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Environmental context. Over half of the population of the world now live in urban areas, and the number
of so-called ‘megacities’, with populations of ~10 million or more, is growing at a tremendous rate. We show
how these patterns of urbanisation have the potential to influence the atmospheric chemical environment on a
global scale, particularly through the effects of emissions from megacities on the reactive nitrogen cycle. With
the growing worldwide interest in the study of the effects of megacities at all spatial scales, such as current
European Union projects MEGAPOLI and CityZen, our study represents the first of many future studies that
examine the effects of megacities on atmospheric chemistry on the global scale.

Abstract. We present the first study of the effects of megacities on global atmospheric chemistry using a global three-
dimensional chemical transport model. The effects on air quality, radiative forcing and atmospheric oxidation capacity
are disproportionately smaller than the proportion of anthropogenic emissions due to megacities. Disproportionately large
effects of megacities are modelled for reactive nitrogen compounds, in particular PAN (peroxy acetyl nitrate), which has
increased in abundance globally by 9% due to megacities under year 2000 conditions, with 23% of the Earth experiencing
an increase of 10% or more. These influences decrease under two very different future emission scenarios. Under a
low-emission future scenario, the influence of megacities is generally reduced, and under a high-emission future scenario,
although the local influence of megacities is increased, the geographical extent of the influence becomes smaller. In our
model, the individual grid cells that contain megacities respond to the megacity emissions differently depending on their
latitude. Tropical megacity grid cells generally show increased ozone year-round, while northern extratropical megacities
generally show reduced ozone year-round. Better parameterisation of the sub-grid effects of megacities is an important

issue for future work.
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Introduction

It has long been recognised that the study of air quality in urban
areas and the effects of these urban areas on the air quality of
downwind regions is important. Model simulations of urban air
quality using urban air-shed models, well as simulations of the
regional scale effects of urban areas using regional scale models
have been common. A recent example of both is the CityDelta
project.[!] It is estimated that in 2007, for the first time in history,
the world’s urban population exceeded the rural population.?3]
At present, there are ~20 cities worldwide with a population of
10 million or more and ~30 with a population of ~7 million or
more. Such coherent urban areas with more than ~5 or 10 million
people are loosely referred to as megacities (there is presently no
clear threshold or formal definition of a megacity). The rate of
growth of megacities with populations that exceed 10 million has
been tremendous, increasing from only 3 in 1975. These num-
bers are expected to continue to grow in the future, potentially
influencing atmospheric oxidising capacity,!! climate radiative
forcing,’! terrestrial ecosystems!® and oceanic ecosystems!’!
on a global scale. The investigation of these global effects of
megacities, both under present conditions and future scenarios,
requires the use of a global-scale model. This study is the first
such quantification of the effects of emissions from megacities
on a global scale.
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The only previous study of the effects of urban emissions
on global air quality® included a parameterisation of polluted
urban environments in a two-dimensional global model of back-
ground atmospheric chemistry. The focus of this previous work
was not specifically on the effects of megacities, but rather on
urban emissions in general. Urban areas were identified based
on their signature in an emissions inventory. It was found that
the parameterised treatment of the urban component of the emis-
sions resulted in global decreases of NO,, OH and O3. This was
mainly due to the higher efficiency of conversion of NO, into
NO, reservoirs such as PAN (peroxy acetyl nitrate) in urban
areas. It is not clear how well their two-dimensional model rep-
resents the transport of NO, in polluted airmasses away from
urban areas to surrounding regions, where it can subsequently
release NOy.

A related study! performed an artificial tracer simulation
(without the effects of chemistry) using a three-dimensional
model in order to investigate the transport characteristics for
several selected megacities and major population centres. The
present study aims to take a substantial step beyond these ear-
lier works by employing a global three-dimensional model of
atmospheric transport and chemistry to specifically examine the
effects of emissions from megacities on the gas phase chemistry
of the global atmosphere. We examine present-day conditions
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Fig. 1.

as well as three different future development scenarios for the
year 2030.

Our use of a global model also gives us a unique opportunity
to examine the local and regional effects of megacity emissions
for a large number of different megacities in a consistent mod-
elling framework, with each megacity being approximately at
the scale of a model grid cell.

Computational methods

We use the global three-dimensional chemistry transport model
(CTM) MATCH-MPIC (Model of Atmospheric Transport and
Chemistry—Max Planck Institute for Chemistry version). This
model has been described and evaluated in detail !0
MATCH-MPIC was involved in a multi-model intercompari-
son project!!¥! that formed part of the IPCC-AR4. Detailed
comparisons were reported for CO,[!31 NO, 161 and 03.117]

In this study we use the same model setup and emission
scenarios as were used for this intercomparison project. These
emission scenarios are described elsewhere,!'3] and we use the
nomenclature of S1-S4: The S1 dataset refers to year 2000
emissions. S2 refers to projected 2030 emissions based on cur-
rent emissions control legislation and national expectations of
economic growth, under which global CO emissions slightly
decrease and NO, emissions slightly increase. S3 is a maximum
feasible reduction scenario, based on the same growth forecast
as S2, but created assuming the full application of all currently
available emission control technologies, under which both CO
and NO, emissions decrease globally. S4 is a pessimistic ‘worst
case’ scenario based on the SRES A2p scenario used in the IPCC
Third Assessment Report, under which emissions increase by
~50% compared with the year 2000. Previous work using these
emissions scenarios!!#! has shown that global surface ozone in
2030 increases by 1.5 4 1.2 nmolmol~! under the S1 scenario,
and by 4.3 £ 2.2 nmol mol~! under the S4 scenario. Global sur-
face ozone decreases by —2.3 & 1.1 under the more progressive
S3 scenario.

All simulations discussed here are performed using input
meteorological data for the year 2000 from the NCEP/NCAR
reanalysis project,!'?] at a horizontal resolution of T62 (192 x 92
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Locations of the ‘megacities’ considered in this study, shown in red.

grid points, or ~1.9°) and with 28 levels in the vertical. MATCH-
MPIC is run in a semi-offline mode, relying only on a limited
set of input fields (surface pressure, geopotential, temperature,
horizontal winds, surface latent and sensible heat fluxes, and
zonal and meridional wind stresses). These fields are interpo-
lated in time to the model time-step of 30 min, and used to
diagnose online the transport by advection, vertical diffusion
and deep convection, as well as the tropospheric hydrological
cycle (water vapour transport, cloud condensate formation and
precipitation).

We assess the effects of emissions from megacities under each
of our simulated emissions scenarios using a source removal
methodology. For each emissions scenario we perform two sim-
ulations: one with the standard emissions dataset, and another in
which the emissions from the megacities have been removed.
The difference between the two simulations thus represents
the effects of adding the emissions from these cities into an
atmosphere in which they were previously not present. We use
the same 32 cities as chosen for a previous study,?”! which
are shown in Fig. 1. The anthropogenic emissions from these
cities are removed from the emissions datasets at their native
1° x 1° resolution before being interpolated to the model grid.
Together, these cities account for ~10% of the population of
the world, and 10% of the anthropogenic emissions of NO,,
CO and non-methane hydrocarbon (NMHC). Under the S1,
S2 and S4 emission scenarios, these cities account for ~4%
of the total (anthropogenic plus natural) present day CO and
NO, emissions. Under the S3 scenario, in which both anthro-
pogenic emissions and the share of anthropogenic emissions
due to urban population decrease, the megacities considered in
our study contribute ~2% to total emissions of CO and NO,.
Megacities only contribute a very small amount to global total
NMHC emissions. 2"

In the real world, some cities are highly influenced by urban-
scale meteorological conditions or orographical features. The
grid cells that contain the megacities are treated in our model in
the same way as every other grid cell, with the same chemistry
and the same treatment of surface exchange processes. The size
of a T62 grid cell is approaching the size of some of the geo-
graphically larger megacities (such as Los Angeles), although
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Fig.2. Monthly variability of change in O3 mixing ratio (nmol mol~!) for each megacity grid cell due to megacity

emissions for the four emission scenarios. Each individual megacity is represented by a line on the graph. For each
of the scenarios, southern extratropical cities are shown as the bottom of three panels in blue, tropical cities in the
middle in green and northern extratropical cities at the top in red.

our model grid cells are still about four times the surface area of
the grid cells in the underlying emissions inventory.

Results and discussion
Local effects

Fig. 2 shows the time series of the modelled influence of mega-
city emissions on O3 mixing ratio in our megacity grid cells.
Our methodology for calculating this influence, and descriptions
of the S1-S4 emission scenarios are described above. The lat-
itudinal location of a city seems to have a distinct effect on
the influence of its emissions on the modelled O3 mixing
ratio. Southern extratropical city grid cells show a relatively
unchanged pattern under the four emission scenarios, of moder-
ate O3 production in summer, and moderate destruction in winter
due to the megacity emissions.

Tropical model grid cells respond to emissions from mega-
cities almost exclusively with year-round increases in local O3
mixing ratios in the year 2000 S1 scenario, in the ‘current leg-
islation’ future S2 and in the ‘maximum feasible reduction’ S3
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future emission scenarios. Under the higher emission S4 future
scenario, some tropical city grid cells, most notably the grid cell
that contains Mexico City, begin to show decreases in O3 mix-
ing ratios during the winter months, a seasonal pattern similar
to northern extratropical cities.

The northern extratropical megacity grid cells are generally in
an O3 removal chemical regime, showing year-round decreases
in the local O3 mixing ratio due to megacity emissions. In
some cases, such as the grid cells that contain Los Angeles,
New York and Seoul, the local megacity grid cell ozone mix-
ing ratio is decreased by up to 20 nmolmol~!. In other cases,
such as the grid cells that contain Istanbul, Karachi, and Osaka,
the changes in grid cell O3 mixing ratio due to megacity emis-
sions are very small (around zero). While we hesitate to draw
any conclusions about individual cities due to the lack of a
detailed sub-grid parameterisation of cities in our model (as dis-
cussed earlier), these general differences between tropical and
extratropical cities in our model can, however, be related to the
differences in modes of transport of tracers away from the cities,
as previously reported.-21] Tropical cities are influenced more



by rapid convective transport, while extratropical cities allow a
greater local pollution buildup, and thus have greater potential
for titration of O3 by NO,.

Under the S2 scenario, the northern extratropical megacity
grid cells are relatively unchanged compared with the S1 sce-
nario. However, under the cleaner S3 scenario, none of the
northern extratropical megacity grid cells show this decrease
with megacity emissions during the middle of summer. Some
of these northern cities even switch to an O3 production regime
during summer under the S3 scenario, becoming more like south-
ern extratropical cities. Under the S4 scenario, the distribution
of the changes for these northern extratropical cities becomes a
lot more spread out, in contrast to the S1, S2 and S3 scenarios,
under which several of these northern cities show O3 mixing
ratio changes of approximately zero with almost no seasonal
cycle.

Clobal effects

The percentage changes due to emissions from megacities of the
annually averaged global burden of CO, NO,, O3 and OH, along
with some other species are shown in Table 1, for both the sur-
face model layer and for the whole troposphere. CO shows only
small differences between the surface layer and the whole tropo-
sphere, with the percentage change in CO burden slightly smaller
than the percentage contribution of megacities to the total CO
source. The OH burden is affected very little by emissions from
megacities, less than 1% at both the surface and in the whole
troposphere. This is due to the opposing effects of the changes
in CO and NO, on OH. Under the S1, S2 and S3 scenarios the
emissions from megacities lead to a slight increase of global
surface OH concentration, and a slight decrease in global tropo-
spheric OH burden, while the S4 scenario shows the opposite.
The effect of megacity emissions on O3 burden is similar at the
surface to the whole troposphere, and is reduced under all future
scenarios compared with the year 2000, with the high emissions
S4 scenario showing the smallest influence of megacities on the
global O3 burden.

Reactive nitrogen, on the other hand, appears to be quite
strongly affected globally by emissions from megacities, with
potential consequences for terrestrial and oceanic ecosystems.
NO, at the surface in all scenarios is increased by a slightly
larger amount by megacity emissions than the total contribution
of megacities to the global NO, source, with a smaller increase
in the whole troposphere. These increases in NO, are accom-
panied by similar increases in HNO3. PAN is also increased by
~8-9% at the surface, and by almost as much in the whole tro-
posphere for the S1, S2 and S3 scenarios. The increase in PAN
in the S3 scenario is especially impressive given the small con-
tribution of megacity emissions to the total NO, source in the
reduced-emissions S3 scenario. Under the S4 scenario, PAN is
only modestly increased, despite megacity emissions of NO,
contributing a similar amount to the total NO, source as under
the S1 scenario. This could possibly be related to the widespread
increase in emissions of NO, (not just in megacities) under the
S4 scenario, which leads to enhanced PAN production outside of
the cities, and the resulting decrease in the relative importance of
the megacity PAN. It should be noted that the formation of PAN
involves reactive precursors, whose mixing ratios are potentially
highly heterogeneous. This heterogeneity is not well simulated
by our large scale model. Future work should focus on better inte-
gration of the small scale (plumes) with the large scale (global
atmosphere).
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Table 1. Percentage changes in global annual burden of various species
in the surface model layer (first number) and troposphere (second
number) as affected by megacities

Species S1 S2 S3 S4

CO 3.37 323 2.80 2.69 1.66 1.59 3.03 278
OH 033 -023 035 -0.08 039 -0.16 —-0.35 0.03
03 1.57 141 142 1.31 093 0.80 0.70  0.88
NO, 7.75 429 826 419 3.83 1.53 731 5.13
HNO3;  6.93 3.67 7.26 391 332 1.15 6.14 4.58
PAN 9.36 831 8.78 795 17.73 6.14 1.02  1.11

Table2. Percentage of the surface area of the Earth which experiences a
10% or greater annual average increase due to emissions from megacities
of the mixing ratios or concentrations of various species

Emission S1 S2 S3 S4

CO 1.25 1.06 0.49 1.28
OH 0.52 0.51 0.53 0.44
O3 0.12 0.16 0.07 0.05
NO, 6.25 4.96 1.94 3.27
HNO3 7.38 7.12 3.50 7.52
PAN 23.04 20.58 14.54 0.81

Another way to asses the influence of megacities is by exam-
ining their chemical “footprint’. Similarly to previous work,??!
we calculate the area of the Earth’s surface over which the sur-
face mixing ratio or concentration of various chemical species
is increased by more than 10%. The threshold of 10% is cho-
sen because the megacities themselves account for ~10% of the
Earth’s population. This chemical footprint is thus a measure
of how much of a disproportionate effect the megacities have
on the atmosphere. We present these chemical footprints as the
percentage of the total surface area of the Earth in Table 2. For
O3, the size of the chemical footprint is comparable to the area
taken up by the megacity grid cells themselves, ~0.16%, while
the megacity footprint is larger for all other species, especially in
the case of reactive nitrogen. The footprints of NO,, HNO3 and
PAN extend well beyond the city limits. Despite the similarity
of megacity NO, emissions as a proportion of total NO, emis-
sions under the S1, S2 and S4 scenarios, the chemical footprint
of NO, is smaller under S2 than under S1, and smaller again
under S4. The S2 scenario has higher NO, emissions than the
S1 scenario, and the emissions in the S4 scenario are higher still.
The smaller influence of megacities on global PAN mixing ratios
under the S4 scenario (Table 1) is again evident in the megacity
PAN footprint (Table 2).

As shown in Fig. 2, local O3 mixing ratios in megacity grid
cells can show a seasonal dependence. The effect of megacity
emissions on the global annual average O3 surface mixing ratio
as a percentage change in mixing ratio due to the addition of
megacity emissions is shown for July in Fig. 3. The local grid cell
scale depletion of O3 seen in summer for the northern extratrop-
ical cities in Fig. 2 is accompanied by an increase in O3 mixing
ratio in the grid cells near the emission centres, as can be seen, for
example, for Los Angeles and New York. This influence extends
to remote regions of the northern hemisphere, especially in the
S1 and S2 scenarios, which again appear more similar to each
other than any of the other emissions scenarios. Under the S3,
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Fig. 3. The percentage change in the global surface July O3 mixing ratio due to megacity emissions under all scenarios.
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Fig. 4. The percentage change in the global surface NO, mixing ratio due to megacity emissions under all scenarios.
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and to a greater extent the S4 scenario, the geographical extent
of the influence of all megacities on the surface O3 mixing ratio
is reduced compared with the other scenarios.

Fig. 4 shows the effect of megacity emissions on the global
annual average NO, surface mixing ratio. The S1 and S2 scenar-
ios are quite similar, with distinct plumes of influence spreading
out from many of the emissions centres, as well as widespread
regions of enhanced NO, mixing ratio in remote oceanic regions.
Neither the lower-emission S3 scenario nor the higher-emission
S4 scenario show as great an influence of megacities on the
NO, mixing ratio in remote regions. Under the S3 scenario the
influence of megacities is generally reduced, while under the S4
scenario, megacities have a larger influence closer to the emis-
sion centres and a smaller influence remote from them, when
compared with the S1 scenario.

Conclusions

We have presented the first assessment of the effects of emissions
from megacities on the chemistry of the global atmosphere using
a three-dimensional global model. In our model, the effect of the
emissions from megacities on the model grid cells that contain
the megacities is dependent to a large extent on the latitude of the
city: cities in the northern extratropics are generally in a year-
round ozone depleting chemical regime, emissions from tropical
cities generally produce ozone locally, and cities in the southern
hemisphere show a seasonal cycle, changing from moderate local
ozone production in summer to moderate local ozone depletion
during the winter.

The global scale effects of megacities on the oxidising
capacity of the atmosphere (by the OH radical) and global
air quality and radiative forcing (through ozone) are generally
quite small, and also disproportionately smaller than the propor-
tion of anthropogenic emissions due to megacities. Global scale
effects of megacities on reactive nitrogen, on the other hand, can
be disproportionately large, even under the ‘maximum feasible
reduction’ S3 future scenario.

Of all of the future scenarios, the ‘current legislation’ S2 sce-
nario is the most similar to the year 2000 S1 scenario. Under the
S3 scenario, the northern extratropical cities become less ozone
depleting, and some even start to show moderate ozone produc-
tion in summer, similarly to the year 2000 southern extratropical
cities. The high-emission S4 scenario seems to push things into
quite a new chemical regime: locally, tropical megacity grid cells
begin to behave more like northern extratropical grid cells, and
globally, the reactive nitrogen chemistry appears to change, with
the long-range transport of reactive nitrogen through PAN from
megacities being less important than under the lower-emission
scenarios.

In our study, we have used the relatively simple source
removal methodology in order to gain a basic idea of the likely
effects of emissions from megacities. Future work should extend
these ideas by using techniques such as perturbation methods,
in which emissions from megacities are reduced (or increased)
by smaller amounts, or alternative urbanisation emission sce-
narios. We have also neglected to treat any sub-grid scale effects
of megacities on the chemistry or dynamics. This is normal for
state-of-the-art global CTMs such as MATCH-MPIC.

As well as further investigation of the effects of megacities
on terrestrial and oceanic ecosystems through reactive nitro-
gen chemistry, which we have shown here to be of potential
global significance, an important future improvement beyond
these results will be the development of parameterisations of the
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sub-grid scale effects of megacities appropriate for use in global
models, and their application in scenarios similar to those shown
here.
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