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Urbanization is an essential, yet underrepresented, parameter when investigating futuristic climate change

of cities. The change in 2m air temperature in August between the 2006–2015 period and the 2046–2055

period for 33 megacities and 10 emerging megacities under RCP8.5 emission forcing and SSP3 was projected

with the consideration of both global climate change (using pseudo-global warming method) and local

urbanization (using global urban sprawling map, distributed urban morphological parameters, and hourly

anthropogenic heat emission dataset).

In newly urbanized area, the urbanization effect will be significant, accounting for (13.5 ± 5.9) % of the

total temperature change. In existing urban areas, the effect will vary depending on the current degree of

urbanization. When viewed over a regional scale, the effect will be rather insignificant. It was observed in

some cities that urbanization effect originating from urban area was advected by the wind to non-urban area

located kilometers downwind.
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1. INTRODUCTION

It is projected that 60 percent of world population

will live in urban areas by 2030 and 8.8 percent will live

in urban settlements with the population of at least 10

million which is often referred to as megacities.1) This

is one of the reasons why climatological study at city

scale is becoming more important. This kind of study

will also help in projecting environmental hazards to

human such as heat stress, projecting future energy

demand for air conditioning and other projections.

There have been attempts to project future climate

for individual cities around the world.2),3),4),5) These

studies focused on individual cities, some utilized lo-

cally available datasets such as land-use dataset3) and

master plan for future urbanization.4) Furthermore, spa-

tial distribution of futuristic projections of urban mor-

phological parameters were not considered in many

cases. Studies focused on cities in developing coun-

tries are still rare even though urbanization is progress-

ing rapidly in developing countries.

The study of Darmanto et al.,5) while focused only

on a single city, proposed a framework that relies solely

on publicly available global datasets, and therefore can

be flexibly extended to any region of interest. In this

study, we attempt to scale that approach to project fu-

ture climate for many cities simultaneously at high res-

olution using publicly available global datasets. Target

cities are 33 existing megacities and 10 cities projected

to become megacities by 2030 by the United Nations.1)

Target for numerical simulation is the mean climate

condition in August in the 2006–2015 period and the

2046–2055 period. Our objective is to

• quantify the effect of urbanization on air temper-

ature change at different spatial scale,

• investigate the effect of urbanization in non-urban
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areas surrounding urban areas.

2. METHODOLOGY

(1) Meteorological input

The Final Operational Global Analysis dataset pub-

lished by the National Centers for Environmental Pre-

diction was used as the meteorological input for model-

ing. Present meteorological input was calculated as the

ensemble average of the dataset for all days in August

from 2006 to 2015.

Meteorological input for simulation of future

scenarios was constructed using the pseudo-global

warming (PGW) method.6) Five General Circula-

tion Model (GCM) members (GFDL-ESM2M, IPSL-

CM5A-LR, MIROC-ESM-CHEM, HadGEM2-ES,

and NorESM1-M) of CMIP5 were used. The differ-

ence between the ensemble average of the GCMs’

outputs for the 2046–2055 period and that for the

2006–2015 period was added to the present meteoro-

logical input to produce the futuremeteorological input.

Specifically, the difference in wind velocity compo-

nents, surface temperature, air temperature and geopo-

tential height was added. Emission scenario RCP8.5

was considered. Sea surface temperature was taken

from the analysis dataset and the GCMs’ outputs.

In each simulation, the meteorological input de-

scribed above was recycled daily for four consecutive

days and inputted to the model to produce a four-day-

long output.7) The first day’s output was considered

as the model’s spinning up period and was discarded.

The ensemble of the output of last three days was taken

as the simulated climate condition and was used for

further analysis.

(2) Urban surface boundary consideration

For the present climate simulation, population den-

sity adjusted by nighttime lights8) were used to mod-

ify the MODIS land cover type dataset to put more

emphasis on urban land use. Distributed urban mor-

phological parameters were considered in the model

following Varquez et al.9) In addition, hourly-varying

anthropogenic heat flux map10) with point source im-

provement11) was used.

For the future climate simulation, population den-

sity was projected by combining a logistic model12)

with a global urban sprawling map.13) Country level

GDP and population projection under SSP3 needed

as input for the logistic model was obtained from the

SSP Public Database.14),15),16),17) Urban morphologi-

cal parameters and anthropogenic heat flux map were

calculated by the same method with the present case.

(3) Target domains

A modified version of the WRF model v3.3.1 cou-

pled with single-layer urban canopy model was used.

This modified version has improvements to consider

spatial variations in urban morphological parameters.9)

41 set of domains were setup for 43 target cities

Guangzhou and Shenzhen, Rio de Janeiro and Sao

Paulo were grouped into two groups because of they

are located close to each other. Each set of domain

consists of a coarse domain and a fine domain with

the resolutions of 10 km and 2 km respectively. The

option of updating sea surface temperature at each in-

put interval was turned off. The domains are listed in

Table 1.

(4) Simulated scenarios

We conducted simulation for three scenarios as sum-

marized in Table 2. The present scenario is the basis

for model verification and future projection. As for

the future scenario, from the construction of input con-

sisting of the global urban sprawling map assuming

uncontrolled urban expansion, GDP and population

growth projection under SSP3 characterized by high

mitigation, adaptation challenges,14) and highest emis-

sion forcing RCP8.5, we assume that the simulated

future scenario represents the worst case scenario.

The intermediate scenario considers the change in

climate forcing but does not take urbanization (urban

sprawling and anthropogenic heat emission change)

into consideration. This scenario is used to evaluate

the impact of urbanization.

Table 1 List of domains. The number in the brackets following

each domain’s name is the number of meteorological

stations available for model verification for that domain.

Ahmadabad (2) Bangalore (4) Bangkok (14)

Beijing (1) Bogota (3) Buenos Aires (8)

Cairo (6) Chengdu (2) Chennai (3)

Chongqing (1) Dar es Salaam (2) Delhi (4)

Dhaka (7) Guangzhou (11) Ho Chi Minh City (3)

Hyderabad (3) Istanbul (4) Jakarta (7)

Karachi (2) Kinshasa (4) Kolkata (14)

Lagos (7) Lahore (3) Lima (1)

London (14) Los Angeles (38) Luanda (1)

Manila (15) Mexico City (6) Moscow (4)

Mumbai (7) Nanjing (2) New York (37)

Osaka (17) Paris (11) Rio de Janeiro (17)

Seoul (25) Shanghai (5) Tehran (4)

Tianjin (4) Tokyo (27)

Table 2 Simulated scenarios.

Scenario Urbanization Climate forcing

Present present present

Intermediate present future

Future future future
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3. RESULTS AND DISCUSSIONS

(1) Verification of simulated present climate condi-

tion

The simulated present climate condition was com-

pared against the ensemble of observation data. In

detail, the simulated 2m air temperature, which was

available hourly, was compared against the ensem-

ble of corresponding observations. Observations from

world wide stations were obtained from https://www.

ogimet.com and only stations that reported data con-

tinuously in the 2006–2015 period were chosen. Refer

to Table 1 for the number of stations available for each

domain.

Validation result is summarized in Table 3. Over-

all, the model had a tendency to overestimate 2m air

temperature. However, comparing the bias in daytime

and night time, it can be seen that the tendency was

significantly stronger in daytime than in night time. At

the level of individual cities, RMSEs and biases varied

in larger ranges.

We concluded that the performance of the model in

reproducing the present climate condition is adequate

because of the following reasons:

• The meteorological input was not historical data

but the ensemble of historical data,

• Overall and in all breakdowns, Pearson correla-

tion coefficient 𝑟 indicated that simulated and ob-
served 2m air temperature were well-correlated,

• 76.1% of simulated 2m air temperature lay

within one standard deviation of the correspond-

ing observed value and 97.8% lay within two

standard deviations,

• Our approach relied solely on publicly available

global input datasets with no adjustments made

to adapt to any specific city.

We also concluded that the model is adequate for

the following discussion about temperature change be-

tween the present and the future because the influence

of the bias should be minimized in the difference, and

for the discussion about urbanization effect because

Table 3 Root-mean-square error (RMSE, ∘C), bias (∘C), standard

error (SE, ∘C), and Pearson correlation coefficient (𝑟) of
simulated hourly 2m air temperature. Note: RMSE

2 =
Bias

2 + SE
2
.

RMSE Bias SE 𝑟

Overall 2.01 0.98 1.76 0.96

Daytime 2.31 1.51 1.74 0.95
Nighttime 1.52 0.26 1.50 0.97

Individual

cities

0.55 −2.11 0.54 0.81
to 3.93 to 3.58 to 2.56 to 0.99

Pr
es

en
t

Tokyo Buenos Aires Kinshasa

Fu
tu

re

0.10 0.15 0.20 0.25 0.30

Fig. 1 Plan area index (dimensionless) in the present and future

scenario in some domains. Spatial scales are different and

omitted.

the effect arises from the difference in urban morpho-

logical parameters and urban land use between the

intermediate and future scenario both of which have

the same climate forcing.

(2) Quantification of urbanization effect

Each domain’s spatial mean of change in daily mean

2m air temperature under different view points (whole

domain, old urban, and new urban) is summarized in

Table 4. Here we define an area as old urban if it is an

urban area in the present and as new urban if it is not

an urban area in the present but it is an urban area in

the future scenario. Note that urban shrinking or the

replacement of an urban cover to a non-urban surface

was not assumed in this study.

When looking at the whole domain (in other words,

at a large scale), the effect of urbanization can still be

observed, however, it is relatively insignificant com-

pared to the global effects. This is because in each

domain, urban area covers only (13.2 ± 10.5) % of the

whole domain size. Even when all water bodies are

excluded, the ratio is still only (17.2 ± 11.8) %.

Focusing on the old urban, the effects of urbaniza-

Table 4Mean and standard deviation of each domain’s spatial

mean of change in daily mean 2m air temperature in

intermediate scenario and future scenario with present

scenario taken as the basis of comparison, and urbaniza-

tion effect which is obtained by subtracting the change in

intermediate scenario from the change in future scenario.

Unit: ∘C.

Focus
Scenario Urbanization

effect
Intermediate Future

Domain 1.79 ± 0.47 1.84 ± 0.49 0.05 ± 0.05
Old urban 1.82 ± 0.51 1.91 ± 0.51 0.09 ± 0.11
New urban 1.85 ± 0.50 2.13 ± 0.54 0.28 ± 0.13
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(b) Change in daily minimum and maximum 2 m air temperature between the present and future scenarios

ΔT min
ΔT max

Fig. 2 Spatial daily minimum and maximum 2m air temperature in urban areas in August in the present and future scenarios, and their

difference. Domains are grouped by Köppen climate classification (A: tropical, B: dry, C: temperate, D: continental),18) domains

in the same group are sorted in lexicographical order. Unit: ∘C.

tion becomes clearer with higher mean and also more

variance than the whole domain. The large variance

is due to the fact that the development in some old

urban areas has been saturated (for example, Tokyo,

Bangkok, and London) while it is still progressing

rapidly in some others (for example, Dar es Salaam,

Buenos Aires, and Kinshasa) as shown in Fig. 1.

The effect becomes clearest when looking at the

new urban. The mean effect in the new urban is sig-

nificantly higher than that in the whole domain and

the old urban. The contribution of urbanization effect

to the total temperature change in the new urban is

(13.5 ± 5.9) %, which is not negligible. This clear ef-

fect is explainable by the fact that the formation of the

new urban fundamentally changes the characteristics of

land cover. Usually, the area of impermeable surface

increases and vegetation fraction decreases. Conse-

quently, there is less latent heat and more sensible heat,

leading to the increase in air temperature.

Daily minimum and maximum temperature in urban

areas in all domains in the present scenario, the future

scenario and the difference between the two scenarios

are summarized in Fig. 2. In 26 out of 41 domains, the

increase in daily minimum temperature is higher than

the increase in daily maximum temperature, implying

a narrower diurnal temperature range (DTR) in the

future. However, no correlation could be identified

between present temperature statistics and change in

DTR. In addition, the increase in daily maximum and

minimum temperature is smallest in domains with trop-

ical climate and highest in domains with continental

climate. Further investigation is needed to understand

mechanism of the difference between the increase of

daily minimum temperature and that of daily maxi-

mum temperature, and the difference in the increase

due to climate classification.

(3) Wind and urbanization effect on non-urban ar-

eas

By visually inspecting the two-dimensional distribu-

tion of urbanization effect and windmap, we found that

in six domains (Luanda, Buenos Aires, Dar es Salaam,

Karachi, Kinshasa, and Lagos), the effect of urbaniza-

tion can be observed downwind. Specifically, going

from the intermediate scenario to the future scenario,

increase in air temperature was observed in non-urban

areas (including water body) downwind of urban areas.

This increase should be due to the hot air advected

from the urban areas upwind.

For example, in Dar es Salaam (Fig. 3(a) and (b)),

the phenomenon was observed clearly from evening

to sunrise. The long red tail did not originate from

the surface directly beneath it because the tail changed

with wind direction and it lay on the ocean while both

urbanization expansion and increase in anthropogenic

heat do not happen on the ocean and they have no

dependency on wind direction. As depicted in the

figure, the urbanization effect could be advected by

Table 5 The time at which advected urbanization effect could be

observed in local time.

Domain Time range Domain Time range

Buenos Aires 8:00 to 9:00 Kinshasa 7:00 to 8:00

Dar es Salaam 18:00 to 8:00 Lagos 22:00 to 5:00

Karachi 15:00 to 5:00 Luanda 17:00 to 21:00
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Fig. 3 Urbanization effect advected by wind in different domains at different time averaged throughout the simulation period. Coastline

and inland water body boundary are depicted by black line. Urban area boundary is depicted by green line. The effect is measured

in ∘C, the unit of horizontal and vertical axes is km, the time is local time. In each figure, the scales of the axes are the same.
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Fig. 4 2m air temperature in Dar es Salaam at 7:00 and Karachi at 18:00 (local time) in the present, intermediate, and future scenario

(averaged throughout the simulation period), and the difference between the present and the future scenario. The unit of temperature

is ∘C, the unit of horizontal and vertical axes is km. In each figure, the scales of the axes are the same.

the wind up to 60 km downwind.

Fig. 4 shows the air temperature in Dar es Salaam

and Karachi in the present, intermediate, and future

scenario at the time the phenomenon could be observed

clearly. However, looking at these temperature maps,

no discernible difference could be seen. The phe-

nomenon could not be identified even when looking at

the map of temperature difference between the present

and the future scenario due to its high uniformity. This

justifies the necessity of simulating the intermediate

scenario in evaluating the effect of urbanization.

The time at which the phenomenon could be ob-

served is summarized in Table 5. The time varied but

in general, the phenomenon could be observed from

late afternoon to next day’s early morning in August.

These domains share the same feature of having rel-

atively simple wind patterns. Topography may play

a role but neither wind pattern nor topography is the

decisive cause because the phenomenon could be ob-

served in Buenos Aires, which has relatively complex

topography, but could not be observed in Ho Chi Minh

City, which is a flat river delta, very close to sea level,

and also has a simple wind pattern. This argument

does not imply that the phenomenon does not exist

in Ho Chi Minh City and 34 other domains but the

phenomenon, if exists, could not be visually identi-

fied. Perhaps a systematic method to quantify this

phenomenon is required. In addition, there are other

factors that cannot be analyzed within the scope of this

study such as seasonal dependency.

5
I_107



4. CONCLUSION

In this study, we projected 2m air temperature

change for 43 megacities in August between the

2006–2015 period (present period) and the 2046–2055

period (future period) using PGW method under the

assumptions of uncontrolled urban expansion, RCP8.5

emission forcing, and SSP3 which we interpreted as

the worst case scenario for the future.

Quantification of urbanization effect indicated that

the effect is observable but negligible at large spatial

scale, clearer in old urban area with large variance

between saturated old urban and rapidly developing

old urban. The effect is clearest and significant in

new urban area. We also found that under certain

conditions, urbanization effect in urban area can be

advected by the wind resulting urbanization effect in

faraway non-urban areas.

A limitation of this study is that instead of conduct-

ing simulations for the full month of August in ten

years, we conducted simulations using ensemble aver-

aged August days repeatedly. One direction for future

study is to compare the results of these two approaches.

This study can be further extended by considering

other months, other emission forcing, and other so-

cioeconomic pathways. However, these extensions

require adjustment of the urban sprawling map and

anthropogenic heat emission map accordingly. Study

focusing on individual cities will remain very impor-

tant to adapt to specific needs that the method used

in this study cannot cover. They will also serve as

reinforcement for further development of this global

approach.
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