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In this paper, evidences for influences of future urban expansion on regional climate in the Northeast megalopolis, USA, are
presented. The model-based analysis shows that future urban expansion will significantly result in regional climate change. An
average annual temperature increase ranging from 2∘C to 5∘C in new urban area and an average annual temperature decrease
ranging from 0.40∘C to 1.20∘C in the south of the megalopolis will be caused by future urban expansion. The average annual
precipitation of the simulation area will decrease due to future urban expansion by 5.75mm, 7.10mm, and 8.35mm in the periods
of 2010–2020, 2040–2050, and 2090–2100, respectively. The warming effect of future urban expansion in original and new urban
area and drought effects in nonurban area will be more serious in summer than in winter. A cooling effect will turn up in original
urban area in winter.This research further shows that a study at the scale of megalopolis helps to understand the integrated effect of
combination and interaction of multiple cities and their surrounding areas which may crucially determine regional climate pattern
and should be highly valued in the future.

1. Introduction

Urban expansion is regarded as one of the most noticeable
effects of human activities that cover a very small fraction
of Earth’s land surface but notably affect climate. It usually
removes and replaces crops and natural vegetation with
nonevaporating and nontranspiring surfaces such as metal,
asphalt, and concrete [1, 2]. These artificial surfaces are
characterized by specific thermal properties (albedo, thermal
conductivity, and emissivity) which are different from those
of nonurban areas [3–5]. The alteration of regional thermal
properties along with urban expansion will inevitably result
in the redistribution of incoming solar radiation and affect
the surface energy budgets [6, 7]. Consequently, the wind
velocity, mixing layer depth, and thermal structures in the
boundary layer, as well as the local and regional atmospheric
circulations, are changed [8–11].

One of the most widely concerned phenomena of
urban-induced climate change is the effect of urban heat
island (UHI), which describes the difference in ambient air

temperature between an urban area and its surrounding rural
area. A lot of researches have been implemented focusing on
the UHI in a single city [12–14]. Though neglecting the inte-
grated effect of combination and interaction of multiple cities
at regional scale, these researches help greatly in understand-
ing the influences of urban expansion on climate. Back in the
late 1960s, Bornstein pointed out urban surface temperature
inversions to be less intense and far less frequent than those
in the surrounding nonurban regions [15]. Afterwards, large
quantities of empirical researches have proved that urban
expansion can inevitably cause local temperature change. For
example, the research of Kalnay and Cai suggested that half
of the observed decrease in diurnal temperature range is due
to land use changes especially urban expansion [16]. And
according to the estimation of Rosenzweig et al. using global
climate models (GCMs), the average difference in urban and
nonurban minimum temperatures is 3.0∘C for the Newark
area and 1.5∘C for Camden [17]. The statistical analysis of
Yuan and Bauer using remote sensing data of Minnesota
indicated there is a strong linear relationship between land
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surface temperature and percent impervious surface for all
seasons [18]. Gaffin et al., analyzed the historical annual
data of New York and found that the UHI intensification
increase along with urban expansion is responsible for 1/3
of the total warming that the city had experienced since
1900 [19]. Imhoff et al. found that urban expansion is the
primary driver for the increase in temperature, explaining
70% of the total variance inland surface temperature in
Los Angeles [20]. Kleerekoper et al. showed that the severe
temperature rise in urban environments is caused by heat
stresses aggravation of phenomenon UHI along with urban
expansion [21]. Tian et al. found that the diurnal temperature
ranges have tight correlation with urban areas in their study
of Shenzhen, China [22]. Besides strengthening UHI effect,
it has been found that urban expansion can significantly
lead to local precipitation change. For instance, the study
of Marshall Shepherd et al. illustrated the positive effects
of urban areas on precipitation enhancement in the west-
northwest Houston area and suggested that the future urban
expansion may lead to temporal and spatial precipitation
variability in coastal urban microclimates [23]. And Guo et
al. showed that the total accumulated precipitation in Beijing
decreases especially in the urbanized region, and its distri-
bution tends to become more concentrated and intensified
along the borderline between urban and nonurban regions
[24]. All above researches indicate that it is unambiguous that
the urban expansion can result in local climate change.

In addition to researches of small scale and single city,
there are evidences suggesting that the impacts of urban
expansion on climate change are significant at a regional
scale. Lin et al. found that the urban expansion over Taiwan’s
western plain perturbs thermal and dynamic processes and
hence affects the location of thunderstorms and precipitation
over western plain [25]. Trusilova et al. pointed out that
the urban area in Europe results in an increase of urban
precipitation in winter (0.09 ± 0.16mm/day) and a precip-
itation reduction in summer (−0.05 ± 0.22mm/day) [26].
Jacobson and Ten Hoeve pointed out that urban area is
modeled over 20 years to increase gross global warming by
0.06–0.11 K and the UHI effect may contribute to 2%–4% of
gross global warming [27]. And the researches of Sang et
al. showed that the urban expansion in the Yangtze River
Delta, China, causes obvious fluctuations of regional rain
intensity andmore uncertainty of daily precipitation variabil-
ity [28]. These researches have sufficiently and undisputedly
demonstrated that urban expansion affects local and regional
climate changes. But for mega cities whose urban areas are
still expanding such as New York, Beijing, Seoul, Chicago,
and Moscow, there are still no sufficient evidences for the
relationship between future urban expansion and regional
climate at the scale of megalopolis. And arguments on the
effects of urban expansion on large scale climate still exist
[13]. In this paper, we present some evidences for effects of
future urban expansion on regional climate based on the
simulation of precipitation and temperature in the Northeast
megalopolis of the United States of America (USA).

The primary objective of this study is to determine the
influences of future urban expansion on regional climate on
different time scales in developed megalopolis. The major

contribution of this paper is that it provides evidences for
influences of future urban expansion on regional climate
at the scale of megalopolis and helps to understand the
integrated effect of combination and interaction of multiple
cities and their surrounding areas. The simulation results
show that future urban expansion will lead to significantly
climate change. One of the surprising findings is that there
will be a cooling effect in original urban area in winter caused
by urban expansion. The future urban expansion will result
in an average annual temperature increase ranging from 2∘C
to 5∘C in new urban area and an average annual temperature
decrease ranging from 0.40∘C to 1.20∘C in the south of the
megalopolis. The average annual precipitation will decrease
by 5.75mm, 7.10mm, and 8.35mm in the periods of 2010–
2020, 2040–2050, and 2090–2100 due to future urban expan-
sion, respectively. And the magnitude of warming effects and
drought effects of future urban expansion will vary with the
seasons. Our simulation scheme is described in Section 2.
The atmospheric forcing dataset and the predicted urban
expansion dataset used in our simulation are also introduced
in this section. The results and discussions are provided in
Section 3 and concluded in the final section.

2. Data and Methodology

2.1. Study Area. The Northeast megalopolis is the most
populous and largely developed megalopolis of USA. It
is constituted by a number of cities including Baltimore,
Boston, Harrisburg, Newark, New York City, Philadelphia,
Portland, Providence, Richmond, Springfield, Hartford, and
Washington [29]. The megalopolis’s population is expected
to rise to sixty million by 2025. This megalopolis is chosen
as case study area because it is one of the most typical
megalopolis globally which can be regarded as the example
of future megalopolis development.

2.2. Simulation Scheme. TheWeather Research and Forecast-
ing (WRF-ARW) model based on the Eulerian mass solver
was used in this study to investigate the temperature and
precipitation changes driven by future urban expansion in the
study area. This mesoscale model is a state-of-the-art atmo-
spheric simulation system based on the Fifth-Generation
Penn State/NCARMesoscale Model (MM5) [30]. Simulation
from 2010 to 2100 with a constant underlying surface (the
pattern of urban area as well as other land use and cover
types in the study area is fixed to that of 1993, namely,
baseline underlying surface) was implemented first, whose
results are regarded as baseline. The effects of future urban
expansion on climate can be measured by the difference of
the simulation results with predicted underlying surface and
baseline underlying surface (Figure 1):

𝐸
𝑖
= 𝑅
𝑖
− 𝑟
𝑖
, (1)

where 𝑖 refers to average annual and monthly temperatures
and average annual and monthly precipitations, 𝐸 is the
effects of future urban expansion on climate, and 𝑅 and 𝑟 are
the simulation results of WRF-ARW model with predicted
underlying surface and baseline underlying surface, respec-
tively.
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Figure 1: Simulation scheme and data processing framework.

2.3. Data and Process. An advanced very high resolution
radiometer (AVHRR) grid data of 1 km × 1 km of the United
States Geological Survey’s (USGS) classification system span-
ning a 12-month period (April 1992–March 1993, henceforth,
1993) was used as the baseline underlying surface data in
this study (Figure 1). And the predicted land use and cover
grid data of 0.5∘ × 0.5∘ from 2010 to 2100 are derived from
the database of Representative Concentration Pathway (RCP)
6.0. This database is developed by the Asia-Pacific Integrated
Model (AIM) modeling team at the National Institute for
Environmental Studies (NIES), Japan. The reason that we
choose RCP 6.0 is because it is a stabilization scenario
where total radiative forcing is stabilized after 2100 without
overshoot by employment of a range of technologies and
strategies for reducing greenhouse gas emissions [31, 32].
To investigate the effects of future urban expansion on
climate, we only used the urban expansion information of
the database, though change information of all kinds of
land use and cover are available. Supposing other types of
land use and cover constant, the new urban area pixels
derived from the database of RCP 6.0 were overlaid to the
map of baseline underlying surface. Consequently, twomajor
underlying surface data, baseline underlying surface data
directly derived from AVHRR data of 1993 and predicted
underlying surface data by overlaying the urban expansion
information to the map of baseline underlying surface, were
finally obtained (Figure 1). And both of these two underlying
surface data were transformed to grid data of 50 km × 50 km
by resampling (Figure 2). According to the data of RCP
6.0, urban area in the Northeast megalopolis had expanded
rapidly during the period 1993–2010 and will continue to
expand in the period 2010–2100.

The fifth phase of the Coupled Model Intercomparison
Project (CMIP5) produces a state-of-the-art multimodel
dataset designed to advance our knowledge of climate var-
iability and climate change. The model output which is being
analyzed by researchersworldwide underlies the FifthAssess-
ment Report by the Intergovernmental Panel on Climate
Change [33, 34]. It provides projections of future climate
change on two time scales, near term (out to about 2035) and
long term (out to 2100 and beyond).Model output of the latter
of RCP6.0 such as air temperature, specific humidity, sea level
pressure, eastward wind, northward wind, and geopotential

height from 2010 to 2100 was used as the atmospheric forcing
dataset of WRF-ARWmodel (Figure 1).

3. Results and Discussion

The average effects of urban expansion on temperature
and precipitation for each period of 2010–2020, 2040–2050,
and 2090–2100 were calculated. In the simulation of three
periods, the baseline underlying surface data and predicted
underlying surface data were used. Concretely, the temper-
ature and precipitation of each period of 2010–2020, 2040–
2050, and 2090–2100 with baseline underlying surface were
obtained first. And then the simulation of temperature and
precipitation of three periods of 2010–2020, 2040–2050,
and 2090–2100, was continuously implemented by using
the predicted underlying surface of 2010, 2040, and 2090,
respectively. As described above, the effects of future urban
expansion on climate were measured by the difference of
the simulation results with baseline and predicted underlying
surfaces, which can also reduce the simulation bias induced
by discontinuous simulation. The original simulation results
were hourly and aggregated into average annual data and
average monthly data.

3.1. Average Annual Temperature Effects. Figure 3 depicts the
simulated effects of future urban expansion on average annual
temperature in the Northeast megalopolis, USA. From the
variation in average annual temperature change, it is shown
that temperature will be locally and regionally affected by
future urban expansion (Figure 3). The largest change in
average annual temperature will occur in the new urban area
(expanded urban area during 1993–2100), which can be cer-
tainly referred to UHI effects. The strongest UHI will lead to
an increase of 5.73∘C in average annual temperature in some
new urban areas. And for most new urban areas, the average
annual temperature will increase by 2∘C to 5∘C due to urban
expansion from 1993 to the period of 2090–2100. The effects
of future urban expansion on average annual temperaturewill
be strengthened along with urban area increase. For instance,
conversion fromdeciduous broadleaf forest to urban areawill
lead to the average annual temperature of the pixel (39∘59󸀠N,
75∘50󸀠W) rising by 3.15∘C, 3.53∘C, and 3.76∘C in the period of
2010–2020, 2040–2050, and 2090–2100, respectively.
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Figure 2: Baseline underlying surface data (1993) and predicted underlying surface data (2010, 2040, and 2090) used in this study.

There will be some nonurban pixels experiencing average
annual temperature decrease due to future urban expansions
while the average annual temperature ofmost nonurban areas
will be steady. The significant average annual temperature
decrease will mainly happen in the south of the Northeast
megalopolis withmixed forest (Figure 3).The statistics shows

that this average annual temperature decrease will range from
0.40∘C to 1.20∘C. And along with the urban expansion, the
cooling effect in this area will be more andmore notable.This
maybe because the strengthenedUHIdue to urban expansion
enhances the rising flow of urban area and consequently
results in the inflow of cold wet air stream from the sea.



Advances in Meteorology 5

34

36

38

40

42

44

46

48
2010–2020

−82 −80 −78 −76 −74 −72 −70 −68 −66

0

2

4

6

−6

−4

−2

(a)

34

36

38

40

42

44

46

48
2040–2050

−82 −80 −78 −76 −74 −72 −70 −68 −66

0

2

4

6

−6

−4

−2

(b)

34

36

38

40

42

44

46

48
2090–2100

0

2

4

6

−82 −80 −78 −76 −74 −72 −70 −68 −66

−6

−4

−2

(c)

Figure 3: Effects of future urban expansion on average annual temperature in the Northeast megalopolis, USA (unit: ∘C).

3.2. Average Annual Precipitation Effects. The effects of future
urban expansion on average annual precipitation will mainly
be negative. The spatial pattern of average annual precip-
itation change will be approximately the opposite to that
of average annual temperature change (Figure 4). For some
new urban area and most of the pixels around urban areas,
the average annual precipitation will decrease by 10mm to
50mm. And the average annual precipitation will be reduced
by more than 100mm for some pixels in the south region of
the Northeast megalopolis. This reduction may be caused by
changes in surface hydrology that extend beyond the UHI
effect. There were a lot of researches that argue about urban
expansion resulting in an increase of urban precipitation
[21, 25, 35–37]. But our simulation showed that the future
urban expansion in Northeast megalopolis with mega cities
on precipitation has different rules. This simulation result is
consistent with the findings of Guo et al., and Zhang et al.,
though their study area of Beijing is much smaller than
ours on scale [6, 24]. The urban expansion will produce less
evaporation, higher surface temperatures, and larger sensible
heat fluxes. This leads to less water vapor and hence less
convective available potential energy (CAPE). Combination

of these factors induced by urban expansion contributes to
regional precipitation reduction in general. Concretely, due
to urban expansion in the Northeast megalopolis, the average
annual precipitation of the simulation area will decrease by
5.75mm, 7.10mm, and 8.35mm in the periods of 2010–2020,
2040–2050, and 2090–2100, respectively.

3.3. Average Monthly Temperature Effects. Figure 5 depicts
the monthly variation of average temperature change driven
by future urban expansion. The urban expansion in the
Northeast megalopolis will result in an average monthly
temperature increase in original urban area (urban area in
1993) in April, May, June, July, and August and opposite in
other months in the period of 2010–2020 (Figure 5(a)). The
cooling effect inwintermay be because of the local circulation
change caused by surface energy budgets change. And along
with urban expansion in the periods of 2040–2050, and
2090–2100, the cooling effect will be weakened, which can
be referred to the enhancement of UHI effect. The urban
expansion during these two periods will result in an average
monthly temperature increase from February to October and
opposite in the other three months. The average monthly
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Figure 4: Effects of future urban expansion on average annual precipitation in the Northeast megalopolis, USA (unit: mm).

temperature increase in June and July in original urban area
will exceed 0.4∘C in the period of 2090–2100 due to urban
expansion. And on thewhole, the future urban expansionwill
lead to an average monthly temperature increase in original
urban area.

The warming effect of future urban expansion in new
urban area will be more significant than that in original
urban area and more serious in summer than in winter
(Figure 5(b)). Particularly in June, the urban expansion will
lead to an average monthly temperature increase by 1.92∘C,
3.16∘C, and 3.59∘C in new urban area in the periods of 2010–
2020, 2040–2050, and 2090–2100, respectively. There will
be also a cooling effect in new urban area in November,
December, and January during the period of 2010–2020.
But it is tiny compared with the notable average monthly
temperature increase in the other months. The differences
of average monthly temperature change among the three
simulation periods indicate that the UHI effect in new urban
area will enhance along with urban expansion.

And in nonurban area, the effects of future urban
expansion on average monthly temperature will also vary
from month to month. We counted the number of pixels

with average monthly temperature changes exceeding ±0.5∘C
(Figure 6(a)). This number indicates the area that is severely
influenced by future urban expansion on average monthly
temperature.The results show that the influence area of future
urban expansion on average monthly temperature will be
larger in the period from July to January. And at least 20
pixels, which means an area of more than 5.00 × 104 km2,
will be affected by future urban expansion and experience
average monthly temperature changes exceeding ±0.5∘C in
these months. Particularly in the period of 2090 to 2100, the
urban expansion will lead to an averagemonthly temperature
changes of more than ±0.5∘C in a vast area of 1.10 × 105 km2.
And the increase of pixels with average monthly temperature
changes exceeding ±0.5∘C along with time indicates that the
influence area extends along with future urban expansion.
In sum, the larger area urban expands, the more notable
the effects of future urban expansion on average monthly
temperature will be.

3.4. Average Monthly Precipitation Effects. There will be neg-
ative effects of future urban expansion on average monthly
precipitation in original urban area though slight. Similar
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Figure 5: Effects of future urban expansion on average monthly
temperature in urban area in the Northeast megalopolis, USA (unit:
∘C).

to average monthly temperature, the change of average
monthly precipitation in original urban area caused by future
urban expansion will be more significant in summer than in
winter (Figure 7(a)). The urban expansion-induced average
monthly precipitation decrease in original urban area will
reach its maximum of 0.49mm, 0.69mm, and 0.71mm in
July in the periods of 2010–2020, 2040–2050, and 2090–
2100, respectively. And it will fall to its minimum of 0.04mm
in December in the periods of 2010–2020, and 0.02mm
and 0.01mm in January in the periods of 2040–2050, and
2090–2100, respectively.The effects of future urban expansion
on average monthly precipitation will continuously increase
from January to July, and then turn to fall until December.
This change of average monthly precipitation in original
urban area may be because of the local circulation change
caused by surface energy budgets change and can be easily
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Figure 6: Effects of future urban expansion on average monthly
temperature and precipitation in nonurban area in the Northeast
megalopolis, USA. (a) Number of pixels with average monthly
temperature change exceeding ±0.5∘C; (b) number of pixels with
average monthly precipitation change exceeding ±1mm.

found to be more and more serious along with future urban
expansion.

The drought effect of future urban expansion in new
urban areawill bemore significant than that in original urban
area (Figure 7(b)). The most severe reduction of average
monthly precipitation will occur in October with decreases
of 11.82mm, 9.23mm, and 8.14mm in the periods of 2010–
2020, 2040–2050, and 2090–2100, respectively. AfterOctober,
the drought effect of future urban expansion in new urban
area will begin to weaken and gradually fall to its minimum
(between 2mm and 3mm) in May. And then, it will turn
over rapidly and become more and more severe. Contrary
to the effects of future urban expansion on average monthly
precipitation in original urban area, larger urban area will
result in slighter drought effect in new urban area. This can
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Figure 7: Effects of future urban expansion on average monthly
precipitation in urban area in theNortheast megalopolis, USA (unit:
mm).

be deduced from the phenomenon that the average monthly
precipitation decreases in the periods of 2040–2050, and
2090–2100 will be smaller than that in the periods of 2010–
2020. It may be because that the enhancement of UHI effect
in the Northeast megalopolis will arouse the inflow of humid
air from the Atlantic.

To investigate the effects of future urban expansion on
average monthly precipitation in nonurban area, we counted
the number of pixels with average monthly precipitation
changes exceeding ±1mm (Figure 6(b)). This number indi-
cates the influence area of future urban expansion on average
monthly precipitation to some extent. The results show that
the influence area of future urban expansion on average
monthly precipitationwill be larger in summer than inwinter.
A rapider urban expands will lead to more distant effects.

For instance, the number of pixels with average monthly
precipitation changes more than ±1mm in July will be 35
(covering an area of 8.75 × 104 km2) in the period of 2090–
2100, and 32 (covering an area of 8.00 × 104 km2) and 24
(covering an area of 6.00 × 104 km2) in the periods of 2040–
2050 and 2090–2100, respectively. It implies the area with
average monthly precipitation changes more than ±1mm
caused by future urban expansion will increase persistently
along with urban expansion.

4. Conclusions

A simulation-based research on the intension and scope of
influences of future urban expansion on regional climate on
different time scales in developed megalopolis was imple-
mented. The average annual and monthly temperature and
precipitation change caused by urban expansion from 1993 to
2100 were presented taking the Northeast megalopolis, USA
as a case study area. Some conclusions were drawn as follows.

(i) It can be seen from the above analysis that the future
urban expansion will result in an average annual
temperature increase ranging from 2∘C to 5∘C in
new urban area and an average annual temperature
decrease ranging from 0.40∘C to 1.20∘C in the south
of the Northeast megalopolis. The average annual
precipitation of our simulation area will be reduced
by 5.75mm, 7.10mm, and 8.35mm due to urban
expansion in the periods of 2010–2020, 2040–2050,
and 2090–2100, respectively. This reduction is espe-
cially severe in the south region of the Northeast
megalopolis.

(ii) The effects of future urban expansion on average
monthly temperature will vary frommonth to month
and become more and more severe along with urban
expansion not only in original and newurban area but
also in nonurban area. The warming effect of future
urban expansion in original and new urban area will
be more serious in summer than in winter. And there
will be a cooling effect inwinter in original urban area.

(iii) The effects of future urban expansion on average
monthly precipitation will be severe in new urban
area but in original urban area. The drought effect in
new urban area will weaken along with urban expan-
sion.The influence area of future urban expansion on
average monthly precipitation in nonurban area will
be larger in summer than in winter and will increase
along with urban expansion.

(iv) The influence rules of urban expansion on climate
revealed at the scale of megalopolis differ from those
in a single city. A large-scale study on the impacts
of urban expansion on climate helps to understand
the integrated effect of combination and interaction of
multiple cities and their surrounding areas. And this
integrated effect may crucially determine the climate
pattern.
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