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Abstract

Land use and pollutant emission changes can have significant impacts on air quality, regional climate, and human

health. Here we describe a modeling study aimed at quantifying the potential effects of extensive changes in urban land

cover in the New York City (NYC), USA metropolitan region on surface meteorology and ozone (O3) concentrations. The

SLEUTH land-use change model was used to extrapolate urban land cover over this region from ‘‘present-day’’ (ca. 1990)

conditions to a future year (ca. 2050), and these projections were subsequently integrated into meteorological and air

quality simulations. The development of the future-year land-use scenario followed the narrative of the ‘‘A2’’ scenario

described by the Intergovernmental Panel on Climate Change (IPCC), but was restricted to the greater NYC area. The

modeling system consists of the Penn State/NCAR MM5 mesoscale meteorological model; the Sparse Matrix Operator

Kernal Emissions processing system; and the US EPA Community Multiscale Air Quality model, and simulations were

performed for two 18-day episodes, one near-past and one future. Our results suggest that extensive urban growth in the

NYC metropolitan area has the potential to increase afternoon near-surface temperatures by more than 0.6 1C and

planetary boundary layer (PBL) heights by more than 150m, as well as decrease water vapor mixing ratio by more than

0.6 g kg�1, across the NYC metropolitan area, with the areal extent of all of these changes generally coinciding with the

area of increased urbanization. On the other hand, the impacts of these land use changes on ozone concentrations are more

complex. Simulation results indicate that future changes in urbanization, with emissions held constant, may lead to

increases in episode-average O3 levels by about 1–5 ppb, and episode-maximum 8h O3 levels by more than 6 ppb across

much of the NYC area. However, spatial patterns of ozone changes are heterogeneous and also indicate the presence of

areas with decreasing ozone concentrations. When anthropogenic emissions were increased to be consistent with the
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extensive urbanization in the greater NYC area, the O3 levels increased in outer counties of the metropolitan region but

decreased in others, including coastal Connecticut and the Long Island Sound area.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The greater New York City (NYC), USA
metropolitan region covers parts of the states of
New York, New Jersey, and Connecticut and
currently has a population exceeding 21 million.
Ongoing urbanization in this area puts a significant
strain on natural resources and impacts air pollu-
tion levels and regional climate. As more land in this
region is expected to be converted from natural and
vegetated land cover to human-dominated uses over
the coming decades, it is of interest to predict the
concomitant effects on public health and welfare.
To assess such impacts under different scenarios of
future conditions, it is necessary to integrate a
diverse set of modeling tools across a range of
spatial and temporal scales, from the global scale
(general circulation models (GCM)) to the regional
scale (mesoscale meteorology and air quality
models) to local and urban scales (high resolution
meteorology, air quality, and health impacts mod-
els). A goal of the New York Climate & Health
Project (NYCHP; Kinney et al., 2006) was to
develop and apply such a modeling framework
across the New York City region.

There have been several studies of the NYC
region that have described some of these model
linkages. Lynn et al. (2004, 2006) described the
integration of a global climate model with that of
regional meteorology that serves as a foundation for
this and related studies. Hogrefe et al. (2004a)
examined the effects of changes in global and
regional climate and emissions on air quality over
the eastern United States, comparing simulated O3

concentrations from five summers of the 2050s with
those of the 1990s. Hogrefe et al. (2004a) found that
intercontinental transport of O3 and precursors,
increasing regional emissions of O3 precursors, and
CO2-induced changes to meteorological variables
such as temperature, boundary layer heights, and
synoptic flow patterns all have the potential to
affect future attainment of ambient air quality
standards. Using the climate and air quality results
from that study, Knowlton et al. (2004) estimated
the potential changes in summertime O3-related
mortality across the metropolitan area over the
same time period. The increase in regionally
aggregated mortality due to climate change alone
was found to be similar to that of coupled climate
change and increases in O3 precursors, and possible
increases in regional precursor emissions were found
to cause higher increases in mortality rates in the
outlying suburban counties.

In those four studies, the regional meteorology
and air quality simulations were generated at 36 km
grid resolution, land use was held constant in all
simulations, and mortality rates were projected to
the county level. Here, we describe an approach to
incorporate detailed (�70m) land cover informa-
tion into high-resolution (4 km) meteorological and
photochemical model simulations around NYC. We
then utilize this approach to assess the relative roles
of future increased urban land cover and associated
changes in emissions on surface level meteorological
fields and O3 concentrations. Additionally, we
discuss these land-use-induced changes in surface-
level meteorology and ozone in the context of
possible changes caused by changing emissions.
2. Modeling system

2.1. Urban land cover modeling

Solecki and Oliveri (2004) described the develop-
ment of two sets of detailed land cover information
for the greater NYC metropolitan area, namely
‘‘current’’ conditions and estimated land cover by the
middle of the 21st century. First, the authors
established the current (ca. 1990) distribution of
wetlands, water, barren, forest, agriculture, range-
land, and urban land cover across the greater NYC
metropolitan area at 70m resolution (for a map of
this region, please see http://www.geography.hunter.
cuny.edu/luca/Home/Overview.html).

To generate the ca. 2050 land cover database, the
slope, land-use, exclusion, urban extent, transporta-
tion, hillshade (SLEUTH) model (Clarke et al.,
1997) was used to estimate the potential impacts of
urban growth over the next five decades (Solecki

http://www.geography.hunter.cuny.edu/luca/Home/Overview.html
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and Oliveri, 2004). SLEUTH makes projections of
land cover change based upon growth-inducing
variables that include slope, land cover/use, exclu-
sion zones (i.e. parks and conservation areas), and
proximity to transportation infrastructure; growth
parameters based on recent patterns of urbaniza-
tion; and additional growth rules. SLEUTH has
been used to describe urban growth in the San
Francisco Bay region (e.g. Clarke et al., 1997) and
to assess the effects of increased urban development
in the Baltimore, Maryland/Washington, DC region
on the Chesapeake Bay watershed (e.g. Claggett et
al., 2004). Before performing the future year
simulation, SLEUTH was calibrated to ‘‘current’’
conditions using growth patterns from the USGS
Urban Dynamics Research Program (please see
http://landcover.usgs.gov/LCI/urban/intro.php) for
the greater NYC region from 1960 to 1990,
including urban/non-urban designations in 1960,
1970, 1980, and 1990, and land cover (urban,
agricultural, forest, grassland, wetland, water, and
barren land) in 1975 and 1992.

The SLEUTH model consists of two sub-models,
the urban growth model (UGM) and the land cover
deltatron model (LCDM). The UGM estimates the
probability that a given non-urban grid cell will be
converted to urban in the future, while the LCDM
specifies which type of non-urban land type can be
converted to urban. Solecki and Oliveri (2004) used
the UGM and LCDM to generate future land cover
in the greater NYC region for the year 2050
consistent with the narrative of the Intergovern-
mental Panel on Climate Change (IPCC) special
report on emissions scenarios (SRES) ‘‘A2’’ emis-
sions scenario (please see http://www.ipcc.ch/pub/
sres-e.pdf). The A2 scenario predicts large increases
in greenhouse gas emissions, relatively weak envir-
onmental concerns, and large population growth
away from existing urban centers, i.e. new urban
growth will tend to occur in areas previously
considered open space. This is only one of several
IPCC climate change and emissions scenarios, albeit
a fairly pessimistic one, that we chose as a worst-
case scenario of urban sprawl and increased
anthropogenic emissions (including an IPCC-esti-
mated CO2 emissions increase of �50%). It is
important to reiterate that for the current study,
SLEUTH predictions of future-year land use were
only available for the greater NYC area, not for the
entire modeling domain as described in Sections
2.2–2.4. Clearly, it would be desirable to generate
future-year land use information for larger geo-
graphic areas, but this was beyond the scope of our
study.

The urban land for this future year scenario was
further subdivided into three separate categories,
namely high density, medium density, and low
density urban. This classification scheme was
developed from the 1990s land use categories and
remotely-sensed vegetative fraction (VF) from
Landsat imagery for the greater NYC region plus
most of New Jersey and Connecticut (Pozzi and
Small, 2005). Specifically, high density urban was
defined as having VFo22%; medium density
urban, 22%oVFo51%; and low density urban,
VF451%. All future urban growth predicted by
SLEUTH for the greater NYC metropolitan area
was assumed to be low density urban, i.e. suburban,
residential, or employment-based development
away from the core urban center. Grid cells within
the greater NYC metropolitan area that were
classified as urban in both the 1990s and 2050s
simulations were assigned the appropriate urban
category derived from the 1990s classification. Fig.
1a shows the three urban land use categories
simulated by SLEUTH for the 2050s. Section 2.2
contains additional details on how this high-resolu-
tion future year land cover was subsequently
incorporated into the meteorological model.

2.2. Meteorological modeling and episode selection

The non-hydrostatic fifth-generation mesoscale
model (MM5) version 3.5 (Dudhia, 1993; Grell
et al., 1994) was the regional-scale meteorological
model. The MM5 was developed by the Pennsylva-
nia State University and National Center for
Atmospheric Research and simulates three-dimen-
sional wind components, temperature, mixing ratios
for water vapor, and cloud water/ice and rain/snow.
Thirty-five vertical layers were used, with finer grid
resolution in the lower troposphere to allow the
model to simulate boundary-layer processes more
realistically. The 41� 51 NASA Goddard Institute
for Space Studies Global Circulation Model (GISS-
GCM; Russell et al., 1995) provided initial condi-
tions and lateral and surface boundary fields for
MM5. Hogrefe et al. (2004a, b) and Lynn et al.
(2004, 2006) performed the coupled GISS-GCM/
MM5 simulations for five summers during the 1990s
(1993–1997) and 2050s (2053–2057) at horizontal
grid resolutions of 108 and 36 km. The MM5
simulations from the 2050s are forced by climate
change as predicted by the GISS-CGM and A2

http://landcover.usgs.gov/LCI/urban/intro.php
http://www.ipcc.ch/pub/sres-e.pdf
http://www.ipcc.ch/pub/sres-e.pdf
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Fig. 1. (a) The three urban land use categories—low density (purple), medium density (light gray), and high density (dark gray)—

simulated by SLEUTH for the 2050s. (b) The 4 km MM5 grid cells converted from non-urban in the 1990s to low density urban in the

2050s by SLEUTH (c) The default 4 km MM5 land use in the 1990s (d) The 4 km MM5 land use in the 2050s.
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scenario discussed in Section 2.1; for example,
surface temperatures from the five-summer 36 km
MM5 simulations were on average �2 1C warmer in
the 2050s than 1990s (Hogrefe et al., 2004a; Lynn
et al., 2006).

For this study, MM5 simulations at a horizontal
resolution of 4 km were generated in a two-step
approach. First, the 108 km MM5 fields (Lynn
et al., 2004) were used to initialize and provide
lateral boundary conditions for the 36 and 12 km
two-way interactive nested domains. Six-hourly
GISS-GCM temperature, wind, pressure, and moist-
ure fields were interpolated to the lateral boundaries
of the 108km MM5, and a five-point linear time
interpolation was used to make the lateral boundary
data synchronous with the MM5 time steps, follow-
ing Davies and Turner (1977). Each simulation was
run from May 1 to September 30. Starting the model
in May allows the atmospheric component of the
mesoscale model ample time to ‘‘spin-up’’ before the
start of the analysis on June 1 in each summer. One
month of spin-up was used to establish an equili-
brium between the lateral and surface boundary
conditions and MM5-simulated fields, especially an
equilibrium between rainfall and soil moisture. In
contrast, the soil temperature and moisture distribu-
tion from the GISS-GCM acts like a time-varying
bottom boundary condition during the development
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of summertime meteorology (Dirmeyer, 2003). The
concentration of CO2 used in the MM5 was
modified in the 2050s run to be consistent with the
GISS-GCM, since atmospheric CO2 levels affect the
radiation calculations; this modification was not
made in the 1990s run which reflects current
CO2 levels.

To obtain the high-resolution meteorology for
this study, the 4 km simulation (see Fig. 1 for
approximate domain extent) was generated using
the output from the 12 km grid as initial and
boundary conditions. Note that the SLEUTH
domain covers only the greater NYC metropolitan
area, whereas the meteorological and photochemi-
cal modeling domain extends from the mid-Atlantic
seaboard to southern New England. Two 18 day
periods were chosen during the summers of 1993
(July 5–22) and 2056 (June 17–July 4), since these
periods experienced episodes of extremely high
surface temperatures and O3 levels across the
metropolitan region in the 36 km model simulations.
Specifically, both the episode average and episode
maximum ranked at the 98th percentile of 18 day
average and daily maximum temperature and daily
maximum hourly O3 from the two five-summer
36 km simulations mentioned above. After these
periods were chosen and the 4 km simulations
performed, analysis was conducted to confirm that
only minor differences existed in the spatially-
averaged temperatures between the 36 and 4 km
simulations across the area of overlap. In other
words, the higher grid resolution did not introduce
any systematic warming or cooling effect, i.e. these
two episodes still represent extremely warm condi-
tions at the higher grid resolution. It should be
noted, however, that the 2056 episode is not
necessarily representative of the ‘‘same’’ period in
1993.

The land surface model used in the MM5
simulations was that of Chen and Dudhia
Table 1

Surface parameter values for the landuse look-up table in MM5 for th

Urban type Shortwave

albedo (%)

Moisture

availability (%)

Longwave

emissivity (%)

High 17 10 88

Medium 18 10 88

Low 18 15 90

These parameter values represent weighted averages based on the diff

percent cover from Luley and Bond (2002).
(2001a, b). The default land cover for the MM5
domain is based upon the 25-category USGS
thematic vegetation/land use data. In this study
the default land cover database was used for the
current land use simulations, as it best reflects
current conditions consistent with the MM5 para-
meterizations across the model domain, while the
input land use was modified based on the SLEUTH
results for the future land use simulations. For this
purpose, we assigned each 70m SLEUTH ‘‘pixel’’
to the appropriate 4 km MM5 grid cell, and then
determined the dominant SLEUTH category in
each 4 km grid cell for the 1993 and 2056 episodes.
If the dominant category was one of the three urban
designations described in Section 2.1, we replaced
the default MM5 land cover from the current land
use simulations with that computed from the
SLEUTH results; otherwise, we retained the default
MM5 land use. Table 1 lists the physical parameters
used to characterize the three new urban categories,
and land cover types that do not appear in this
model domain in the landuse look-up table (LAND-
USE.TBL) were modified to allow for these new
urban types. Note that albedo and roughness length
are also set in the subroutine that defines the
vegetation parameters for a given vegetation type
(prmveg_usgs.F) in the land surface model; this
routine was modified to be consistent with the
values defined in LANDUSE.TBL. These urban
land use types are assumed to be a mixture of grass,
deciduous tree, and impervious surface, and the
values in Table 1 represent weighted averages of
these parameters for these three categories based on
assumed fractional coverage (Luley and Bond,
2002), namely: high density, 34% grass/14% tree/
53% impervious; medium density, 16% grass/25%
tree/59% impervious; and low density, 35% grass/
33% tree/32% impervious. Note that the new
medium density urban category is identical to the
default urban category in MM5. These fractional
e three urban categories

Surface

roughness (cm)

Thermal inertia

(cal cm�2K�1 s�1/2)

Surface heat

capacity

(Jm�3 s�1)

100 0.03 18.7� 105

50 0.03 18.9� 105

30 0.03 20.6� 105

ering amounts of grass, deciduous tree, and impervious surface
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coverages were also used in the land surface model;
surface resistances for grass, deciduous trees, and
impervious surfaces were computed separately and
then weighted according to these percentages for the
three urban land types.

For all urban grids beyond the SLEUTH domain
(i.e. outside of the greater NYC region), the
parameter values corresponding to the medium
density category were used in the future land use
simulations. All non-urban grid cells (water, decid-
uous or coniferous forest, agriculture, etc.) within
the MM5 domain retained the default MM5 land
use. Fig. 1b shows only those low density urban grid
cells converted from non-urban to urban between
the 1990s and 2050s, while Figs. 1c and d display all
land use categories used in the current and future
land use simulations, respectively.

The SLEUTH domain is considerably smaller
than the MM5 domain, and, as stated in Section
2.1, this study does not address urban growth
outside of the NYC metropolitan area. In other
words, we focus on urbanization in the immediate
NYC region only, and have not assessed the effects
of potential urban growth in upwind areas that
could also have an impact on the NYC area. Note,
too, that the introduction of three urban land use
types in the future year simulations, compared to
one in the current year simulations does introduce a
slight inconsistency between the simulations. For
example, in the Philadelphia metropolitan area, the
New Jersey portion (which is within the SLEUTH
domain) is classified as high density urban in
the future year, while the Pennsylvania side is not,
since it falls outside of the SLEUTH domain (see
Fig. 1d).

2.3. Emissions processing

The anthropogenic emission inventory utilized for
this study was the county-level United States
Environmental Protection Agency (US EPA 1996
National Emissions Trends, NET96) inventory.
This emission inventory was processed by the
Sparse Matrix Operator Kernel Emissions Model-
ing System (SMOKE) Version 2.1 (Houyoux et al.,
2000; Carolina Environmental Programs, 2003) to
obtain gridded, hourly speciated emission inputs for
the air quality model. Mobile source emissions were
estimated by the Mobile5b model (United States
Environmental Protection Agency (US EPA), 1994)
integrated into SMOKE. Biogenic emissions were
estimated with the Biogenic Emissions Inventory
System—Version 2 (BEIS2) model that takes into
account the effects of temperature and solar
radiation on the rates of these emissions (Geron
et al., 1994; Williams et al., 1992).

For some of the sensitivity simulations described
below, an attempt was made to modify anthropo-
genic and biogenic emissions to be consistent with
the future year land use pattern simulated by
SLEUTH and utilized for some of the MM5
simulations. For the biogenic emissions, the land
use database utilized by BEIS2 was modified to be
consistent with the projected changes in future
urban land use. For those 4 km grid cells in which
SLEUTH predicted an increase in urban land use
from the base case, the agricultural and forest
fractions in the biogenic emission land use database
were reduced by a corresponding amount.

Estimates of future anthropogenic emissions,
such as those projected by the IPCC, are useful on
a countrywide or continental basis, but they do not
provide detailed future year emissions specific to the
greater NYC metropolitan area. To estimate future
anthropogenic emissions consistent with the 2050
A2 land use predictions, we relied on the current
gridded anthropogenic emissions and SLEUTH
database to determine urban land use fraction in
each model grid cell. In the current SLEUTH
database, each grid cell consists of different
amounts of tree, grass, and impervious surfaces.
Knowing the impervious cover fraction in each grid
cell, we were able to derive an empirical relationship
between urban land use fraction and anthropogenic
emissions:
�
 For the current land use scenario, the ratio of
SMOKE-processed gridded anthropogenic emis-
sions between any pair of non-water grid cells is
correlated with the ratio of urban land use
percentages between the same two grid cells. To
demonstrate that this assumption is valid at least
to first order, Fig. 2a and b show box plots and a
best fit through the medians for the ratio of
anthropogenic NOx emissions vs. the ratio of
urban fractions for all pairs of grid cells in the
modeling domain.

�
 Determining the functional form of the best-fit

line of the medians and performing this analysis
for volatile organic compounds (VOC), NOx,
and CO from the base case scenario, one can then
utilize this relationship to determine the future
year scaling ratio for each grid cell based on the
SLEUTH-predicted change in urban land use
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Fig. 2. Ratio of anthropogenic NOx emissions vs. the ratio of urban fractions for all pairs of grid cells in the modeling domain: (a) box and

whisker plot displaying the median, inter-quartile range (IQR), and 71.5� IQR bounds; and (b) median values with a best fit curve.
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percentage (i.e. the ratio of future urban area
over current urban area for each grid cell).

�
 Lastly, anthropogenic emissions consistent with

future land use can be estimated by multiplying
the gridded base case emissions with these
gridded scaling ratios.

By applying this methodology, we estimated
anthropogenic emissions consistent with the future
year land use patterns. Table 2 shows a summary of
anthropogenic and biogenic emissions for the
current and future land use scenarios for a typical
weekday, over the greater NYC region. Not
surprisingly, it can be seen that increased urbaniza-
tion results in a decrease of biogenic emissions and
an increase of anthropogenic emissions. It should be
noted that the estimates of future emissions do not
take into account possible changes in emission
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factors, transportation patterns, or technology, as
none of this information was available for this
study. However, these estimates do provide a rough
sensitivity of the emission totals and spatial
distributions consistent with increased urbanization
given today’s technology and transportation and
travel behavior.
2.4. Air quality modeling

Using the SMOKE-processed emissions and the
4 km MM5 regional climate simulations for the two
18 day episodes in the model years 1993 and 2056
described above, air quality simulations were
performed using the Models-3/community multi-
scale air quality (CMAQ) model Version 4.2 (Byun
and Schere, 2006). Initial and boundary conditions
for these simulations were derived from the 12 km
CMAQ simulations nested within the 36 km MM5/
CMAQ simulations for the same time period
described in Hogrefe et al. (2004a). The 4 km
CMAQ modeling domain used in this study is
depicted in Fig. 1 and is identical to the MM5
modeling domain, except for the removal of MM5
boundary cells. Sixteen vertical layers were utilized
in CMAQ, with all layers below 3 km being identical
to the MM5 vertical structure, while mass-averaging
was used to perform layer-collapsing for layers
Table 2

Domain-wide anthropogenic (carbon monoxide (CO), nitrogen

oxides (NOx), and volatile organic compounds (VOC)) and

biogenic (isoprene) emissions in tons day�1 for the base and

future land use scenarios for a typical weekday, summed over the

31-county New York City CMSA

1990 Base land use 2050 A2 land use

CO (anthropogenic) 10,920 17,024

NOx (anthropogenic) 2133 3446

VOC (anthropogenic) 2490 3749

Isoprene (biogenic) 734 251

Table 3

The six MM5/CMAQ simulations

Simulation number Simulation description

1 1993 ‘‘Base’’ episode

2 1993 Episode, A2 land cover

3 1993 Episode, A2 land cover and emissions

4 2056 ‘‘Base’’ episode

5 2056 Episode, A2 land cover

6 2056 Episode, A2 land cover and emissions
above 3 km. The carbon bond IV mechanism (CB-
IV; Gery et al., 1989) was used to simulate gas-
phase chemistry. The CMAQ model has undergone
extensive community development and peer review
and has been used successfully for a number of
regional air quality studies (e.g. Bell and Ellis, 2003,
2004; Binkowski and Roselle, 2003; Hogrefe et al.,
2004a, b; Ku et al., 2001; Mebust et al., 2003; Tong
and Mauzerall, 2006). In this study, we performed
the six CMAQ simulations listed in Table 3 to study
the effects of: current (ca. 1990s) emissions and land
cover with two different meteorological episodes
(simulations 1 and 4) to provide a sense of natural
variability and/or a changing climate; increasing
urban land cover in the NYC region consistent with
the A2 scenario without changing emissions (simu-
lations 2 and 5); and the combined effects of
increased urban land cover and emissions (simula-
tions 3 and 6).
3. Results

3.1. Impact of increased urbanization on surface

meteorology

To investigate the impact of changed land use on
surface meteorology, here we focus primarily on
three parameters: air temperature, PBL heights, and
water vapor mixing ratios because these variables
have a significant impact on surface O3 concentra-
tions (Aw and Kleeman, 2003; Gaza, 1998; National
Research Council, 1991; Rao et al., 2003). The
largest changes (defined as ‘‘future-base’’) in surface
meteorology tended to occur over the extended
metropolitan area away from the core urban areas,
corresponding to regions with the largest urban
growth potential (see Figs. 3a–f) for the 1993 and
2056 episodes. Figs. 3a, c and e reflect the
differences between simulations 1 and 2, while
Figs. 3b, d, and f reflect the differences between
Meteorology Emissions Land use

July 5–22, 1993 1996 Base 1990 Base

July 5–22, 1993 1996 Base 2050 A2

July 5–22, 1993 Consistent with 2050 A2 2050 A2

June 17–July 4, 2056 1996 Base 1990 Base

June 17–July 4, 2056 1996 Base 2050 A2

June 17–July 4, 2056 Consistent with 2050 A2 2050 A2
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Fig. 3. Differences in afternoon (12–18 EST) average surface meteorological fields for the 1993 and 2056 episodes, defined as ‘‘future-

base’’ urban land cover: (a) temperature, 1993 episode; (b) temperature, 2056 episode; (c) PBL height, 1993 episode; (d) PBL height, 2056

episode; (e) water vapor mixing ratio, 1993 episode; and (f) water vapor mixing ratio, 2056 episode. Figs. 3a, c, and e reflect the differences

between simulations 1 and 2, while Figs. 3b, d, and f reflect the differences between simulations 4 and 5.
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simulations 4 and 5. Figs. 3a–f suggest that as a
result of increased urban growth consistent with the
A2 scenario, the daytime (12–18 EST) episode-
average surface temperatures across the metropoli-
tan area increased by more than 0.6 1C; PBL heights
increased by more than 150m; and surface water
vapor mixing ratios decreased by more than
0.6 g kg�1. The changes in surface meteorology are
spatially very similar for the two meteorological
episodes.

Although these two episodes are only 18 days
long and, therefore, not sufficiently long to attribute
differences between the episodes to climate change,
such differences can provide a measure of meteor-
ological variability and context for the observed
changes resulting from increased urban land cover.
In these simulations, the domain-wide daytime
episode average surface temperatures over non-
water grid cells were nearly identical for the two
base episodes (25.93 1C for simulation 1, 1993;
25.89 1C for simulation 4, 2056). Although the
overall average surface temperatures were nearly
identical for the two episodes, there were differences
in the spatial patterns (not shown here). For
example, the 2053 (simulation 4) episode predicted
temperatures �1 1C higher over Delmarva, and
�1 1C cooler over southeastern Pennsylvania. The
1993 episode was substantially drier (9.26 g kg�1 vs.
11.79 g kg�1), and average PBL heights were higher
as well (1663m vs. 1352m). In terms of the domain-
wide episode maximum values over non-water grid
cells, the 1993 episode (simulation 1) was slightly
cooler (30.41 1C vs. 30.76 1C), had slightly lower
PBL heights (2071m vs. 2125m), and was substan-
tially drier (15.04 g kg�1 vs. 16.79 g kg�1). While the
two episodes are similar in that they both experi-
enced extreme surface temperatures, they do cover
two different points in time separated by more than
60 years, and they are driven by two distinct GCM
climate scenarios. Hence, they are not necessarily
representative of the ‘‘same’’ period in time, and it is
not unexpected that differences between simulations
1 and 4 exist in the absence of land use change.

These temperature changes are comparable to an
earlier modeling study by Civerolo et al. (2000), in
which �40% of the area in the NYC metropolitan
area originally classified as urban was re-classified as
deciduous forest; away from the core downtown area,
primarily in Long Island and along the Connecticut
coast, the additional forest cover reduced near-surface
temperatures by 1 1C or more. The changes observed
in this study are directionally consistent with the
substantial increases in urban surfaces across large
parts of the model domain, and the spatial pattern of
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Fig. 4. (a) Histogram of daily maximum 1h surface O3

concentrations over non-water grid cells for the 1993 and 2056

episodes for the different CMAQ simulations. (b) Same as (a),

except for daily maximum 8h O3. The numbers in the bar charts

refer to the different simulations.
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the meteorological changes generally matches the
area of increased urbanization.

The future increased urban land cover also had a
noticeable effect on surface layer winds across the
metropolitan region, generally leading to an in-
creased sea breeze along coastal Connecticut and
Long Island, and increasing convergence over
southeastern New York and central Connecticut.
We did not examine winds in detail in this study,
however, although transport certainly plays an
important role on O3 concentrations in this region.

3.2. Impact of increased urbanization and emissions

changes on surface O3

The previous national ambient air quality stan-
dard (NAAQS) for daily maximum O3 in the US is
0.12 ppm (1 h average), whereas the current
NAAQS is 0.08 ppm and is based on an 8 h average
(please see http://www.epa.gov/air/criteria.html).
Hence, we focused the subsequent analysis on those
grid cells with daily maximum 1h O3 concentrations
exceeding 124 ppb and daily maximum 8h concen-
trations exceeding 84 ppb. Figs. 4a and b display the
percentage of the non-water grid cells across the
model domain in which the 1 h daily maximum O3

concentration exceeded 124 ppb, and the 8 h daily
maximum O3 concentration exceeded 84 ppb, re-
spectively. The percentage was calculated by divid-
ing the total number of all exceedances of these
thresholds at all grid cells over each of the two
episodes by the product of all 18 episode days and
all 5822 non-water grid cells (out of a possible
10,881). The numbers in the bar charts denote the
six model simulations. For the 1993 episode,
extensive urbanization across the NYC region led
to a slight increase in the occurrence of high daily
maximum 1h O3 concentrations (compare simula-
tions 2 and 1, Fig. 4a). However, the additional
increase in anthropogenic emissions consistent with
the A2 scenario did not have an appreciable effect
on the number of occurrences of high 1 h daily
maximum values over land areas (compare simula-
tions 3 and 2, Fig. 4a). In terms of 8 h daily maxima,
the combined effects of future urban growth and
increased anthropogenic emissions did lead to
higher 8 h concentrations compared with just land
use changes alone for the 1993 episode (Fig. 4b).

Fig. 4a also shows that there were roughly 2–3
times as many occurrences of high 1 h O3 values for
the 2056 episode over non-water grid cells than for
the 1993 episode, regardless of emissions and urban
land cover scenario. Unlike the 1993 episode, the
combined effects of increased urbanization and
increased emissions actually led to fewer occur-
rences of high 1 h O3 concentrations than in the base
2056 episode (compare simulations 6 and 4, Fig. 4a),
likely due to increased O3 removal by titration
caused by higher anthropogenic emissions in an
already emissions-dense region. In terms of occur-
rences of high 8 h concentrations over land, the
effects of urbanization alone were negligible do-
main-wide (compare simulations 5 and 4, Fig. 4b).

Table 4 lists the episode-average, standard devia-
tion, and episode-maximum hourly O3 concentra-
tions from each of the six simulations, over non-
water grid cells across the model domain. Note that
for both meteorological episodes, the increased
urban land cover led to higher average (�0.3 and

http://www.epa.gov/air/criteria.html
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Table 4

The average, standard deviation, and maximum hourly O3

concentrations over non-water grid cells for the six MM5/CMAQ

simulations

Simulation

number

Average (standard

deviation) (ppb)

Maximum (ppb)

1 45.62 (19.87) 141.8

2 46.02 (20.13) 143.4

3 44.55 (21.31) 137.1

4 41.55 (21.42) 146.9

5 41.84 (21.45) 150.2

6 40.33 (22.81) 155.2
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0.4 ppb) and maximum (�1.6 and 3.3 ppb) O3

concentrations compared to the respective base
simulations. On the other hand, the cumulative
effect of increased urban land cover, increased
anthropogenic emissions that likely increased the
titration of O3 by NOx, and decreased isoprene
emissions led to lower average (�1 and 1.2 ppb) O3

concentrations, but larger spatial and temporal
variability as evidenced by the higher standard
deviations. These findings illustrate the complex and
often counteracting effects of substantial increases
in urban cover across the domain on surface O3

concentrations. On one hand, higher temperatures
lead to increased radical production and photo-
chemistry; however, higher PBL heights lead to
increased pollutant dilution. Furthermore, we hy-
pothesize that increased anthropogenic NOx and
decreased biogenic VOC emissions associated with
increased urbanization have the potential to in-
crease the spatial extent of VOC-limited conditions
typically associated with core urban areas. In such
areas, NOx emissions contribute to decreased O3

concentrations while they can lead to increased O3

formation in downwind areas (e.g. Sillman, 1999).
While no in-depth analysis has been performed to
confirm this hypothesis, it is consistent with the
spatial pattern of O3 increases and decreases (see
Fig. 5).

For the 1993 episode (simulation 1), 67.4% of the
non-water grid cells had episode maximum 8h O3

concentrations exceeding 84 ppb. This increased to
71.0% and 78.0%, respectively, as the effects of
urbanization alone (simulation 2) and the combined
effects of urbanization and emissions changes
(simulation 3) were considered. The 2056 episode,
which had higher peak concentrations and included
the effects of a different GCM scenario, experienced
smaller incremental changes resulting from land use
change and combined land use/emissions changes.
Simulations 4–6 (base, increased urbanization, and
combined land use/emissions, respectively) resulted
in 75.5%, 74.9%, and 77.1% of the grid cells having
episode maximum 8h O3 concentrations exceeding
84 ppb.

Figs. 5a and b display maps of the episode-average
O3 concentrations for the 1993 (simulation 1) and
2056 (simulation 4) episodes; Figs. 5c and d display
the changes in episode-average O3 concentrations as
a result of increased urban land cover for the two
episodes (differences between simulations 2 and 1,
and simulations 5 and 4); and Figs. 5e and f display
the changes in episode-average O3 concentrations as
a result of both urban land cover change and
anthropogenic emissions (differences between simu-
lations 3 and 1, and simulations 6 and 4). For the
1993 base episode (simulation 1, Fig. 5a), the highest
concentrations downwind of the NYC region
occurred over Connecticut and Rhode Island, while
large concentrations also occurred in the south-
western part of the model domain. The average
concentrations across the domain during the 2056
episode (simulation 4, Fig. 5b) were lower, with
peaks occurring over Long Island Sound, Delaware
Bay/southern New Jersey, and Chesapeake Bay. The
lowest O3 concentrations occurred over the core
urban area. In addition to the different spatial
patterns in surface O3 between the 1993 and 2056
base episodes, the domain-wide average O3 over land
was higher during the 1993 episode (60.7 ppb vs.
56.6 ppb).

Evident from Figs. 5c and d (effects of increased
urban land cover alone) are increases in average O3

concentrations across much of the NYC region, by
1–5 ppb. The changes in average O3 were very small
elsewhere, although there were a few areas outside
of the core urban area where average O3 decreased
by �1–3 ppb in the 2056 episode (simulation 5,
Fig. 5d). The combined effects of increased urbani-
zation and emissions changes are displayed in Figs.
5e and f, in which 1–7 ppb increases in O3 are
predicted over much of the non-water grid cells,
while O3 in the core NYC area and along the shore
of Long Island Sound decreased by 3–5 ppb, likely a
result of increased NOx titration. Slight decreases
are also visible in the Philadelphia region for this
scenario, pointing to the existence of non-local
impacts of land-use and emission changes made in
the greater NYC area on this area of high existing
emission density but without local changes in either
land-use or emissions in our simulations. Over
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Fig. 5. Average surface O3 concentrations for the; (a) base 1993 episode (simulation 1); and (b) base 2056 episode (simulation 4).

Differences between the future model simulations and the respective base simulations, defined as ‘‘future-base’’, (c) 1993 episode with 2050

A2 land use and 1990s emissions (simulation 2); (d) 2056 episode with 2050 A2 land use and 1990s emissions (simulation 5); (e) 1993

episode with 2050 A2 land use and 2050 A2 emissions (simulation 3); and (f) 2056 episode with 2050 A2 land use and 2050 A2 emissions

(simulation 6).
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northern New Jersey, southeastern New York, and
western Connecticut, the increases in average sur-
face O3 were larger for the 1993 episode, as a result
of increased urban land cover alone or increased
urban land and anthropogenic emissions.

Fig. 6 displays the same information as in Fig. 5,
except for episode-maximum 8h O3 for the two
episodes. The effects are much more pronounced
than with episode-average O3. For the 1993 episode
increased urbanization consistent with the A2
scenario led to 2–10 ppb increases in episode-
maximum O3, corresponding to the areas outside
of the core urban center. By comparison, increased
urbanization alone led to large (414 ppb) increases
in episode-maximum O3 over Connecticut during
the 2056 episode. Increases in surface O3 of this
magnitude would make compliance with air quality
standards substantially more difficult. The com-
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Fig. 6. Same as Fig. 6, except for episode maximum 8h O3 concentrations.
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bined effects of urbanization and emissions changes
led to even larger O3 increases over the northern
part of the domain, for both episodes. The changes
in maximum O3 over the core urban area were very
small.

4. Discussion and summary

To our knowledge, this is the first time a
successful attempt has been made to link and apply
existing modeling systems to simulate the sensitivity
of both meteorology and air quality to dynamic
drivers across several scales likely to change in the
coming decades, such as global and regional
climate, regional and local emissions, and local
land-use. As such, this study lays the groundwork
for future applications which might begin to ‘‘fill in’’
some of the missing pieces such as urbanization over
larger areas or incorporating a direct feedback from
meteorology on emissions. Furthermore, utilizing
the system described here for sensitivity simulations
even for relatively small areas may be of interest to
planning organizations that focus on the state,
county, or municipal level.

In this study we estimated the effects of future
rates of urbanization and emissions in the NYC
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metropolitan region on surface meteorology and O3

concentrations. To this end, projections of future
land use change and corresponding emissions
changes assuming current technology and emission
controls were integrated into the MM5/CMAQ
modeling system and simulations were performed
for two 18 day episodes at a horizontal resolution of
4 km. Results of our analysis suggest that extensive
urbanization in the NYC area that is consistent with
the narrative of the SRES A2 scenario has the
potential to increase near-surface temperatures by
more than 0.6 1C and PBL heights by more than
150m, as well as decrease water vapor mixing ratio
by more than 0.6 g kg�1, during the afternoon hours
in the NYC metropolitan area. The areal extent of
all of these changes generally coincides with the area
of increased urbanization. The results for surface
temperature were similar to an earlier modeling
study of extensive land cover change in this region
(Civerolo et al., 2000). While substantial, these
episode-average changes are still likely to be much
smaller than might be expected from synoptic and
seasonal variability, since meteorology can vary
greatly from day to day and season to season.

In contrast to temperature, PBL heights, and
water vapor, the impacts of these land use changes
on ozone concentrations are more complex. Simula-
tion results indicate that future changes in urbani-
zation may lead to increases in episode-average O3

levels by about 1–5 ppb, and episode-maximum 8h
O3 levels by more than 6 ppb across parts of the
NYC metropolitan area where urban growth is
projected. However, spatial patterns of ozone
changes are heterogeneous and also indicate the
presence of areas with decreasing ozone concentra-
tions. For example, episode-maximum 8h O3 levels
decreased by 2 ppb or more in small areas outside
the core urban center. When anthropogenic emis-
sions were increased and biogenic emissions de-
creased to be consistent with the increased
urbanization, the O3 levels increased in outer
counties of the metropolitan area but decreased in
others (including coastal Connecticut and the Long
Island Sound area, as well as over the Atlantic
Ocean), likely at least in part due to the effects of
increased titration. In the core urban center,
increased urbanization alone had little effect on
average or maximum O3 concentrations, since the
largest urban growth occurred in the outer counties.
On the other hand, when emissions changes were
included, the O3 concentrations decreased in the
core urban center as a result of titration processes.
Note that we did not examine near-surface winds
in much detail, even though transport is clearly an
important factor affecting O3 levels. New York City
is a large, heterogeneous urban area in a coastal
region; wind patterns are highly complex as regional
pollutant and precursor transport, sea breezes, and
a substantial ‘‘heat island’’ play key roles. Increased
urbanization did lead to an increased sea breeze in
the vicinity of Long Island and coastal Connecticut
(where O3 generally decreased), and increasing
convergence over southeastern New York and
inland Connecticut (where O3 generally increased).
Future work should involve a more detailed
examination of winds in this region.

Among the limitations of this study are the
constraint of the simulated urbanization to the
greater NYC area while leaving land use unchanged
outside this area, and the simulation of only two
relatively short time periods. Because the 2056
episode is not necessarily representative of the
1993 episode projected into the future it is not
possible to directly include the effects of climate
change in this study. However, despite these
constraints the results presented here and in earlier
studies (Solecki and Oliveri 2004; Hogrefe et al.,
2004b; Kinney et al., 2006; Knowlton et al., 2004;
Lynn et al., 2004) do illustrate the benefits of
utilizing coupled modeling systems to quantitatively
assess the potential air quality impacts of changes in
climate, emissions and land use and their complex
interaction. Using the framework described here,
future studies could assess the impact of increased
urbanization on climate and air quality over larger
geographical areas and longer time periods.
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