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The regional and global impact of selected megacity areas due
to changes in population distribution

Two studies have been performed within CityZen to look specifically at the effect of changes in
population distribution. In the absence of detailed migration scenarios for European and/or Chinese
population hotspots, we have defined a set of sensitivity studies that could be performed with a
coupled meteorology-chemistry model and a couple aerosol-climate model, respectively.

In the first study, conducted by UiO and described in Section 1, different population distributions
were realized through varying the resolution of emission data. For instance, a lower resolution of
emissions will correspond to a more even distribution of population. The focus in that study was on
air pollution and local to regional effects.

The second study, performed by met.no and to be presented in Section 2, distributed emissions over
large areas. The focus there was on climate forcing, from regional to global scale. Results from the
second study also contributed to deliverable D2.5.1.

1 WRF-Chem study

We have used the WRF-Chem model to study impacts of various horizontal resolutions of emis-
sions of ozone precursors on ozone formation over three megacities (Hodnebrog et al., 2011, denot-
ed further as HSB = Hodnebrog, Stordal, Berntsen). In this report we use the results from this work
to quantify the impact of various population distributions in the three cities.

In HSB we made calculations for two 3-day summer periods in July and August 2003 for the three
megacities; London, Ruhr, and Cairo. In this report we focus on one of the periods, namely August
4-6 which was within the 2003 heat wave over Europe. Simulations were performed with constant
WRF model resolution (9 x 9 km?) and with megacity emission resolutions at 9 x 9 km?, 27 x 27
km?, and 81 x 81 km? by using detailed emission inventories averaged to the appropriate resolu-
tion. In order to quantify the megacities’ contributions to regional ozone, simulations without meg-
acity emissions were also performed. Comparisons with measurements were made for the London
simulations, showing a relatively good representation of the ozone diurnal cycle. In the extreme
situation of the European heat wave in August 2003, the ozone values were quite well reproduced
by the model, except for an underestimation of the peak daytime ozone values at some stations.

The HSB study investigated impact of megacities on the regional and global environment. In that
context the underlying issue was non-linearities in the ozone chemistry, in particular inaccuracies
that arise due to non-linear ozone chemistry when megacity emissions are implemented at a typical
resolution of global CTMs. Based on several 3-day model simulations performed with the
mesoscale numerical weather prediction model WRF-Chem, the HSB results indicate that there are
generally small differences in the concentration of large-scale ozone formed from megacities when
changing the megacity emission resolution from 9 km x 9 km to 81 km x 81 km (global CTM
scale). In the July 2003 time period for London, we found a 12 % higher value of net ozone formed
from the megacity when using coarse emissions (81 km x 81 km) compared to fine emission resolu-
tion (9 km x 9 km), and this was caused by stronger ozone production outside the megacity region
in the coarse emission resolution simulation. Corresponding values for the five other case studies
were less than 4-5 % and variable in sign. Thus the effect is moderate but not negligible.

In this report the focus is on distribution of ozone within the megacity itself. Still the complex and
non-linear relation between constituents stemming from the various ozone precursor emissions is
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the main issue. Results from three experiments are used in this report, as shown in Table 1. In the
first experiment, 9X, we have run the model with a resolution of 9 km x 9 km in the megacities, in
accordance with how population is currently distributed. In the next experiment, 81X, we mimic
that the population is more spread out by assuming constant emissions over 81 km x 81 km grid
cells. In this case we average the 9X emissions so that the total emissions are not changed. As we
wanted to see the impact of the change in population distribution in relation to the effect of the
megacity itself, we conducted a reference experiment, RX, without any emissions in the megacity.
In all cases the resolution of the emissions outside the megacity was taken as 81km x 81 km.

1.1 Emissions

The emissions in the three cases are shown in Figure 1. We have included anthropogenic emissions
of the ozone precursors CO, NOx, and NMVOC from various emission inventories in the WRF-
Chem model (Table 2). The emissions were merged into each of the model domains to ensure that
the highest available resolution was used for each model grid box. For the United Kingdom, emis-
sions from the UK National Atmospheric Emissions Inventory were used for the year 2005 (NAEI,
2007), but they were scaled to 2003 based on factors derived from Dore et al. (2007), where yearly
estimates of each source category and each species are given. Anthropogenic emissions for the
North Rhine-Westphalia (NRW) region have been provided by Landesamt fiir Natur, Umwelt und
Verbraucherschutz (LANUV) through CityZen. The following emission sources were included in
the LANUV data set: industry (year 2004), small heating systems (2004) and traffic
(2000/2004/2007). The INERIS/EMEP inventory was used for the remaining emission source cate-
gories in the NRW region. Also, to ensure consistency, the yearly totals of each of the emission
sources in the LANUV inventory were scaled to the corresponding 2003 values of the
INERIS/EMEP emissions, but the spatial distribution in the LANUYV data set was kept unchanged.

In the framework of CityZen, INERIS downscaled the EMEP emissions (http://www.emep.int)
from a 0.5° x 0.5° grid to a horizontal resolution of 0.1° x 0.1° using data from GLOBCOVER
(http://ionial.esrin.esa.int). The two proxies “Crops” and “Artificial areas” in GLOBCOVER were
used to regrid the original EMEP inventory for agricultural and other anthropogenic sectors, respec-
tively. In this study, INERIS/EMEP data for the year 2003 were used for the regions of Europe that
were outside UK and NRW. For the small region that was outside the INERIS/EMEP coverage,
anthropogenic emissions from the RETRO project (http://retro.enes.org) were used for the year
2000.

Apart from the RETRO inventory, emissions of NMVOC were aggregated, implying that a split
into different NMVOC species had to be made before inclusion in the WRF-Chem model. Based on
UK emissions of the 50 most significant NMVOC species (Dore et al., 2007), source-dependent
factors were calculated and applied to each grid cell in the NAEI, LANUV and INERIS/EMEP
emissions data. The different NMVOC species were next lumped into the corresponding RADM2
components. After horizontal interpolation to the model grid, the emissions were given a diurnal
profile depending on emission source. We have used monthly temporal scaling factors available at
the Unified EMEP model web page (http://www.emep.int/OpenSource/) to scale the emission data
to July and August based on country, species and emission sector. As the summer months normally
are holiday periods in Europe, the scaling leads to lower anthropogenic emissions compared to the
yearly averages. Regarding vertical distribution, a profile for each emission sector was assumed
according to EMEP (2003).
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Table 1: The model simulations that have been run for each of the three megacities.

Deliverable

Acronym Description of model simulation
9X Emissions at 9 km x 9 km in megacity, 81 km x 81 km elsewhere
81X Emissions at 81 km x 81 km in megacity and elsewhere
RX Reference with no emissions in megacity, 81 km x 81 km elsewhere

Table 2: Emission inventories used in the simulations (from Hodnebrog et al., 2011).

Inventory Resolution Coverage

NAEI 1 km x 1 km United Kingdom

LANUV 1 km x 1 km North Rhine Westphalia (NRW)
INERIS / EMEP 0.1°x0.1° Europe (approx.)

RETRO 0.5°x0.5° Global

Figure 1: Emissions of CO (mol km™ hr?) in simulation 9X (left), 81X (middle) and RX (right)

shown for London (top), Ruhr (middle), and Cairo with London emissions (bottom).
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1.2 Impacts on the CO distribution

Anthropogenic emissions of CO in Europe are large, and thus we see a strong impact on the concen-
trations of CO in Europe (Figure 2, two top left column panels). It is worth noticing that only a
moderate part of these emissions stem from the restricted regions of London (upper panel) and Ruhr
(middle panel) themselves, but more important from the larger European domain. This can be seen
in the case of Cairo (bottom panel) where we have assumed London emissions. In that case emis-
sions in the surrounding areas are much smaller than in Europe, so that the CO concentrations in the
region are much more moderate than over Europe.

The impact of each of the three megacities is more alike in Europe and around Cairo (centre
column panels, Figure 2). In all cases the contributions of the emissions are locally around 30-50
ppb. Ruhr seems to have the most widespread impact, as the emissions in the selected region are
larger than in the selected London domain. The main wind direction in the selected time period can
easily be seen in these results, with relatively calm anticyclonic winds in Europe and a stronger nor-
therly flow from Cairo towards southern Egypt.

The impact of changing the population distribution is rather large in the three megacity re-
gions (right column panels, Figure 2). The concentration are lower in the core of the megacity emis-
sions, by up to 20 ppb, and higher by a similar amount at the outskirts of the megacities, which is a
large impact in view if the 30-50 ppb contributions from the megacity emissions.
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Figure 2: 3-day averages of near-surface CO (ppb) in simulation 9X (left), simulations 9X-RX
(middle), and simulations 81X-9X (right) shown for London (top), the Ruhr (middle), and Cairo
with London emissions (bottom). Please note that different scales have been used.
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1.3 Impacts on daily ozone maximum

Anthropogenic emissions of ozone precursors in Europe are large, and as for CO we see a strong
impact on the concentrations of ozone in Europe (Figure 3, two top left column panels). We focus
here on the daily maximum ozone, which is most critical in the context of the air pollution. As for
CO, only a moderate part of these emissions stem from the restricted regions of London (upper pan-
el) and Ruhr (middle panel) themselves. In this extensively studied period there were extremely
favourable conditions for ozone formation in Europe (Vautard et al., 2005; Lee et al., 2006), with
ozone peak values around 100 ppb, in contrast to the 40-50 ppb background value. As for CO, in
the case of Cairo (bottom panel) the extent of elevated ozone is much more limited as ozone precur-
sor emissions in the surrounding areas are much smaller than in Europe.

The impact of the three megacities is more similar in the three cases (centre column panels,
Figure 3), with maximum contribution due to the emissions around 10-20 ppb. In the London case,
the stable conditions with calm winds cause an accumulation of NOx emissions, leading to ozone
titration (through the reaction NO+0O3) due to a high NOx to NMVOC ratio. Additionally, the
plume is later transported over land in the north-westerly direction where large emissions from cen-
tral England (e.g. Birmingham) lead to high background values of NOx. The wind direction moreo-
ver favours transport of air pollutants from the European mainland, which act to further increase the
background values over England. Ageing of the plume dilutes the NOx emissions, also causing net
ozone production in combination with VOCs and CO.

The situation is different when looking at ozone impact of emissions from the Ruhr hot spot
region. The chemical production of ozone is much larger than for London. This is mainly because a
larger region has been defined for the Ruhr, and thereby larger total emissions have been removed
in the reference simulations.

Interestingly, the London emissions had a much stronger impact on regional ozone distribu-
tion when the emissions were moved to the location of Cairo as a sensitivity test. One of the reasons
is more incoming solar radiation in the Cairo domain, leading to more active photochemistry com-
pared to the London simulations. Additionally, the transport of chemical species out of Cairo is fast,
leading to rapid dilution of emissions. When this is combined with high temperatures, low back-
ground values of chemical species, and a relatively weak dry deposition due to sparse vegetation,
the ozone production as a consequence is extremely efficient.

The impact of changing the population distribution is noticeable in the three megacity regions (right
column panels, Figure 3). As for CO, the ozone concentration is lower in the core of the megacity
emissions and higher at the outskirts of the megacities. The gain and loss of ozone between the two
population distributions are up to 3-4 ppb. Thus, in relative terms the impact of redistributing popu-
lation is more important for CO than for ozone.
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Figure 3: 3-day averages of daily max near-surface ozone (ppb) in simulation 9X (left), simulations
9X-RX (middle), and simulations 81X-9X (right) shown for London (top), the Ruhr (middle), and
Cairo with London emissions (bottom). Please note that different scales have been used.

2 NorESM study

An additional study was made with a climate model in order to look at the effect of population
distribution on climate. Global climate models have the advantage of covering the entire globe, but
suffer from coarser resolutions which make it difficult to exactly define megacity regions. A sensi-
tivity experiment was thus defined where emissions were distributed over a large, hemispheric scale
area, in order to look at non-linearities.

2.1 The Norwegian Earth System Model

NorESM is initially based on CCSM4 from NCAR, including the coupler CPL7 which is the core of
the model. The ocean component POP2 has been replaced by a MICOM version based on the ocean
model in the Bergen Climate Model (Furevik et al., 2003), and includes an interactive module for
carbon (HAMOCC_v5; The Hamburg Ocean Carbon Cycle Model, developed at the Max-Planck-
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Institut flr Meteorologie in Germany). The land model in NorESM is the original CLM4 of
CCSM4, including its own carbon cycle model as well as the SNow, ICe, and Aerosol Radiative
(SNICAR) model (Flanner et al, 2007; 2009) which enable calculations of effects on radiation from
snow darkening caused by deposited absorbing aerosols. Also, effects of deposition of light-
absorbing aerosols on the albedo of snow-covered and bare sea-ice are taken into account in the sea-
ice model CICE4 (Holland et al., 2011, manuscript in preparation).

Finally, the atmosphere component of CCSM4, CAM4, has been modified and extended to include
updated versions of the aerosol and aerosol-cloud interaction schemes which were originally devel-
oped for use in the global atmospheric model CAM-Oslo. The most recent published versions of
CAM-Oslo so far are based on CAM3, and are described in detail in Seland et al. (2008), Kirkevag
et al. (2008), Storelvmo et al. (2008), Hoose et al. (2009), and Struthers et al. (2011). The extended
CAMA4 version used in NorESM, CAM4-0Oslo, includes a number of updates relative to CAM-Oslo.
Papers on the current state of CAM4-Oslo (Kirkevag et al., 2011) and NorESM are presently in
preparation.

2.2 Experimental setup and results

A sensitivity experiment was performed with the global Norwegian Earth System Model
(NorESM) to study the effects of an even distribution of fossil fuel emissions, as opposed to an un-
even distribution with heavily urbanized emission hot spots.

All land-based fossil fuel emissions of POM, BC and SO2 between the equator and 60 N except
North Africa and the Arabian peninsula south of 30 N were distributed equally over all land-areas
within the defined region. The model was initialized from the end of the model year 1988 in a 20"
century simulation and was run until 2049 using the RCP8.5 scenario for greenhouse gas concentra-
tions and aerosol emissions.

Despite the large re-distribution of emissions, there are only minor changes in aerosol column bur-
dens and aerosol optical depths. For the model decade 1996-2005 the aerosol optical depth with flat
emissions increases by 2 %. The last decade of the simulation 2040-2049 has 2 % lower optical
depth than the standard simulation. The shift from a small positive to a small negative number is
probably due a shift in the precipitation pattern. During the first decade of the simulation the redis-
tribution of emissions results in reduced emissions in relatively wet source regions (e.g. Europe and
North-Eastern United States). During the last decade of the simulation the redistribution of emis-
sions results in higher emissions in wet areas implying higher washout in total and thus a smaller
average optical depth. There are no discernable differences in short wave cloud forcing in the two
experiments.

As expected from the small change in aerosol optical properties the changes in temperature and
precipitation, shown in Figure 4, remain small as well. The global temperature difference in tem-
perature for the model decade 2040-2049 between the perturbation and standard experiments is
+0.08 K. The almost uniformly positive sign everywhere may indicate that there is a signal in the
data. The strong positive values in the Arctic may be due to polar amplification, but may also be
due to a northward shift in black carbon emissions and increased deposition on ice. We find also a
slight increase in global precipitation likely caused by the higher temperatures. While there seems
to be a tendency toward higher precipitation over continents compared to ocean regions, the period
is probably too short to find a signal from natural variability.
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Difference in 2 meter temperature (0.08 K)
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Figure 4: Difference in temperature (upper panel) and precipitation (lower panel) between model
run with re-distributed aerosol emissions and standard emissions for the model decade 2040-2049,
scenario RCP8.5.

3 Conclusions

Two calculations have been performed addressing the distribution of population. According to the
study focussing on local to regional scales, the impact of making the population distribution more
even is noticeable within the megacity regions. As for CO, the ozone concentration is lower in the
core of the megacity emissions and higher at the outskirts of the megacities. The gain and loss of
ozone between the two population distributions are up to 3-4 ppb. Thus, in relative terms the impact
of redistributing population is more important for CO than for ozone. As described by (Hodnebrog
et al, 2011) a more even distribution of population may lead to a stronger export of ozone from
megacities to the regional scales during summer as ozone production due to NOx becomes more
efficient.

The second study which deals with climate impact investigates another process, namely the in-
teraction of aerosols and climate. A more even distribution of emissions here tends to move emis-
sions of aerosols into more arid areas where they have a longer lifetime and thus can lead to cool-
ing. Vice versa, megacities, i.e. an uneven distribution of emissions would have a warming effect. It
has to be noted, however, that this is only one of many processes of importance. It is thus planned to
repeat a similar study with a fully coupled climate-chemistry model.
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