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Abstract

Skin cancer mortality resulting from stratospheric ozone depletion has been widely studied. Similarly,
there is a deep body of literature on surface ozone and its health impacts, with modeling and
observational studies demonstrating that surface ozone concentrations can be increased when
stratospheric air mixes to the Earth’s surface. We offer the first quantitative estimate of the trade-off
between these two effects, comparing surface air quality benefits and UV-related harms from
stratospheric ozone depletion. Applying an idealized ozone loss term in the stratosphere of a
chemistry-transport model for modern-day conditions, we find that each Dobson unit of
stratospheric ozone depletion results in a net decrease in the global annual mortality rate of ~40
premature deaths per billion population (d/bn/DU). The impacts are spatially heterogeneous in sign
and magnitude, composed of a reduction in premature mortality rate due to ozone exposure of

~80 d/bn/DU concentrated in Southeast Asia, and an increase in skin cancer mortality rate of
~40d/bn/DU, mostly in Western Europe. This is the first study to quantify air quality benefits of
stratospheric ozone depletion, and the first to find that marginal decreases in stratospheric ozone
around modern-day values could result in a net reduction in global mortality due to competing health
impact pathways. This result, which is subject to significant methodological uncertainty, highlights
the need to understand the health and environmental trade-offs involved in policy decisions
regarding anthropogenic influences on ozone chemistry over the 21st century.

Introduction

The Montreal protocol averted a potentially catas-
trophic loss of stratospheric ozone by restricting
emissions of ozone-depleting substances (Slaper et al
1996, van Dijk et al 2013). With the gradual recovery
of the ozone layer now underway, it is impor-
tant to consider how the ozone layer will further
evolve in response to changing anthropogenic drivers,
including the falling stratospheric chlorofluorocarbon
burden, climate change, aircraft emissions, and poten-
tially solar geoengineering (Pitari et al 2015, Tilmes
et al 2012, Keith et al 2016). Some combinations of
anthropogenic forcing may even drive stratospheric
ozone concentrations beyond pre-industrial levels, a
so-called ‘super-recovery’ (Li et al 2009). Previous risk

assessments of changes in stratospheric ozone have
focused on UV flux, but stratospheric ozone is also
transported to the surface (Lin eral2012,2015, Hsuand
Prather 2009), increasing surface ozone concentrations
and posing health risks. This implies that a decrease in
stratospheric ozone concentrations may reduce respi-
ratory disease mortality, providing a benefit which can
be compared against the cost of increasing mortality
from skin cancer.

The health and environmental tradeoffs associated
with changes in stratospheric ozone must be assessed
if informed policy choices are to be made regard-
ing these drivers. We use the GEOS-Chem unified
stratospheric-tropospheric global chemical transport
model to quantify the sensitivity of surface ozone and
incident UV-B radiation to changes in stratospheric
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ozone. We then estimate the associated change in mor-
tality rates using epidemiological exposure response
functions, applied to spatially-resolved estimates of
current mortality rates (Slaper et al 1996, Jerrett
et al 2009). We quantify premature mortality impacts
resulting from changes in exposure to surface-level
ozone (i.e. respiratory disease) and UV radiation (skin
cancer) following a marginal decrease in stratospheric
ozone. Other effects, such as changes in non-fatal
skin cancer incidence rates, crop damage, and loss
of vegetation, are not considered. Previous work has
quantified impacts of increased exposure to UV radi-
ation due to ozone depletion (Slaper et al 1996, van
Dijk et al 2013), but to date there has been no quan-
titative estimate of benefits associated with reduced
exposure to surface-level ozone. This is the first study
to directly compare UV-related damages to air qual-
ity benefits, both of which must be considered for a
balanced understanding of the consequences.

Materials and methods

We use v11-01 of the GEOS-Chem global chemistry-
transport model to estimate the effect of marginal
stratospheric ozone depletion on atmospheric compo-
sition and intensity of UV-B radiation at the surface. All
simulations are conducted at a horizontal resolution of
4° % 5°, with a dynamic time step of 30 minutes and
chemical time step of 60 minutes. GEOS-Chem uses a
tully interactive troposphere and stratosphere, applying
a unified chemistry mechanism from the surface to the
stratopause (Eastham et al 2014). UV intensity is cal-
culated from the output of the 18-bin high-frequency
radiative transfer model embedded in the Fast-JX 7.0a
photolysis code used by GEOS-Chem.

Meteorological data is read from the MERRA-2
long-term reanalysis dataset, and all simulations are
performed at MERRA-2’s native, 72-layer vertical res-
olution, using identical emissions data. We use the
EDGAR v4.2 inventory for global anthropogenic emis-
sions (JRC and PBL 2014), although biomass burning
emissions are calculated based on GFED-4 (Giglio
et al 2013) and regional inventories are used in place
of EDGAR where available. These include the 2005
EMEDP inventory for Europe, the 2011 National Emis-
sions Inventory for the US, the 2005 Criteria Air
Contaminants inventory for Canada and the 2010
MIX inventory for Asia. Aircraft emissions are calcu-
lated using the MIT Aircraft Emissions Inventory Code
(AEIC) for 2005 (Simone et al 2013). Lightning NO,
emissions are calculated based on Murray et al (2012).

The model is initially spun up without any addi-
tional ozone loss terms for four simulation years, using
data for January 2011-December 2014. Three inde-
pendent simulations are then initialized using the final
model state. The first is the baseline simulation, BASE,
inwhich no additional ozoneloss termsare applied. The
second simulation, ALL, includes a uniform, artificial
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ozone loss term applied between the tropopause and
a pressure-altitude of 10 hPa (~30km). The final sim-
ulation, LOWER, reduces the upper boundary of this
range to 150 hPa (~14 km). If the tropopause exceeds
this altitude in a given location, then this loss term is
not applied. Each of these three simulations is spun up
for a further four years using the same 2011-2014 mete-
orological data, the result of which is used to initialize
a third and final four-year simulation period using the
same four years of meteorological data. The final year
of this period is used to calculate changes in exposure
relative to BASE.

The ozone loss term in the ALL and LOWER
simulations is applied using GEOS-Chem’s Kinetic
Pre-Processor (KPP) chemistry solver as a first-order
chemical loss term of the form

where the rate constant k is given a value of 107 s™!.

This value is chosen to be large enough to ensure a vis-
ible signal in the output while also being small enough
to prevent large-scale ozone loss. The net change in the
average global ozone column is 1.7 DU (ALL-BASE)
and 0.04 DU (LOWER-BASE). To address concerns
regarding response linearity, we conduct an additional
follow-up simulation using a 40 times great depletion
rate for the LOWER scenario. This yields a change of
1.5 DU, but the total change in mortality per DU is
within 1.0% of the normalized value from the LOWER
scenario.

Premature mortality impacts are calculated using
the method outlined in Eastham and Barrett (2016).
Surface ozone mixing ratios and incident UV radiation
intensity are compared to a reference simulation of the
year 2015. This is the most recent year for which com-
prehensive age-, country- and cause-specific mortality
data are available from the World Health Organization
(WHO 2016). Population distribution data is taken
from the 2012 LandScan estimate on a 0.083° X 0.083°
grid, and scaled to 2015 using data from the UN Pop-
ulation Prospects division (UN 2013). Surface and UV
intensity and ozone mixing ratio data from each sim-
ulation are regridded, without interpolation, onto the
finer 0.083° x 0.083° grid.

Ozone-related mortality rates in each cell are cal-
culated using a log-linear exposure response function

of the form
(s¥F)
AI=1Ig(RR,™F 1

where Ip is the baseline incidence rate of the given
disease in mortalities per capita per year. RRy is the
reference, unitless relative risk taken from the original
epidemiological study, equivalent to the relative change
in mortality rate associated with the AXy change in
ozone mixing ratio observed in said study. AX is the
change in ozone mixing ratio between the target and




I0P Publishing

Environ. Res. Lett. 13 (2018) 034035

W Letters

A

0.3 04 0.5 0.6 0.7
Increase in UV, % per DU

-002 0

Figure 1. Increase in surface UV radiation (left) and decrease in surface ozone (right), divided by the global average reduction in
stratospheric ozone in Dobson Units (DU). UV is shown in terms of the fractional change in the absolute annual average, whereas
ozone changes are shown as an absolute change in the ozone-season one-hour maximum value, to reflect the different characteristics of
the exposure response functions. In both cases, dark blue colors correspond to less harmful (more beneficial) outcomes of stratospheric
ozone loss, while light yellow colors correspond to more harmful (less beneficial) outcomes.
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reference simulation, and AI is the resulting change
in incidence. Values of RRy and AXy for this work
are taken from Jerrett et al (2009), in which a 10
ppbv increase in exposure results in a ~4% (95% CI:
1%—6.7%) excess risk of respiratory disease mortality.
For consistency with the study, we use the one-hour
maximum ozone mixing ratio averaged over the local
six-month ozone season to calculate the change in
exposure, and the change in incidence rate is applied to
the local population of age 30 or greater only. Ozone is
assumed to affect mortality due to chronic obstructive
pulmonary disease and asthma.

UV-related mortality rates are calculated using a
power-law exposure response function described by
Slaper et al (1996), of the form

AT = I3(E/Ey5)¢

where Eis the intensity of UV-radiation under the given
scenario, E,(5 is the intensity under the 2015 refer-
ence scenario, and Cis a disease-specific power factor.
Simulated UV radiation intensity is weighted accord-
ing to the SCUP-h action spectrum (de Gruijl ef al
1994). We use a value of 0.6 (95% CI: 0.2-1.0) for
C. We consider only cutaneous melanoma mortality,
and do not correct for possible underreporting.

Each mortality calculation is performed three times
using the lower 95% bound, central estimate, and upper
95% bound of the estimated exposure response func-
tion slope. Total mortality is estimated by assuming that
each follows a triangular distribution with the same
95% intervals and taking the central estimate as the
modal value. A Monte-Carlo simulation is then per-
formed using 108 independent samples to estimate the
median value and the 2.5th and 97.5th percentiles.

Results and discussion

We simulate stratospheric ozone depletion by applying
auniform loss factor of 1072 s~! from the tropopause to
a pressure-altitude of 10 hPa (~30 km). Because of the

net export of ozone from the tropics, a uniform ozone
depletion rate results in greater accumulated column
loss at high latitudes than at low latitudes, and therefore
in a greater fractional increase in surface UV inten-
sity. Figure 1(a) shows the percent increase in surface
UV radiation per unit decrease in global mean column
ozone. Per Dobson unit (DU) of global average column
ozone loss, surface UV intensity over populated areas
increases by between 0.25% at the equator and 0.65%
at high latitudes. For context, the ozone super-recovery
has been projected to result in increased global average
column ozone of ~10 DU, while the most recent report
from the World Meteorological Organization shows a
20 DU decrease in the total 0zone column (60° S—60°N)
between 1960 and 2000, due largely to ozone depleting
substances (Li et al 2009, WMO 2014).

The decrease in stratospheric ozone abundance
also drives a reduction in surface ozone concentra-
tions. The magnitude of this effect varies with location,
as shown in figure 1(b), and is made up of two fac-
tors. Reduced stratospheric ozone abundance means
that stratospheric air which crosses the tropopause
and descends towards the surface contains a propor-
tionally reduced concentration of ozone (Hsu and
Prather 2009). Increased UV intensity also results in
faster rates of both production and destruction of tro-
pospheric ozone, and therefore a decrease in ozone
lifetime (Zhang et al 2014). The combined result is
that stratospheric ozone loss results in surface ozone
concentrations being reduced in almost all locations,
falling by between 0 and 0.15 ppbv per DU. These sur-
face ozone reductions are maximized in regions which
frequently observe stratospheric intrusions, such as the
Western coast of the USA and the Tibetan Plateau (Lin
etal2012,2015). The only observed increase in surface
ozone is on the Eastern coast of China. This reversal
in the sign of the sensitivity may be due to the highly
polluted conditions in this region, as increased UV
fluxes in regions of very high NO, can result in addi-
tional ozone production through NO, cycling (Liu and
Trainer 1988).
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Figure 2. Global sensitivity of annual premature mortality rate to stratospheric ozone loss, including both skin cancer and respiratory
disease. Figure 2(a) shows premature mortality rates per billion people per DU reduction in global average ozone column (d/bn/DU),
and 2B shows premature mortalities per unit area per DU (d/km?/DU). Positive values correspond to increases in overall premature

mortality risk in response to stratospheric ozone depletion.

Figure 2 shows the estimated change in prema-
ture mortality associated with stratospheric ozone
depletion, per unit global average reduction in ozone
column. The number of premature mortalities is
divided by the local population (2A) and by area
(2B). We find that stratospheric ozone destruction
results in 41 fewer premature mortalities per year
per billion people per Dobson unit (d/bn/DU) (95%
confidence interval of —25 to 100 fewer d/bn/DU).
This total is made up of 83 fewer d/bn/DU due to
respiratory disease (95% CI: 21-140), and 39 addi-
tional d/bn/DU per year due to skin cancer (95% CI:
13-66). These estimates only include uncertainty in the
exposure response functions, and not in atmospheric
modeling.

The calculated increases in skin cancer mortality
rates are greatest at high latitudes due to the greater
increase in UV exposure and the higher baseline rates
of melanoma mortality. The greatest change in skin
cancer mortality rate occurs in New Zealand, with an
additional 340 d/DU/bn (110-580). However, figure
2(b) demonstrates that the largest absolute increases
in total premature mortalities occur in the Northern
mid-latitudes due to higher population densities and
greater susceptibility to skin cancer. 53% of the total
increase occurs in seven countries. China, the USA
and Russia experience 15%, 14% and 8% respectively,
while Germany, the UK, France and Italy combined
contribute a further 15%.

By contrast, the reduction in mortality resulting
from reduced exposure to ozone of stratospheric ori-
gin is maximized in South Asia. The impact of the
physical changes shown in figure 1 is again moderated
by variations in population density and baseline mor-
tality rates. For example, the data used in this study
reports a 2015 mortality rate due to respiratory diseases
of 170 deaths per 100 000 people of age 30+ in India,
compared to 91 deaths per 100 000 in the same age
group for the USA. These factors combine to produce
apeak in the absolute change in mortality around India
(figure 2(b)), such that prevented mortalities in India

and China contribute 38% and 13% of the total benefit,
respectively.

Considering only mortality impacts from skin can-
cerand respiratory disease, and subject to uncertainty in
models of exposure response and atmospheric chem-
istry, small reductions in stratospheric ozone around
current levels result in a marginal net decrease in
global premature mortality. The net global decrease
of41 d/bn/DU is made up of competing changes which
are up to ten times greater in magnitude, with health
benefits in Asia exceeding disbenefits in Europe and
Australasia.

Relevant to the lower stratospheric loss mecha-
nisms in which halogens and sulfate aerosols play
a dominant role (Tilmes et al 2012), we conduct
an additional experiment in which the ozone loss
term is restricted to the lowermost stratosphere. This
biases depletion towards lower altitudes, increasing
the relative impact on surface ozone mixing ratios
and redistributing stratospheric ozone loss towards the
poles and away from population centers (figure 3).
This alternate loss term results in a global reduction
in mortality rate of 260 d/bn/DU (95% CI: 33-480),
compared to 41 d/bn/DU (-39 to 83) when deple-
tion continues up to 10 hPa. This implies that the net
change in mortality will depend on the specific pattern
of ozone depletion, which will vary between different
anthropogenic drivers. Midlatitude ozone depletion
from CFCs, which is greatest in the upper stratosphere,
will provide less benefit in terms of respiratory mor-
tality for each DU lost than depletion occurring in the
lower stratosphere, while providing a similar increase
in skin cancer mortality.

These mortality sensitivity calculations are subject
to significant uncertainty. Uncertainty in the expo-
sure response function is partially quantified in the
reported 95% confidence intervals, but there remain
other, potentially large sources of uncertainty which
are not quantified. The given intervals do not account
for uncertainty in the shape or functional form of
the exposure response. Although recent work has
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data is divided by the global mean change in ozone column depth, such that the local column ozone lost per unit of global column

2015, the year for which the WHO mortality data was collected. All

suggested that the impacts of short-term exposure to
ozoneare unlikely to have alower concentration thresh-
old (Di et al 2017), the validity of this assumption
is not yet known for long-term exposure. The same
arguments are true for exposure to UV radiation. We
also do not account for possible under-reporting of
melanoma mortality in less-developed regions, which
will result in an underestimate of mortality changes due
to increased UV radiation (van Dijk et al 2013). Non-
mortality impacts associated with both UV and ozone
exposure are not quantified. In the case of UV radia-
tion, these include both benefits and costs associated
with increased exposure, and the sign of the response is
uncertain. For ozone, reduced exposure is expected to
decrease hospital admission rates (European Commis-
sion 2005), and reduced tropospheric ozone mixing
ratios could suppress formation of harmful particu-
late matter (Eastham and Barrett 2016). Furthermore,
we do not account for impacts due to changes in acute
exposure. This would increase the impact of changes
in surface ozone, but the disproportionately greater
reduction in upper tropospheric ozone could also incur
benefits due to reductions in acute ozone exposure for
airline passengers.

Modeling uncertainties in atmospheric transport
and chemistry are also not quantified. All simulations
are performed using a grid resolution of 4° X 5°. Sim-
ulations at this resolution are able to capture large scale
or diffuse features such as the proportional change in
downwelling ozone and UV-B radiation. Fine grid reso-
lution is also not inherently necessary to capture spatial
information relevant to ozone-induced health impacts,
as mortality impacts of ozone have been found to be
well-represented in coarse-resolution data (Punger and
West 2013). However small scale dynamical features

such as tropopause folds are less well resolved, and
localized features such as urban pollution are artifi-
cially diluted. As such, changes in surface ozone due
to non-linear, UV-sensitive plume chemistry are likely
to be underestimated. An investigation using a high-
resolution global model is an area for future research.
Recalculation of mortality using data from other sim-
ulation years resulted in changes of up to 7% for
additional skin cancer mortality, and of up to 30% for
prevented respiratory disease mortalities. For all years
simulated, the ratio of prevented respiratory mortality
to induced skin cancer mortality was greater than or
equal to the 2015 value.

Conclusions

Marginal stratospheric ozone depletion is found to
provide reductions in respiratory disease mortalities
of similar or greater magnitude than the associated
increase in skin cancer mortality. Although the sign
of the net change is uncertain due to the competi-
tion between changes in UV exposure and air quality,
the central estimate is of a net benefit. The relative
magnitude and net sign of these tradeoffs vary as a
function of geographic location but also as a func-
tion of the spatial and temporal distribution of the
change in stratospheric ozone abundance. 21st century
stratospheric ozone changes will be driven by fac-
tors including: decreasing stratospheric CFC loading,
increasing NO, from aviation and N,O, and poten-
tially some form of solar geoengineering that might
decrease or increase ozone loss rates (Tilmes et al 2012,
Keith et al 2016, IPCC 2014). Changes in stratospheric
water vapor and temperature due to anthropogenic
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climate change may even drive an ozone super-
recovery, which this work suggests would result in a
net increase in global mortality. Each of these drivers
will result in a different seasonality and distribution
of changes in stratospheric ozone, in turn altering
the magnitude, sign and distribution of impacts on
human health, agriculture, and the environment. For a
given change in global column ozone, and considering
only premature mortalities, processes that reduce lower
stratospheric ozone will cause less harm and provide
greater benefits than those which produce the same
change in column ozone by reducing upper strato-
spheric ozone. Further research is needed to reduce
these uncertainties and better inform decisions about
management of anthropogenic emissions that impact
stratospheric ozone chemistry.
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