/km) 

Seasonal % 

of positive 

values 

Month Monthly 

average 

(K/km) 

Monthly % 

of positive 

values 

Winter 0.09 98% December 0.088 100% 

January 0.048 94% 

February 0.131 100% 

Spring 0.01 58% March 0.016 78% 

April 0.062 97% 

May -0.041 0% 

Summer -0.02 30% June -0.001 44% 

July -0.068 0% 

August -0.002 44% 

Autumn 0.01 51% September -0.005 39% 

October -0.014 31% 

November 0.055 83% 

 

The temperature differences appear to vary largely depending on the season and month. An 

increase of city radius has two main effects: it tends to increase minimum temperature more 

than maximum temperature in colder months (especially in winter), but it also tends to increase 

maximum temperature more than minimum temperature in warmer months (especially in May 

and July). It can also be noted that despite monthly variations, the effect of city radius in spring 

and autumn is almost the same on minimum and maximum temperatures, since the seasonal 



 

average difference is nearly zero and about half of simulations show either a higher increase in 

Tmin or in Tmax. These results suggest an important impact of solar energy and its interaction 

with the city.  

During winter, less solar energy is absorbed by the city and contributes to heating the city than 

in summer. Nevertheless, the UHI is more important in winter than in summer. When city size 

increases, the city temperature is mainly influenced by two processes: the increase in heat 

absorbed by the city during sunny hours, and the decrease of wind inside the city (more 

important during less sunny hours, when the air convection is less important). The two 

processes have opposite effects on air mixing in the city: the increase in absorbed heat leads to 

an increase of vertical air mixing, while the decrease of wind leads to a reduction of vertical air 

mixing. During winter,  night air mixing is weak which favors an increase of city minimum 

temperature, while during the day air convection is stronger which brings colder air from 

surrounding areas to the city and disfavors an increase in city maximum temperature. During 

summer, the increase in heat absorbed by the city leads to strong air mixing but the air brought 

from surrounding areas has closer temperature (UHI less important in summer than in winter), 

favoring an increase of maximum temperature rather than minimum temperature.    

3.4  Evolution of Lahore temperatures: comparison between simulations 

and observations 

To study the evolution of temperatures in Lahore, the evolutions of urban parameters (city 

radius, urban fraction, building height) were combined (using Equation 1) with the effects of 

urban parameters on temperature (determined with FVM simulations). The changes in 

minimum and maximum temperatures due to each urban parameter are shown in Table 5.  

 

Table 5: Changes in minimum and maximum temperatures in the Lahore area during 1980 to 2004 estimated due 

to respective changes in city radius (r), urban fraction (u) and building height (h). 

1980-2004 Tmin (K) Tmax (K) Tmin (%) Tmax (%) 

dT/dr*dr/dt 1.66 1.38 60.0% 71.0% 

dT/du*du/dt 0.60 0.98 21.7% 50.3% 

dT/dh*dh/dt 0.51 -0.41 18.3% -21.3% 

∆T 2.76 1.94 100% 100% 

 



 

According to our method, the contribution of city radius to the increase of minimum and 

maximum temperatures is more important than the contribution of urban fraction and building 

height. Table 6 presents a comparison of the temperature changes observed at two weather 

stations and simulated in Lahore during 1980 to 2004. Though both weather stations give local 

information compared to the model (i.e. specific local factors other than the parameters 

considered in this study may also influence the observations without being represented in 

FVM), and the model indicates only changes due to urban structure, the comparison is done to 

evaluate the order of magnitude of temperature changes.   

 

Table 6: Changes in minimum and maximum temperatures observed between 1980 and 2004 at Lahore rural and 

urban stations and estimated in Lahore city. 

Period: 1980-2004 

Location ∆Tmin (K) ∆Tmax (K) ∆(Tmin-Tmax) (K) 

Lahore airport station (observed) 1.20 0.47  0.73 

Lahore Shadman station (observed) 2.65  -0.39 3.04 

Simulated Lahore city (estimated with the model)  2.76 1.94 0.82 

 

As expected, minimum temperatures increased more than maximum temperatures. The increase 

of minimum temperatures was higher near city center (Shadman station), than in the periphery 

of the city (airport station). The simulations agree with observations on a higher increase of 

minimum temperatures than maximum temperature in Lahore, even if the model tends to 

overestimate the temperature increases.  

A decrease of maximum temperature is only observed at the Shadman station, and not Lahore 

airport or other cities around (Table 7). Since all cities in the province of Penjab experienced 

particularly low temperatures in 1997 (Abbas, 2013), we calculated the temperature trends with 

and without 1997. Excluding 1997 from the trend calculation, the change of maximum 

temperature at Lahore (Shadman station) is largely reduced (-56%), although still negative. 

The discrepancy between observed and simulated change in maximum temperature in Lahore 

could be driven by different factors:  

• Urban factors (e.g. air circulation; an underestimation the impact of higher building 

heights) and regional factors (weather patterns) would probably also affect the 

temperatures recorded at the airport station, which leads to the possibility of very local 

effects at the Shadman station.  



 

• Specific local practices (such as measurement methods or land watering) would 

probably also affect minimum temperature. 

• Landuse changes but a vegetation increase around the station is unlikely given the 

surrounding built area.  

• Local air pollution may affect the energy surface balance (with less surface solar 

radiation during the day and more infrared energy absorption during the night). These 

processes would tend to increase the minimum temperature and decrease the maximum 

temperature. Rasheed et al. (2015) studied air pollution in several Pakistani cities, and 

concluded that the average PM2.5 mass concentration is significantly higher in Lahore 

than in the other cities. The Shadman station is moreover located near a highway, of 

which PM traffic emissions may influence the measurements.  

To conclude, the links between local air pollution and temperatures need further investigation. 

Rasheed et al. (2015) found an association between higher air pollution and lower temperature, 

but this association is certainly due to diurnal variations of air mixing (i.e. high temperatures 

usually lead to strong air mixing and lower PM concentrations).  

It would be interesting to have data from a nearby rural station to better understand the 

contribution of climate change in the increase of the minimum and maximum temperatures. 

This contribution cannot be simulated in this study.  

 

Table 7: Comparison of temperature changes between cities in the Punjab region. 

Location City size (km2) ∆Tmin (K) ∆Tmax (K) ∆(Tmin-Tmax) (K) 

Lahore (Shadman) 659 2.65  -0.39 3.04 

Faisalabad 214 1.54 0.91 0.63 

Multan 199 1.01 0.11 0.9 

Sialkot 92 0.56 0.56 0.18 

Sargodha 55 0.72 0.27 0.45 

Results without year 1997 

Lahore (Shadman) - 2.71 -0.17 2.88 

Faisalabad - 1.62 1.11 0.51 

Multan - 1.08 0.29 0.79 

Sialkot - 1.03 1.00 0.03 

Sargodha - 0.74 0.49 0.25 



 

 

4. Conclusion  

The study aimed to understand how the urban structure (city size, urban fraction, building 

height) can influence differently the evolution of minimum and maximum temperatures. Using 

a simple equation, the evolution of temperature in a city over time was estimated as a function 

of different urban parameters. The FVM meteorological model (Clappier et al., 1996) was used 

to determine the effect of the urban parameters on minimum and maximum temperatures 

(annually, seasonally, and monthly) with simulations of a theoretical round city. These 

estimated relationships between urban parameters and temperatures were then used to 

determine the contribution of each urban parameter to the evolution of temperature for a real 

case study: the city Lahore in Pakistan.  
 

Considering different urban structures, the FVM simulations showed that urban temperatures 

increase with the city size and with the urban fraction. The simulations also showed that an 

increase in building height may lead to higher minimum temperature but also to lower 

maximum temperature. With higher buildings, the city may become less efficient at absorbing 

direct solar radiation due to increased shadow effects during the day (leading to a lower 

maximum of Tmax), and may become more efficient at keeping heat during the night (leading to 

a higher minimum of Tmin). The analysis also showed that maximum temperature increases 

more than minimum temperature when urban fraction increases (i.e. when the proportion of 

vegetation decreases).  
 

We also found that the influence of city size depends largely on the season: minimum 

temperature increases more than maximum temperature during winter, while maximum 

temperature increases more than minimum temperature during summer. An increase in city size 

may therefore lead to more efficiency at keeping heat in winter, and less efficiency at losing 

heat in summer. These results are consistent with several other studies showing that minimum 

temperatures are increasing more than maximum temperatures, for instance in the largest 

Pakistani cities in winter (Sajjad et al., 2021). Our results suggest that this could be due to an 

increase of urban size and building height. Sajjad et al., (2021) also showed that over small 

towns, maximum temperature increases more than minimum temperature. Our results suggest 

that this could be explained by an increase in urban fraction (i.e.  replacement of natural land 

cover by artificial materials).  

The results from the FVM simulations were then compared to observations of the city Lahore, 

to estimate the contribution of urban parameter variations to the evolution of temperatures. The 



 

effect of city size appears as the dominant factor causing the local increase of minimum and 

maximum temperatures, and minimum temperatures increased more than maximum 

temperatures. The comparison with observations also showed that the simulations could 

skillfully reproduce the higher increase in minimum temperature than in maximum temperature.  
 

The model failed however to reproduce the evolution of maximum temperature (no warming 

observed vs. large warming simulated). This discrepancy could be due to a few factors: the 

model is a simplified approximation of the real city (e.g. round representation; uncertain 

evolution of building heights) and physical processes (e.g. climate change is not included) but 

the temperature observations are also uncertain (i.e. potentially influenced by local effects, and 

not representative of city temperature). Further investigations need to be performed on other 

city locations with urban and nearby rural temperature measurements. Urban measurement 

networks are still relatively recent and under development in many cities of the world. A few 

improvements with our approach could be expected in further investigations: 

● Include additional urban parameters (e.g. population density, non-residential buildings) 

and other factors (e.g. regional climate change) in the analysis;  

● Do a comparative study on different cities to better address the physical mechanisms 

driving the effects of urban parameters on temperatures (minimum, mean, maximum); 

● Investigate the local impact of air pollution on long-term temperatures. 

A better understanding of urban climate (past, present and future) is essential for urban 

applications (such as city planning and energy consumption) and to reduce urban risks for the 

population (e.g. thermal comfort) and infrastructure (e.g. extreme weather impacts), especially 

in the context of climate change.  
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http://www1.gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html. The GLC data can be 
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References 

Abbas, F. (2013). Analysis of a historical (1981–2010) temperature record of the Punjab 

province of Pakistan. Earth Interactions, 17(15), 1-23. 

Alexandersson, H., Moberg, A (1997) Homogenization of Swedish temperature data. Part I: A 

homogeneity test for linear trends. Int. J. Climatol., 17: 25–34. 

Bottyan, Z., Kircsi, A., Szegedi, S., Unger, J (2005) The relationship between built-up areas 

and the spatial development of the mean maximum urban heat island in Debrecem, Hungary. 

Int J Climatol 25: 405–418. 

Breton, F. (2021). European climate change: co-development of local climate services and 

clustering approaches (Doctoral dissertation, Université Paris-Saclay). 

Breton, F., Vrac, M., Yiou, P., Vaittinada Ayar, P., & Jézéquel, A. (2022). Seasonal circulation 

regimes in the North Atlantic: Towards a new seasonality. International Journal of 

Climatology. 

Buchholz, S., & Kossmann, M. (2015). Research note. Visualisation of summer heat intensity 

for different settlement types and varying surface fraction partitioning. Landscape and 

Urban Planning, 144, 59-64. 

Clappier, A., Perrochet, P., Martilli, A., Muller, F., Krueger, B. C (1996) A New Non- 

Hydrostatic Mesoscale Model Using a CVFE (Control Volume Finite Element) 

Discretisation Technique’, in P. M. Borrell et al. (eds.), Proceedings of EUROTRAC 

Symposium ’96, Computational Mechanics Publications, Southampton, pp. 527–531. 

Clarke, B., Otto, F., Stuart-Smith, R., & Harrington, L. (2022). Extreme weather impacts of 

climate change: an attribution perspective. Environmental Research: Climate, 1(1), 012001. 

Debbage, N., & Shepherd, J. M. (2015). The urban heat island effect and city contiguity. 

Computers, Environment and Urban Systems, 54, 181-194. 

Donat, M. G., Alexander, L. V., Yang, H., Durre, I., Vose, R., Dunn, R. J., ... & Kitching, S. 

(2013). Updated analyses of temperature and precipitation extreme indices since the 

beginning of the twentieth century: The HadEX2 dataset. Journal of Geophysical Research: 

Atmospheres, 118(5), 2098-2118. 

http://www.nws.noaa.gov/
http://www1.gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html
http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php


 

Dudhia, J. (2014). A history of mesoscale model development. Asia-Pacific Journal of 

Atmospheric Sciences, 50(1), 121-131. 

Easterling, D. R., Horton, B., Jones, P. D., Peterson, T. C., Karl, T. R., Parker, D. E., ... & 

Folland, C. K. (1997). Maximum and minimum temperature trends for the globe. Science, 

277(5324), 364-367. 

Florenzio, N., Guastella, G., Magni, F., Pareglio, S., & Musco, F. (2022). The role of urban 

planning in climate adaptation: an empirical analysis of UHI in European cities. Journal of 

Environmental Planning and Management, 1-19. 

Gao, J., & O’Neill, B. C. (2020). Mapping global urban land for the 21st century with data-

driven simulations and Shared Socioeconomic Pathways. Nature communications, 11(1), 1-

12. 

Goujon, A., Wazir, A., & Gailey, N. (2020). Pakistan: A population giant falling behind in its 

demographic transition. Population Societies, 576(4), 1-4. 

Harun, Z., Reda, E., Abdulrazzaq, A., Abbas, A. A., Yusup, Y., & Zaki, S. A. (2020). Urban 

heat island in the modern tropical Kuala Lumpur: Comparative weight of the different 

parameters. Alexandria Engineering Journal, 59(6), 4475-4489. 

Heaviside, C., Vardoulakis, S., & Cai, X. M. (2016). Attribution of mortality to the urban heat 

island during heatwaves in the West Midlands, UK. Environmental health, 15(1), 49-59. 

IPCC (2001) Climate change 2001: The Science of Climate Change. Contribution of Working 

Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change 

[Houghton JT, Ding Y etc.] 

IPCC (2021) Climate Change 2021. Contribution of Working Group I to the Sixth Assessment 

Report of the Intergovernmental Panel on Climate Change. Regional fact sheet – Urban areas 

Jáuregui, E (2005) Possible impact of urbanization on the thermal climate of some large cities 

in México. Atmósfera 18(4): 247–248. 

Jones, P. D., New, M., Parker, D. E., Martin, S., & Rigor, I. G. (1999). Surface air temperature 

and its changes over the past 150 years. Reviews of Geophysics, 37(2), 173-199. 

Kabisch, N., Korn, H., Stadler, J., & Bonn, A. (2017). Nature-based solutions to climate change 

adaptation in urban areas: Linkages between science, policy and practice. Springer Nature. 

Kalnay, E., Cai, M (2003) Impact of urbanization and land-use change on climate. Nature, 423: 

528–531. 

Karl, T. R., Diaz, H. F., Kukla, G (1988) Urbanization: Its detection and effect in the United 

States climate record. Journal of Climate, 1(11): 1099–1123. 



 

Karl, T. R., Jones, P. D., Knight, R. W., Kukla, G, Plummer, N., Razuvayev, V., Gallo, K. P., 

Lindseay, J., Charlson, R. J., Peterson, T. C (1993) Asymmetric Trends of Daily Maximum 

and Minimum Temperature. Bulletin of the American Meteorological Society 74(6): 1007–

1023. 

Khaliq-uz-Zaman, Baloch, A. A (2011) Urbanization of arable land in Lahore City in Pakistan: 

A case-study. Journal of Agricultural Biotechnology and Sustainable Development Vol. 

3(7): 126–135. 

Kii, M. (2021). Projecting future populations of urban agglomerations around the world and 

through the 21st century. npj Urban Sustainability, 1(1), 1-12.  

Krayenhoff, E. S., Broadbent, A. M., Zhao, L., Georgescu, M., Middel, A., Voogt, J. A., ... & 

Erell, E. (2021). Cooling hot cities: a systematic and critical review of the numerical 

modelling literature. Environmental Research Letters, 16(5), 053007. 

Krpo, A (2009) Development and application of a numerical simulation system to evaluate the 

impact of anthropogenic heat fluxes on urban boundary layer climate. PhD Thesis, EPFL, 

Lausanne. 

Lafortezza, R., Chen, J., Van Den Bosch, C. K., & Randrup, T. B. (2018). Nature-based 

solutions for resilient landscapes and cities. Environmental research, 165, 431-441. 

Lemonsu, A., Viguie, V., Daniel, M., & Masson, V. (2015). Vulnerability to heat waves: Impact 

of urban expansion scenarios on urban heat island and heat stress in Paris (France). Urban 

Climate, 14, 586-605. 

Li, X., Zhou, Y., Hejazi, M., Wise, M., Vernon, C., Iyer, G., & Chen, W. (2021). Global urban 

growth between 1870 and 2100 from integrated high resolution mapped data and urban 

dynamic modeling. Communications Earth & Environment, 2(1), 1-10. 

Liang, Z., Wang, Y., Huang, J., Wei, F., Wu, S., Shen, J., ... & Li, S. (2020). Seasonal and 

diurnal variations in the relationships between urban form and the urban heat island effect. 

Energies, 13(22), 5909. 

Liu, Z., Zhan, W., Bechtel, B., Voogt, J., Lai, J., Chakraborty, T., ... & Lee, X. (2022). Surface 

warming in global cities is substantially more rapid than in rural background areas. 

Communications Earth & Environment, 3(1), 1-9. 

Ma, L., Wang, Y., Liang, Z., Ding, J., Shen, J., Wei, F., & Li, S. (2021). Changing effect of 

urban form on the seasonal and diurnal variations of surface urban heat island intensities 

(suhiis) in more than 3000 cities in China. Sustainability, 13(5), 2877. 

Makokha, G. L., & Shisanya, C. A. (2010). Trends in mean annual minimum and maximum 

near surface temperature in Nairobi City, Kenya. Advances in Meteorology, 2010. 



 

Maparu, T. S., & Mazumder, T. N. (2021). Investigating causality between transport 

infrastructure and urbanization: A state-level study of India (1991–2011). Transport Policy, 

113, 46-55. 

Martilli, A (2001) Development of an urban turbulence parameterisation for mesoscale 

atmospheric models. PhD thesis, Ecole Polytechnique Fédérale de Lausanne. 

Martilli, A., Clappier, A., Rotach, M. W (2002) an urban surface exchange parameterisation for 

mesoscale models. Boundary-Layer Meteorology 104: 261–304.  

Martilli, A., Roulet, Y. A., Junier, M., Kirchner, F., Rotach, M. W., & Clappier, A. (2003). On 

the impact of urban surface exchange parameterisations on air quality simulations: the 

Athens case. Atmospheric Environment, 37(30), 4217-4231. 

Martilli, A. (2014). An idealized study of city structure, urban climate, energy consumption, 

and air quality. Urban Climate, 10, 430-446. 

Masson, V. (2000). A physically-based scheme for the urban energy budget in atmospheric 

models. Boundary-layer meteorology, 94(3), 357-397. 

Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., ... & Zhou, B. 

(2021). Climate change 2021: the physical science basis. Contribution of working group I to 

the sixth assessment report of the intergovernmental panel on climate change, 2. 

National Research Council. (2012). Urban Meteorology: Forecasting, Monitoring, and 

Meeting Users' Needs. National Academies Press. 

Oke, T. R (1973) City size and the urban heat island. Atmospheric Environment Pergamon 

Press, 7: 769–779. 

Oke, T. R., Mills, G., Christen, A., & Voogt, J. A. (2017). Urban climates. Cambridge 

University Press. 

Pappaccogli, G., Giovannini, L., Zardi, D., & Martilli, A. (2020). Sensitivity analysis of urban 

microclimatic conditions and building energy consumption on urban parameters by means 

of idealized numerical simulations. Urban Climate, 34, 100677. 

Paravantis, J., Santamouris, M., Cartalis, C., Efthymiou, C., & Kontoulis, N. (2017). Mortality 

associated with high ambient temperatures, heatwaves, and the urban heat island in Athens, 

Greece. Sustainability, 9(4), 606. 

Park, H. S (1986) Features of the heat island in Seoul and its surrounding cities. Atmospheric 

Environment, 20(10): 1859–1866. 

Park, B. J., Kim, Y. H., Min, S. K., Kim, M. K., Choi, Y., Boo, K. O., & Shim, S. (2017). Long‐

term warming trends in Korea and contribution of urbanization: an updated assessment. 

Journal of Geophysical Research: Atmospheres, 122(20), 10-637. 



 

Pielke Sr, R. A. (2013). Mesoscale meteorological modeling. Academic press. 

Qian, Y., Chakraborty, T. C., Li, J., Li, D., He, C., Sarangi, C., ... & Leung, L. R. (2022). 

Urbanization impact on regional climate and extreme weather: Current understanding, 

uncertainties, and future research directions. Advances in Atmospheric Sciences, 1-42. 

Rahimzadeh, G. (2019). The impact of urban sprawl on temperature in the united states over 

the past four decades. Available at SSRN 3632565. 

Rasheed, A., Robinson, D., & Clappier, A. (2007). On the Sensitivity of Building Performance 

to the Urban Heat Island Effect (No. CONF, pp. 591-596). EPFL. 

Rasheed, A. (2009). Multiscale modelling of urban climate (No. THESIS). EPFL. 

https://infoscience.epfl.ch/record/148714 

Rasheed, A., Aneja, V. P., Aiyyer, A., & Rafique, U. (2015). Measurement and analysis of fine 

particulate matter (PM2. 5) in urban areas of Pakistan. Aerosol and Air Quality Research, 

15(2), 426-439. 

Roulet Y. A. F. (2004) Validation and application of an urban turbulence parameterisation 

scheme for mesoscale atmospheric models. PhD Thèse No. 3032 (2004). Présentée à la 

Faculté Environnement Natuel, Architectural et Construit. Ecole Polytechnique Fédérale de 

Lausanne. https://infoscience.epfl.ch/record/33503  

Roulet, Y.-A., A. Martilli, M. W. Rotach and A. Clappier, 2005: Validation of an urban surface 

exchange parameterization for mesoscale models – 1D case in a street canyon, J. of App. 

Meteorol., 44, 1484-1498. 

Sajjad, S. H., Blond, N., Clappier, A., Raza, A., Shirazi, S. A., Shakrullah, K (2010) The 

preliminary study of urbanization, fossil fuels consumptions and CO2 emission in Karachi. 

African Journal of Biotechnology, 9(13): 1941–1948.  

Sajjad, S. H., Shirazi, S. A., Khan, M. A., Raza, A (2009) Urbanization effects on temperature 

trends of Lahore during 1950-2007. IJCCSM 1(3): 274–281. 

Sajjad, S. H., Blond, N., Mohsin, T., Shakrullah, K., & Clappier, A. (2021). Temperature 

variability over urban, town, and rural areas: The case of Pakistan. International Journal of 

Climatology, 42(5), 2881-2900. 

Shi, Z., Jia, G., Hu, Y., & Zhou, Y. (2019). The contribution of intensified urbanization effects 

on surface warming trends in China. Theoretical and Applied Climatology, 138(1), 1125-

1137. 

Shirazi, S. A (2012) Temporal Analysis of Land Use and Land Cover Changes in Lahore-

Pakistan. Pakistan Vision 13(1): 187–206. 

https://infoscience.epfl.ch/record/148714
https://infoscience.epfl.ch/record/33503
http://www.emeraldinsight.com/search.htm?ct=all&st1=S.H.+Sajjad&fd1=aut
http://www.emeraldinsight.com/search.htm?ct=all&st1=Safdar+Ali+Shirazi&fd1=aut
http://www.emeraldinsight.com/search.htm?ct=all&st1=M.+Ahmed+Khan&fd1=aut


 

Sippel, S., Meinshausen, N., Fischer, E. M., Székely, E., & Knutti, R. (2020). Climate change 

now detectable from any single day of weather at global scale. Nature climate change, 10(1), 

35-41. 

UNDESA (2011) World Population Prospects: The 2010 Revision, United Nations, Department 

of Economic and Social Affairs, Population Division, New York, 

http://esa.un.org/unpd/wup/index.htm.  

Viguié, V., Lemonsu, A., Hallegatte, S., Beaulant, A. L., Marchadier, C., Masson, V., ... & 

Salagnac, J. L. (2020). Early adaptation to heat waves and future reduction of air-

conditioning energy use in Paris. Environmental Research Letters, 15(7), 075006. 

Wang, Z., Ahmed, Z., Zhang, B., & Wang, B. (2019). The nexus between urbanization, road 

infrastructure, and transport energy demand: empirical evidence from Pakistan. 

Environmental Science and Pollution Research, 26(34), 34884-34895. 

Wang, J., Guan, Y., Wu, L., Guan, X., Cai, W., Huang, J., ... & Zhang, B. (2021). Changing 

lengths of the four seasons by global warming. Geophysical Research Letters, 48(6), 

e2020GL091753. 

Zhou, B., Rybski, D., & Kropp, J. P. (2017). The role of city size and urban form in the surface 

urban heat island. Scientific reports, 7(1), 1-9. 

http://esa.un.org/unpd/wup/index.htm

