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Abstract

More than half of the humanity live in cities and many cities are growing in size at a phenomenal rate. Urbanisation-
driven landuse change influence the local hydrometeorological processes, changes the urban micro-climate and sometimes
affects the precipitation significantly. Understanding the feedback of urbanisation driven micro-climatic changes on the
rainfall process is a timely challenge. In this study we attempt to investigate the impact of urban growth driven landuse
change on the changes in the extreme rainfall in and around cities, by means of sensitivity studies. We conduct three sets
of controlled numerical experiments using a mesoscale atmospheric model coupled with a land-use model to investigate
the hypothesis that the increasing of urbanisation causes significant increase of extreme rainfall values. First we conduct
an ensemble of purely idealised simulations where we show that there is a significant increase of high intensity rainfall
with the increase of urban land-use. Then four selected extreme rainfall events of different tropical cities were simulated
with first current level of urbanisation and then (ideally) expanded urban areas. Three out of the four cases show
significant increase of local extreme rainfall when the urban area is increased. Finally, we conducted a focused study
on the city of Mumbai, India: A landscape dynamics model Dinamica-EGO was used to develop a future urban growth
scenario based on past trends. The predicted future land-use changes, with current land-use as control, were used as an
input to the atmospheric model. The model was integrated for four historical cases which showed that, had these events
occurred with the future land-use, the extreme rainfall outcome would have been significantly more severe. An analysis
of extreme rainfall showed that hourly 10-year and 50-year rainfall would increase in frequency to 3-year and 22-year
respectively.
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1. Introduction

Today, more than half of the world’s population lives
in cities. Due to the increasing concentration of businesses
and infrastructure, the urbanisation process continues at
a phenomenal rate. The urban water cycle and the local
climatic environment is invariably affected by the urban
growth (Foley et al., 2005). The causal relationship be-
tween urbanisation and increased stormwater flows due
to the hydrological changes on the surface are well un-
derstood and quantified. It is common knowledge that
the urbanisation increases runoff due to the retardation
of infiltration and evapotranspiration processes, and de-
creases the resistance to flow. The question whether the
rainfall itself is changed due to the micro-climatic changes
above cities as a consequence of urban landuse change,
was being asked since 1960s. Today, there is an increasing
body of evidence that the changes in the radiation and
heat balance effected by changes in surface albedo and
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vegetation cover on the urban micro-climate can have sig-
nificant impacts on the precipitation patterns over urban
centres and their surroundings (Watkins and Kolokotroni,
2012). These hydro-meteorological effects are caused by a)
microphysical changes resulting from urban pollution, b)
increased surface roughness due to urban structures and
c) heat anomalies resulting from changes in albedo and
latent heat flux – ‘Urban heat island (UHI)’ (Sagan et
al., 1979). While the urban heat island effect on radi-
ation, temperature and wind has been documented rela-
tively early (Taha et al. (1988), Landsberg (1981) and
references therein) modelling investigations on the impact
on rainfall appeared late in the literature. Some of the dif-
ficulties in the latter endeavour is summarized by Lowry
(1998). There have been many empirical investigations
indicating the possibility of the urban growth and the
resulting UHI modulating precipitation. (e.g. Shepherd
(2006), Jauregui (1996), Subbiah et al. (1990), Lin et al.
(2008), Lin et al. (2009), Takahashi (2008) ) Of particu-
lar interest is the Metropolitan Meteorological Experiment
(METROMEX), a major observational study conducted in
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the US in 1970s (Changnon, 1979). METROMEX findings
showed that precipitation down- wind of large cities can in-
crease 5%-25% from background values (Shepherd, 2005).
Charabi and Bakhit (2011) used meteorological data mea-
sured over a period of one year over the city of Muscat,
Oman, to study the Urban Heat Island over the city. They
found that the hottest locations occur at the compactly
built ‘old Muscat’ neighbourhoods in narrow valleys. Dur-
ing the rare winter rainfall spells the intensity of UHI de-
creased. Meir et al. (2013) examined two 2011 heat events
in the New York city to evaluate the predictive ability
of 1km resolution US Navy’s Coupled Ocean/Atmosphere
Mesoscale Prediction System (COAMPS) model and 12km
resolution North American Mesoscale (NAM) implemen-
tation of WRF model using a land and coastline based
observation networks. The high resolution model was able
to capture the key features of the heat events, where urban
rural temperature differences were as high as 4-50C.

Numerical modelling experiments are extremely rele-
vant in understanding and quantifying the possible effect
of UHI on rainfall, as this is probably the only way to con-
duct controlled studies at city and regional scales to in-
vestigate the sensitivity of various influencing parameters.
Shepherd (2005) noted that there had been relatively few
studies in this field. Since then there have been a num-
ber of reports on such experiments. Shem and Shepherd
(2009) conducted controlled experiments on three landuse
scenarios for Atlanta, USA, with different levels of urban-
isation and concluded that there is a significant impact
of UHI on cumulative rainfall quantities resulting in in-
creases 10% to 13% for increased urbanisation. Lin et al.
(2008) reported results of numerical experiments compar-
ing impacts of UHI on rainfall by comparing the atmo-
spheric response to synthetically increasing urban area in
the case of Taiwan. They concluded that the UHI inter-
action with summer- time sea-breeze and mountain up-
lifting contributes significantly to increase rainfall in the
mountainous areas on the leeward side of the city. On the
other hand, analysing the 7th July 2004 thunderstorm over
Baltimore, USA by means of controlled modelling studies,
Ntelekos et al. (2008) concluded that UHI did not con-
tribute to the heavy rainfall during the event.

Most of the studies in the recent literature on the UHI
and precipitation had a strong focus on mesoscale meteo-
rology, and often stopped short of making impact assess-
ment at the urban scale. It is indeed challenging to trans-
late the predictions of the impacts of UHI driven changes
in the meteorological events to forms that can be readily
used by civil engineers to plan urban water infrastructure.
Such an attempt would invariably result in large uncer-
tainties and could leave many gaps in reasoning that fu-
ture research has to fill in. However, the possible strong
causal link of urbanisation on urban extreme rainfall can
no longer be ignored, particularly in the context of rapid
urban growth and numerous external pressures like global
climate change. There is a growing interest on the role
of land cover and landuse change has on climate change

(Solomon et al., 2007), partially due to the awareness
raised by events like the Nerima Heavy Rainfall (Kawa-
bata et al., 2007) and general indications of significant
increase of extreme rainfall in rapidly urbanising locations
like the Indian subcontinent that are suspected to be trig-
gered by UHI (Kishtawal et al., 2010). However, in order
to understand the impacts on the issue of urban drainage
and flooding, it is important to understand the influence of
UHI on short-term, extreme rainfall – the driving force on
urban storm water system. The fact that most populous
cities, which happen to be in the third world, have already
over-stressed storm drainage systems further increase the
relevance of it.

In this paper, we present the results of a series of nu-
merical experiments conducted using a state of the art, 3D
mesoscale atmospheric model – WRF-ARW (Skamarock
et al. 2007) – in order to attempt to understand the im-
pact of urbanisation-driven landuse change on the extreme
rainfall events in and around cities. Our hypothesis is
that changes in urban land-use cause significant changes
in extreme rainfall in urban centres and surrounding ar-
eas. We propose that these changes will have significant
implications on the planning and implementation of urban
drainage projects, mitigation of urban floods and ensuring
the human security in cities in general. It should be noted
that we limit the scope of this sensitivity study to the pos-
sible changes in the urban heat budget, due to changes
in the thermal properties (radiative, latent heat) of urban
landscape. We ignore the possible changes in boundary
layer roughness (due to tall buildings) and microphysical
changes due to urban pollution.

First we present the results of idealised experiments
that indicate the sensitivity of increase of urban land use
to rainfall and the related mechanisms. For the second set
of experiments, we have selected a number of extreme rain-
fall events from around the world that caused significant
urban flooding. We conducted ‘what-if’ type of analyses
on these events. We introduced a simplified artificial ur-
banisation with the scenario that the city grows to twice
its original diameter and investigate what level of influence
this ‘urban-growth’ would have on the magnitude of rain-
fall. Finally, for the city of Mumbai, we conduct detailed
urban growth modelling, that would give much more re-
alistic extrapolations of land-use change during the next
two decades based on historical trends and various influ-
encing spatial parameters. We used standard statistical
techniques used in rainfall frequency analysis to interpret
the results in the context of urban storm drainage design
and urban flooding, so as to demonstrate the practical im-
plications of the findings.

2. WRF-ARW Model

WRF-ARW model numerically solves the four conser-
vation relationships, namely mass, momentum and heat
conservation of air and mass conservation including phase
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changes of water, by a non-hydrostatic 3D set of equa-
tions. The model uses terrain-following vertical coordi-
nate system and square grid horizontal coordinates with
vector and scalar quantities staggered on the grid. With
the initial conditions provided for the entire 3D domain
and lateral boundary conditions for the entire duration of
the run, the model uses an explicit 2nd/3rd order Runge-
Kutta scheme to explicitly solve the system forward in
time. The top boundary condition is parameterized often
as a constant pressure surface and solar radiation is cal-
culated based on the geographic location and cloud cover.
The bottom boundary is provided by a surface scheme
that could be a layered thermal diffusion model or a so-
phisticated land-use model that explicitly considers the
vegetation and moisture effects of the surface. The plane-
tary boundary layer is also modelled. The model physics
include the full representation of the cloud microphysics
that include three phases of water and up to six classes
of hydrometeors. The full description of the WRF-ARW
model is given by Skamarock et al. (2007). The model is
suitable for both operational use (e.g. weather forecasting)
and research studies.

3. Idealised Model

When testing a hypothesis, experimentation is arguably
the most reliable approach, and the equivalent of it in
large-scale environmental modelling is idealised numeri-
cal studies. Under precisely controlled conditions, repeat-
able numerical experiments are conducted with only a sin-
gle parameter changed at a time. In the field of atmo-
spheric science, there have been numerous applications
of this technique to investigate various hypotheses (Doyle
and Durran, 2001; Pathirana et al., 2005, Li 2006, Pathi-
rana et al., 2007). In order to test the hypothesis we stated
above, we used WRF-ARW model (Skamarock et al., 2007)
to simulate a 2-dimensional model domain whose essential
features are illustrated in figure 1 (top). The domain pos-
sess only three landuse categories: 16 –Water Bodies to
represent ocean, 18 –Wooded Wetlands and 01 – Urban
and Built-up land (USGS Land Use/Land Cover System
Legend). Table 1 lists important physical parameters of
the three landuse types used. The model was set-up with a
coupled Land-Surface model, Noah-LSM (Mitchell, 2005)
in order to represent the vegetation and moisture effects on
the surface. The lapse rate of the atmosphere in the ide-
alized experiment was very similar in shape to that of the
standard atmosphere, but the temperatures being higher
values (to suit tropical conditions). The troposphere is
conditionally unstable once the surface heats up, this eas-
ily leads to convective break up. Up to about 5km altitude
the atmosphere is quite moist, in encouraging the devel-
opment of rainfall. The Log P sekw-T plot is shown in
figure1(bottom). Idealized domains were located at [0,0]
(on the equator at 0 longitude).

The initial conditions were such that the entire mod-
elling domain had a uniform 5 m/s wind field in x-direction
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Figure 1: The model domain for idealized experiments (Top). Log-
P-Skew-t plot for the atmosphere profile (Bottom).
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Table 1: Important physical parameters associated with three land-use types.

Landuse type Urban and Water Wooded
Built-Up Land Bodies Wetlands

USGS index (-) 1 16 18
Albedo (%) 15 8 14

Soil Moisture (frac.) 0.1 1 0.35
surface emmisivity (frac.) 0.88 0.98 0.95

Roughness Length (m) 0.5 0.0001 0.4
Leaf Area Index (-) 1 0.01 5.8

Green vegetation fraction (frac.) 0.1 0 0.6
Rooting Depth (soil layer index) 1 0 2

Stomatal resistance (s m−1) 200 100 100

0         4         8        12       16       20       24      28       32       36        40 

Urban Patch Length( km)

Figure 2: The largest 25% of grid-level rainfall observed over the
60km monitoring area. All 30 min rainfall values of each ensemble
set (i.e. all simulations for a specific length of urban patch) were
pooled and sorted in the order of decending intensities. Then the
first 25% were used to produce the corressponding box plot.

(figure 1). The lateral boundary conditions were periodic
in both x and y-directions. In effect this set-up recycles
the wind field exiting at the end of the domain to the be-
ginning of the domain. Since the ‘ocean’ stretch provided
is inadequate to keep replenishing the water vapour, there
is a limit to the total quantity of rainfall that the system
will produce however long the simulation time is.

The model was integrated for 12h period with differ-
ent sizes of urban area (UL from 0 (control) to 40 km,
in steps of 4 km). In order to obtain a more statistically
representative result, the simulations at each UL were re-
peated ten times with slightly different initial conditions
(random perturbations of velocity, temperature and mois-
ture. The ensemble results are shown in figure 2 for the

‘monitoring area’ (60km stretch from the centre of the ur-
ban patch) shown in figure 1. The high intensity rainfall
amount shows a statistically significant relationship with
the amount of urbanisation. The same analysis for the
rainfall of the entire modelling domain (as opposed to the
60km monitoring area) did not show a statistically sig-
nificant trend of rainfall with urbanisation (not shown).
Furthermore, the rainfall in the region windward of the
urban patch showed a statistically significant reduction of
high intensity rainfall.

All the experiments started at 05:50 local time (05:50
GMT). The initial surface temperature was set uniform:
287K for ocean and 290K for land. The model setup con-
siders solar heating of surface (Using MM5 short-wave ra-
diation scheme). The ‘sunrise’ occurs soon after the model
starts. In around three hours the surface starts to heat up
as sun rises. The heat build-up is faster on the urban
patch resulting in convective activity aloft (figure 3(left)).
The resulting convective break-up aids developing rainfall
initially in the lee-side of the urban patch within hour (fig-
ure 3(right)).

4. Semi-Idealized Case Studies

For the second phase of the study, we selected four
Asian cities of varied sizes, that have had faced urban
floods due to local heavy precipitation during the last
decade. (Table 2. The objective of the second phase was to
ascertain, in the case of historical rainstorms, whether the
extreme rainfall outcome would be significantly different,
if these events would happen in a situation where a large
urban growth has taken place. At this stage we did not
attempt to realistically model the urban growth of each
city, but considered a situation where the urban land- use
has filled an area twice the current city size (‘Future Sce-
nario’). Figure 4 shows the implemented change for city
of Colombo case. In this experiment the urban expan-
sion introduced was not realistic by any means. How this
change was implemented in the model is explained in the
following section. The control experiments (the ‘Present
Scenario’) were conducted using the current landuse distri-
bution. The initial and boundary conditions for both sets
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Figure 3: Cross sections of a simulation with 20 km urban patch. Left: Wind vectors at 09:55 hrs (with vertical exaggeration of 50) shows
the initiation of convective activity aloft the urban patch (gray bar). Right: Cloud formation and rainfall at 10:55 hrs. The precipitation
starts at the lee-side of the urban-patch.

OceanUrbanized
Deciduous 
Broadleaf Forest

Cropland/
Grassland

Dry-land/Irrigated 
Cropland/Pasture

Dry-land/
Cropland/Pasture

Figure 4: The landuse transformation introduced in the semi-idealized study for the case of Colombo, Sri Lanka. Left: Current, Right:
Transformed

City Country/Region Population Area Event Type Period1

(millions) sq.km
Colombo Sri Lanka/South Asia 6 37 Monsoon, Flood. 2-7/May/2007
Dhaka Bangladesh/South Asia 13 304 Monsoon, Flood. 7-17/Jul/2007
Mumbai India/South Asia 14 438 Monsoon, Flood. 1-6/Jul/2007
Taipei Taiwan/South-east Asia 2.6 271 Monsoon, Flood. 6-10/Oct/2008

Table 2: Cities selected for the Semi-Idealized Urbanization Sensitivity Experiment.

5



Colombo

Fu
tu

re
 (

m
m

/3
0
m

in
)

0

20

40

60

80

0 20 40 60 80

Dhaka

0

10

20

30

40

50

0 10 20 30 40 50

Mumbai

Fu
tu

re
 (

m
m

/3
0
m

in
)

0

50

100

150

200

250

Present (mm/30min)
0 50 100 150 200

Taipei

0

25

50

75

100

125

150
175

Present (mm/30min)
0 25 50 75 125 175

Figure 7: Quantile-Quantile plots rainfall from model output. The non-zero grid-level rainfall values were sorted and divided into 100 equal
quantiles.

6



Minimum Temperature

Fu
tu

re
 (

K
)

298

299

300

301

302

Present (K)
298 299 300 301 302

Maximum Temperature

Fu
tu

re
 (

K
)

304

306

308

310

312

314

Present (K)
304 306 308 310 312 314

Minimum Temperature

Fu
tu

re
 (

K
)

292

293

294

295

296

297

Present (K)
292 293 294 295 296 297

Maximum Temperature

Fu
tu

re
 (

K
)

296

298

300

302

304

306

308

Present (K)
296 298 300 302 304 306 308

Figure 8: Simulated maximum (daytime) and minimum (night-time) Temperature in Dhaka (top) and Taipei(bottom) during the event.

7



Figure 5: Nesting scheme used for Semi-Idealized studies. The case
of Mumbai City is shown.
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Figure 6: Accumulated rainfall (mm) from 2-3 May 2007 rainfall
event simulation. The prevailing surface wind direction is marked
by the arrow.

of experiments were obtained from actual historical atmo-
spheric conditions during the event, provided by NCEP-
FNL Operational Global Analysis data at 1ox1o resolution
at every six hours. In order to facilitate smooth interpo-
lation of this coarse-resolution, global data, we used three
level nesting scheme shown in figure 5 (Shown for the case
of Mumbai City). Only the innermost (5 km) grid was
subjected to further analysis. In this scenario instead of
Noah-LSM, we used the 5 layer thermal diffusion scheme
(originally developed for MM5 model, therefore also known
as MM5-scheme), in order to save computing time. This
model is further explained in Skamarock et al. (2007).

4.1. Details of implementing land-use Change by urbani-
sation

Conducting a non-idealized WRF/Noah simulation can
be divided into three steps (NCAR et al., 2002): 1. Set-
ting up of the model domain and static data. 2. Creating
3D initial and boundary condition data and 3. Running
the model. In this set of experiments we conducted all
three steps using standard data for the ‘Present scenario’.
The domain files of the step 1 of the ‘Present scenario’
were modified by changing only their vegetation fraction
and albedo values to obtain the ‘Future scenario’. We de-
creased albedo by 20 percent and vegetation fraction by
75 percent of the average background values to indicate
the transition from non-urban to urban land-use. These
values are in agreement with past experimental and the-
oretical studies (Royer et al., 1988). These changes were
implemented in the modelling as follows: WRF model’s
pre-processor calculates the vegetation fraction and albedo
(among other parameters) based on landuse data, when
preparing the input files for the model. Instead of chang-
ing the input landuse maps, we directly modified these
input file to change vegetation fraction and albedo. Then
the resulting data was used to perform steps 2 and 3 for
‘Future’ scenario. Therefore the only difference of ‘Future’
scenario from ‘Present’ is the decreased albedo and vege-
tation fraction.

4.2. Model validation

Each case was first run for the ‘Present’ scenario and
the rainfall outcome was compared against reported events.
However, this was only a qualitative comparison, to check
whether the model produces a rainfall distribution that is
similar to the event documented, as it was difficult to ob-
tain suitable rainfall data for all the events for a better val-
idation. As an example the accumulated rainfall over the
2007 May rainfall event in Colombo is shown in figure 6.
This event recorded 12cm rainfall at the only meteorologi-
cal station in the city of Colombo. While the model could
clearly reproduce the extreme rainfall condition around the
city, the results are underestimated over the city centre.
The highest rainfall values are further inland. However
this discrepancy between point-measurements and spatial
estimates is quite common due to a number of reasons like
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scaling issues (Pathirana, et al. 2003, Shem and Shepherd,
2009). While there are many techniques to improve the
forecasting outcome of this model, especially in an oper-
ational setting (e.g. assimilation of local sounding and
surface data), they are not within the scope of this work.

4.3. Results

For each city we compared the rainfall output during
the whole event for the cases of ‘Present’ and ‘Future’
scenarios. Figure 7 shows the quantile-quantile plots for
each city. These plots were calulated by ordering non-
zero grid level rainfall in assending order and deviding into
100 equal quantiles. Cities of Colombo, Dhaka and Mum-
bai showed a significant increase of high-intensity rain-
falls though the lower-intensities where largely unchanged.
However, Taipei did not show any significant change of
rainfall due to increased urbanisation.

All cases, including Taipei showed elevation of maxi-
mum recorded temperature (daytime) during the simula-
tion period, but the minimum (night-time) temperature
remained unchanged. The cases of Dhaka and Taipei are
shown in figure 8.

5. Urban Growth Model

The urbanisation scenarios used in the previous semi-
idealized case were crude – we simply assumed that the
city will grow twice its current diameter and the area will
be completely covered with urban land-use. In some cases
this might be an approximation of the actual urban growth
behaviour; since the 1980s, the city of Beijing, China, ex-
perienced a tremendous growth which follows an almost
perfect radial expansion. Yet, urban growth pat- terns de-
pend on numerous factors ranging from ground price dis-
tribution to physical conditions (e.g. slope, soil conditions,
etc.). During the last forty years considerable progress has
been made in accurately modeling spatially explicit urban
development that mimics actual observations over space
and time (White and Engelen 1993, Makse et al. 1995,
Ward 2000, Filho et al. 2009 among many others) and
a number of theories like diffusion limited growth (Makse
et al., 1995) and cellular-automata (Ward, 2000) has been
used as a basis for these models. While initially urban
growth was treated like an almost generic phenomenon,
currently urban growth models derive transition rules that
mimic land use or land cover changes from historical land
use data of actual cities (e.g. Lih and Yeh, 2008; Yang et
al, 2008). After an initial training phase in which specific
local growth patterns are ‘learned’, prospective growth
is determined for future years. Apart from local growth
dynamics, top-down information expressing planning con-
straints (e.g. zoning maps), physical conditions (e.g. vari-
ations in slope) and other factors (proximity to infrastruc-
ture, economic hotspots, etc.) are used to reflect actual
conditions. Depending on the available data and planning
consistency in cities, current urban growth models reach a
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Figure 11: Quantile-quantile plots of the simulations of four events
in Mumbai.

relatively high level of accuracy; i.e. retrospective predic-
tions are similar to observed land cover or land use maps.

To explore the future urban growth extent for the city
of Mumbai, we used the urban growth modelling platform
Dinamica-EGO (Filho et al., 2009) to project the urban
growth of the city of Mumbai based on its past urban
growth characteristics. The process of building and vali-
dation of the urban growth models for Mumbai and several
other cities are explained by Veerbeek et al. (2011). We
used a maximum likelihood classification method to derive
landuse classifications for city and surroundings of Mum-
bai for the base years 1992 and 2005 (figure 9). Using two
significantly apart base years (1992 and 2005) the model
derived transition rules to predict the urban extent for the
year 2035 based on a ‘business-as-usual (BAU)’ assump-
tion1. To derive the proper transition rules, additional
base maps were used with information on infrastructure,
morphology (slope, elevation), surface water and rivers,
etc.. Calibration of the model resulted in an 85% accu-
racy on a scale level of 240x240m (Veerbeek et al. 2011).
Higher levels of accuracy might be reached using a more
intricate land cover classification process in combination
with additional data on economic development, ground
price differentiation and planning policies.
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Figure 9: Land-use classifications derived from LandSAT data (1992, 2005) and Dynamica EGO simulation (2035).

Event Event Simulation
date Start End

Event 1* - 2010-08-22 00:00 2010-08-24 18:00
Event 2 2010-08-30 2010-08-27 00:00 2010-08-30 00:00
Event 3 2007-07-03 2007-07-01 00:00 2007-07-06 18:00
Event 4 2005-07-26 2005-07-24 00:00 2010-08-24 18:00

Table 3: Mumbai rainfall events simulated. *Event 1 was a large scale event that caused rainfall in many locations in India.
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6. Mumbai Case-Study With Future urbanisation

For the chosen areas, the urban extent of Mumbai and
its suburbs increases in 2006 by about 22% (to 485 km2)
compared to the base year 1992 (398 km2). The growth
model estimates a less substantial for the mid term year
of 2035 (Veerbeek et al, 2011) in which the urban ex-
tent further increases by about 13% (547 km2). Urban-
isation mainly takes places in the eastern part of Navi
Mumbai and the northern city of Thane. While currently
disjoint, the outcomes predict the cities to merge with
Mumbai which has little possibilities for expansion to the
South/West because of its location on a peninsula.

WRF model routinely uses USGS landuse data, which
covers the globe at a resolution of about 1 km. Our landuse
model based data is of much higher resolution, but has its
own sources of uncertainties and errors (e.g. classifica-
tion errors). Using USGS data for the ‘Present’ situation
and landuse model predictions for ‘Future’ case does not
provide a fair basis for investigating the impact of future
urbanisation due to the very different nature of the two
data sources. Therefore, we investigated the influence of
landuse on extreme rainfall events by using 1992 and 2035
landuse patterns as follows:

1BAU Assumption: The transition rules derived from the past
apply to the future.

As explained in section 4, the outermost domain of
a mesoscale model has to be fairly large, in-spite of the
fact that the area of interest (covered by innermost grid)
is only a few thousand square kilometers. For this nu-
merical experiment we constructed three nested domains
with resolutions 30km, 6km and 1.2km, covering areas
of 100x100, 121x121 and 46x56 grids. The urban growth
model covers only a space of approx. 1700km2, which is
about half of the area of the innermost domain. We used
the 24 category USGS land use data to first create the sim-
ulation domain. Then for both ‘Present’ and ‘Future’ sce-
narios, this landuse data was patched with the respective
model-based landuse patterns(Figure 9), translated into
USGS conventions . The procedure of patching is illus-
trated in figure 10. Then for each grid-cell that was origi-
nally non-urban in USGS data, but urban in the patched
data, we decreased the albedo by 20 percent and vegeta-
tion fraction by 75 percent. For partially urbanized cells
we reduced the quantities by a percentage C given by,

C =
Umode1

Uusgs
C0 (1)

where Umode1 and Uusgs are the urban land-use fraction
of the cell according to patched land use and original USGS
land-use data, respectively. C0 is 25 percent for albedo and
75 percent for vegetation fraction.

In this simulation we used WRF model with the Noah
land surface model to represent the surface processes. No
cumulus parameterization was used for the innermost do-
main as the grid size of the domain is small enough to
fully explicitly resolve the cumulus formation, by means
of cloud microphysics. Important model parameters are
given in Table 4.

The model was integrated for four historical rainstorms
that caused flooding (Table 3), under ‘Present Scenario’
and ‘Future Scenario’ conditions. Figure 11 shows the
quantile-quantile plots for the rainfall simulations for these
cases. Quantiles were calculated by sorting grid level rain-
fall in descending order and dividing into 100 equal quan-
tiles.

Based on the simulation experiments for the four events,
we attempted to analyse the possible change in the ex-
treme precipitation frequencies. We based our analysis on
the intensity-duration-frequency formula for western india
proposed by Kothyari (1992):

ITt = 8.3
T 0.2

t0.71
(R2

24) (2)

where ITt is intensity of rainfall in mm /h, T return pe-
riod in years and t is duration in hrs. R2

24 is the magnitude
of the two year return period, 24h duration rainfall event
volume in mm. Kelkar (2005) estimates the two year re-
turn period rainfall in Mumbai as 200 mm. Instead of
15 min time interval used for reporting the results of the
rest of the study, we used lh as the storm-duration for the
frequency analysis so that it is possible to compare the re-
sults of our analysis with commonly measured rainfall We
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performed a quantile-quantile analysis of all for events (500
equal quantiles). Then each of the ‘Future’ and ‘Present’
quantiles were given a return period based on equation 2.
Figure 12 shows the resulting relationship of the return
periods. According to our findings, the current 10-year
rainfall event (75mm/h) would increase its frequency to a
3 year recurrence and 50-year (105 mm /h) to 22-year.

7. Synthesis

We performed three sets of numerical experiments in
order to test the hypothesis that changes in urban land-
use cause significant changes in extreme rainfall in urban
centers and surrounding areas. The first experiment was a
completely idealized one set-up within a quasi-2D domain
with periodic boundary conditions. Keeping all other pa-
rameters constant, we changed the size of the urban land-
use patch on the domain. The high rainfall yield over a
60km area starting from the centreline of the city showed
a significant positive trend with increasing urban land-use.
However, the windward stretch of the city showed a signif-
icant reduction of high rainfall. This latter phenomenon
can easily be explained by the use of periodic boundary
condition and the limited extent of the modelling domain.
Due to limited replenishment of moisture (small ‘ocean’
area), heavy rainfall in one part of the domain would nat-
urally result in reduction of rainfall in another part.

In real-world cities, the meteorological situation in-
volves a number of complexities like impact of topography
and water bodies, changes in wind direction with time,
location and elevation and the surface properties are also
much more heterogeneous. Therefore it is conceivable that
the rainfall response to urbanisation also should be quite
complicated in real cities, compared to this idealized study.
However, it is remarkable that even under these ideal con-
ditions, the response of the system to the increased ur-
banisation was far from straight-forward monotonically in-
creasing one. There are instances where increasing urbani-
sation, indeed caused a reduction in high rainfall yield (e.g.
urban patch size increase from 8km to 12 km (figure 2).
Considering the design of the experiment (we repeated
each simulation ten times with slightly different initial con-
ditions) it is hard to attribute this to the complex-system
response which is sensitive dependence on initial condi-
tion of the system. Seemingly this is a real feature of the
response of rainfall process to UHI growth. Kusaka et al.
(2009) discussed a chaotic response of the atmospheric field
to landuse change. The non-linear dependence of rainfall
activity to the urban size may have resulted from a similar
response of the model atmosphere.

One of the signature features of urbanisation is the re-
duction of the latent-heat released by the surface to the
upper atmosphere (Figure 13). The urban landuse typi-
cally causes low latent heat release due to the low transpi-
ration as well as low rainfall interception (Nakayoshi et al.,
2009) compared to vegetated surfaces. This is one of the

major causes of excessive thermal built-up near the sur-
face triggering convective breakup during the day times.
In these instances the air circulation above the city acts
as a virtual mountain, lifting the large-scale wind fields.
All simulations in the three sets of experiments showed
this behaviour (e.g. Figure 8). However, the situation is
not as straightforward when the UHI causes the rainfall is
enhanced over the city (e.g. Charabi and Bakhit, 2011).
The rain increases moisture availability, and could in-turn
increase the latent heat release by urban land-use. To
what extent this would offset the reduction of transpira-
tion depends on a number of factors: The amount of solar
radiation (affecting potential evaporation) and the mois-
ture availability (depending on rainfall and surface runoff)
are two major ones.

There are much more realistic versions of the radiative
transfer The WRF model has an urban canopy parameter-
ization scheme that allows for canyon effects of buildings
on radiation and winds to be implemented (Salamanca and
Martilli, 2010). COAMPS model already uses this in op-
eratoinal simulations ( Meir, 2013). In the present studies
we did not employ that parameterization scheme. The im-
pacts of the land-use change is represented in the models
only by its influence on the surface scheme –Noah-LSM
in first and third cases or thermal diffusion in the second
case. While Noah LSM has simple parameterization for
this impact, these are not specifically detailed for urban
environments (Lee et al., 2011). Further studies on ex-
plicit parameterization methods to represent urban land-
form accurately are much needed.

Rainfall frequency analysis based on near-stationary
data is a well established technique. Using those tech-
niques for the purpose of demonstrating the changes of
extreme values that may result as a change of the climatic
system-be it global or regional –is a challenging, if not a
seemingly impossible task. The effort towards the result
shown in figure 12 involves some major assumptions. Ex-
treme value analysis typically needs a long record of (an-
nual) maximum rainfall at a given location, equivalent of
which, is hard to obtain in the case of the ‘what-if’ exper-
iments we have conducted. Instead, we sampled a number
of model grid points in the general area of the Mumbai
city to obtain a varied record of high-intensity rainfall val-
ues. The basis for this approach is explained by Pathirana
(2011). While this may provide the necessary variability
in a statistical sense, the fact remains that all of these val-
ues resulted from a few (in our case four) storm events. In
a given climate extreme rainfall can be caused by variety
of meteorological situations (e.g. local-convective activity,
monsoon, cyclones, etc.)–all of which is impossible to be
represented by a limited number of event simulations. For
the case of Mumbai this situation is somewhat remedied
by the fact that most of the extreme rainfall is caused by
summer monsoon events like the ones we simulated. How-
ever, for other climates the situation may be much more
complex demanding much larger number of simulations.

The results of urbanisation are markedly different for
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Figure 13: Accumulated latent heat flux (center) and accumulated total heat flux (right) for 2005 July Mumbai case (Event 4), ‘present
scenario’. Corressponding landuse map (simplified) is shown on the left. Urban areas decrease the latent heat flux dramatically, while
increasing sensible heat flux (hence the total heat flux is increased).
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Figure 14: Total rainfall accumulations (mm) during the 2007 July rainfall event simulation. The prevailing surface wind direction is marked
by the arrow.

Table 4: Important WRF model parameters used in three sets of experiments

Parameter Idealized-study Semi-idealized study Mumbai-case

Microphysics ———————– MM5 - Lin et al. —————–
Short-wave radiation ———————– MM5 - Dudhia scheme —————–
Long-wave radiation ———————– RRTM scheme —————–

Surface-layer physics Noah-LSM with MM5 - 5 layer Noah-LSM with
4 soil layers thermal diffusion model 4 soil layers

Boundary layer physics ———————– YSU scheme —————–
Cumulus Parameterization None Betts-Miller-Janjic (outer domains)

no cumulus scheme(inner domain)
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different cities. Cities may grow in quite unplanned fash-
ion where much of the vegetation is removed only to be
replaced by urban sprawl. On the other hand planned ur-
banisation might allow for green spaces that would –among
other benefits- improve the release of latent heat reduce
the heat island build-up. The way we have parameterized
and modelled the urban change is simple compared to the
actual reality. Probably the level of enhancement of rain-
fall due to urban heat island in reality could be somewhat
overestimated by these experiments. However, we believe
that the evidence produced is adequate to prove the hy-
pothesis that extensive urbanisation can cause changes in
rainfall in and around cities. Further, we have shown that
these changes concentrate around extreme rainfall quan-
tities, compared to small rains. The implications of this
should be considered in urban planning activities, partic-
ularly in designing new urban drainage infrastructure that
is expected to last for at least several decades. The more
accurate quantification of the changes require further re-
search.

There are many indications, that the relationship of
urban heat-island caused rainfall enhancement, to the in-
crease of urbanisation, while being a significant and pos-
itive one, is far from simple. For example our idealized
experiments showed some instances where certain level of
increase of urbanisation resulted in a net decrease of rain-
fall (Figure 2). Our simulation with Taipei did not show
any sensitivity of rainfall to doubling the city’s diameter.
A plausible explanation for this might be the fact that
the complex surrounding topography involving mountains
already play a significant role in precipitation formation
(Lin, et al., 2008), further increase of the urban patch does
not contribute to a further enhancement of precipitation.

In the case of Mumbai the July 2007 storm magnitude
(Figure 14) increased over the urban area, but the large
precipitation on the north of the city was slightly reduced
in the ‘Future’ scenario. In a different study Ntelekos et
al. (2008) have concluded that the severe 2004 July rain-
storm over Baltimore did not show a sensitivity to UHI.
The dynamics of the urban heat island formation and the
resulting changes in the rainfall are complex and depend
on multitude of localized parameters like topography, sur-
rounding land-use, features of the local/seasonal climatic
regime etc. In order to make more reliable predictions on
the impact each locality should be studied in detail. It
is difficult to generalize the results at the global or even
at regional level. This is an area that deserves further
attention of the climate research community.
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