
Public Health, Climate, and Economic Impacts of Desulfurizing Jet
Fuel
Steven R. H. Barrett,*,† Steve H. L. Yim,† Christopher K. Gilmore,† Lee T. Murray,‡ Stephen R. Kuhn,†

Amos P. K. Tai,‡ Robert M. Yantosca,‡ Daewon W. Byun,§ Fong Ngan,§ Xiangshang Li,∥

Jonathan I. Levy,⊥ Akshay Ashok,† Jamin Koo,† Hsin Min Wong,† Olivier Dessens,#

Sathya Balasubramanian,∇ Gregg G. Fleming,∇ Matthew N. Pearlson,† Christoph Wollersheim,†

Robert Malina,†,○ Saravanan Arunachalam,◆ Francis S. Binkowski,◆ Eric M. Leibensperger,¶

Daniel J. Jacob,‡ James I. Hileman,† and Ian A. Waitz†

†Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, Massachusetts, United States
‡School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts, United States
§Air Resources Laboratory, National Oceanic and Atmospheric Administration, Silver Spring, Maryland, United States
∥Department of Earth and Atmospheric Sciences, University of Houston, Houston, Texas, United States
⊥Department of Environmental Health, Boston University School of Public Health, Boston, Massachusetts, United States
#Centre for Atmospheric Sciences, University of Cambridge, Cambridge, U.K.
∇Volpe National Transportation Systems Center, Cambridge, Massachusetts, United States
○Institute of Transport Economics, University of Muenster, Muenster, Germany
◆Institute for the Environment, University of North Carolina at Chapel Hill, North Carolina, United States
¶Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, Massachusetts,
United States

*S Supporting Information

ABSTRACT: In jurisdictions including the US and the EU ground
transportation and marine fuels have recently been required to contain
lower concentrations of sulfur, which has resulted in reduced
atmospheric SOx emissions. In contrast, the maximum sulfur content
of aviation fuel has remained unchanged at 3000 ppm (although sulfur
levels average 600 ppm in practice). We assess the costs and benefits of a
potential ultra-low sulfur (15 ppm) jet fuel standard (“ULSJ”). We
estimate that global implementation of ULSJ will cost US$1−4bn per
year and prevent 900−4000 air quality-related premature mortalities per
year. Radiative forcing associated with reduction in atmospheric sulfate,
nitrate, and ammonium loading is estimated at +3.4 mW/m2 (equivalent
to about 1/10th of the warming due to CO2 emissions from aviation)
and ULSJ increases life cycle CO2 emissions by approximately 2%. The
public health benefits are dominated by the reduction in cruise SOx emissions, so a key uncertainty is the atmospheric modeling
of vertical transport of pollution from cruise altitudes to the ground. Comparisons of modeled and measured vertical profiles of
CO, PAN, O3, and

7Be indicate that this uncertainty is low relative to uncertainties regarding the value of statistical life and the
toxicity of fine particulate matter.

1. INTRODUCTION
1.1. Context. Aircraft emissions impact the environment by

perturbing the climate1 and reducing air quality,2 which leads to
adverse health impacts including increased risk of premature
mortality.2−4 Aircraft landing and takeoff (LTO) emissions −
i.e. emissions below 3000 ft above ground level − have been
estimated to cause ∼200 air quality-related premature mortal-
ities per year in the US.4,5 While only LTO emissions have
been regulated, Barrett et al.2 estimated that full-flight aircraft

emissions result in ∼10,000 premature mortalities per year

globally, with the majority of impacts due to non-LTO

emissions. With aviation demand forecast to grow at an

average of 5% per year through 2030,6 aircraft emissions and
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associated impacts may more than double within 20 years3 with
an even greater increase in public health impacts given
population growth and changing non-aviation emissions
influencing secondary particulate matter formation.7

As aircraft have a service life of approximately 25 years,
technological improvements alone are unlikely to result in
emissions reductions in the near-term. However, the US
Federal Aviation Administration has an aspirational goal of
halving aviation’s significant health impacts by 2018 relative to a
2005 baseline.8 If such a goal is to be approached, operational
and fuel-related options also need to be considered. In this
paper we assess the implications of a potential ultra-low sulfur
jet fuel standard. We denote the policy option as “ULSJ” for
brevity.
In 2006, UK Jet A-1, US Jet A, and US Department of

Defense JP-8 fuel had an average fuel sulfur content (FSC)
between 550 to 750 ppm (by mass),9 well below the
specification limit of 3000 ppm.10,11 In 2006 the US introduced
an ultra-low sulfur standard for highway diesel of 15 ppm.12

Jurisdictions including Australia, Canada, New Zealand,
Mexico, Japan, India, Argentina, Brazil, Chile, Peru, and the
European Union all have instituted fuel sulfur standards of 50
ppm or less, effective by 2016 for road transportation. We
adopt a baseline FSC for civil aviation of 600 ppm and assess
the implications of a ULSJ policy case of 15 ppm.
1.2. Overview. We approach assessing the implications of

ULSJ by determining the change in emissions and costs
associated with desulfurization, where costs are estimated using
two approaches. Changes in emissions are propagated to three
atmospheric chemistry-transport models (CTMs) to estimate
the effect of ULSJ on atmospheric composition, where the
policy “delta” is identified as the difference in atmospheric
composition between simulations with all emissions at their
nominal values and simulations where aviation SOx emissions
have been reduced by 585/600 = 97.5%. The reduction in
atmospheric sulfate loading due to lower aviation SOx
emissions is mapped to a radiative forcing (RF) and the
change in lifecycle CO2 emissions is estimated. Changes in fine
particulate matter (PM2.5) concentrations at the surface are
overlaid on population density data to determine changes in
human exposure to PM2.5 by country. [This is on the basis that
the majority of air quality-related health impacts are captured
by considering PM2.5.

4] Epidemiological concentration−
response functions (CRFs) relate changes in PM2.5 exposure
to expected changes in premature mortality, with consideration
of variability across countries. Country-specific values of
statistical life (VSL) are estimated to monetize air quality
benefits of ULSJ. Short- and long-term climate impacts are
monetized using a simplified impulse-response climate model
and damage functions. Monetized costs, benefits, and
disbenefits are aggregated into an overall benefit-cost analysis.
Where possible, uncertainties in parameters are estimated

and propagated throughout the analysis, for which a Monte
Carlo approach is used. An important atmospheric modeling
uncertainty considered in detail is that of vertical transport of
pollution from cruise altitudes to the surface, which we assess
by comparing model simulations to measurements of relevant
tracers.

2. METHODS AND ASSUMPTIONS
2.1. Fuel Properties. We define baseline jet fuel as having a

FSC of 600 ppm and to be 86.2 wt % C.9 ULSJ fuel with a FSC
of 15 ppm is assumed to be obtained from baseline jet fuel by

hydrodesulfurization (HDS), requiring H2 created from
refinery operations and steam reformation of natural gas.
With assumptions detailed in section 5 of the Supporting
Information (SI), we estimate the change in operating energy
inputs to produce ULSJ instead of conventional petroleum. The
largest share of this is an increase of refinery and natural gas
consumption of 0.018 scm/L (standard cubic meters of gas per
liter of jet fuel). Accounting for both CO2 produced from HDS
− which is assumed to be vented to the atmosphere − and
overall process energy efficiency, we estimate a 2% increase in
lifecycle CO2 emissions for jet fuel associated with desulfuriza-
tion, with bounds of 0−4%.
ULSJ fuel has 1% lower energy density and 0.3% higher

specific energy relative to baseline fuel9 and may need a
corrosion inhibitor/lubricity improver (CI/LI) additive. ULSJ
fuel could also have reduced aromatic composition, relative to
conventional jet fuel, and this could result in reduced black
carbon emissions. Implications of these factors for emissions
are neglected since they are not expected to significantly impact
the overall benefit-cost analysis results.

2.2. Emissions. Baseline civil aviation emissions of NOx,
SOx, hydrocarbons (HC), black carbon (BC), and organic
carbon (OC) are calculated using the FAA’s aviation environ-
mental design tool (AEDT)13 for 2006. We estimate total fuel
burn for 2006 at 188 Tg. This corresponds to 0.11 Tg of fuel-S,
of which 98% is assumed to be emitted as SO2 and the
remaining 2% as S(VI).14 Other assumptions are detailed in
section 2.1 of the SI and are similar to Barrett et al.2

Hourly emissions are gridded from raw AEDT output for
each CTM applied. For the ULSJ policy case, aircraft SOx
emissions are reduced by 97.5%. In addition to the baseline and
ULSJ cases, corresponding cases are also assessed where only
LTO emissions are included, to understand the relative
contribution of LTO versus cruise emissions. Lifecycle CO2
emissions are included in climate modeling. Background
emissions in GEOS-Chem are described in Donkelaar et al.15

2.3. Chemistry-Transport Modeling. Three CTMs are
used − GEOS-Chem,16 CMAQ,17 and p-TOMCAT.18 GEOS-
Chem is driven by GEOS-5 meteorological data from the
NASA Global Modeling and Analysis Office (GMAO) with
0.5° × 0.667° horizontal resolution. We apply it at a horizontal
resolution of 4° × 5° globally but with native 0.5° × 0.667°
resolution in a nested domain encompassing the contiguous
US. Time-varying boundary conditions for the nested domain
are taken from the global 4° × 5° simulation. CMAQ is applied
at a 36 km resolution for the contiguous US with time-varying
boundary conditions from GEOS-Chem. A ± 60% uncertainty
in population-weighted PM2.5 is applied.

2

MM5 is used to generate meteorology for CMAQ with
GEOS-5 data as boundary and initial conditions. As such
meteorology for CMAQ is consistent with GEOS-Chem. p-
TOMCAT is used in an ancillary way (see section 2.2 of SI).
All simulations were for 15 months, using October 2005 to
December 2006 (inclusive) meteorology. The first three
months are discarded as spin-up time so that steady state
impacts are considered.

2.4. Climate Impacts. Warming related to (i) increased
lifecycle CO2 emissions from HDS and (ii) decreased SOx
emissions resulting in decreased direct aerosol cooling are
considered. GEOS-Chem online calculations of aerosol optical
depth for sulfates, nitrates, and ammonium (collectively called
“sulfates”) are related to radiative forcing (RF) (see section 3.1
of SI). This short-lived sulfate RF is incorporated into the
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aviation environmental portfolio management tool (APMT)-
Impacts Climate Module,18 which is used to assess the
difference in climate impacts of a one year pulse of emissions
under the baseline and ULSJ scenarios. The forcing associated
with sulfate is assumed to decay instantaneously after the one
year pulse of emissions ends,19 while the carbon cycle
implemented in APMT means that the CO2 RF survives
hundreds of years after the policy year being assessed. APMT
monetizes climate impacts as described in Mahashabde et al.19

2.5. Health Impacts. The metric chosen for health impacts
is premature mortalities due to long-term exposure to PM2.5 as
this is likely to capture >95% of the monetized health impacts
of air pollution.5 As done elsewhere,20 we derive a CRF of an
approximate 1% decrease in all-cause mortality in the US per 1
μg/m3 decrease in annual average concentrations of PM2.5,
based on a Weibull distribution fit to the two major cohort
studies in the US.21,22 This value is comparable to the average
value across the median estimates from experts in a recent EPA
expert elicitation study.23,24 We use lower and upper bound
values of 0.4% and 1.8%, respectively, reflecting the uncertainty
bounds from the Weibull distribution and comparable to the
corresponding percentiles in the expert elicitation study.
Results are similar to an EU expert elicitation study.25

Two issues arise in applying this CRF outside of the US.
First, disease patterns may differ significantly from the US. To
adjust for differences in contributors to baseline mortality, we
assume that air quality-related premature mortalities are
dominated by cardiopulmonary disease and lung cancer. We
derive disease-specific CRFs in a manner that correspond to the
aforementioned all-cause mortality CRF and apply these to
other countries with different baseline disease rates. The
method is detailed in section 4.2 of the SI.
Second, the slope of the CRF may not be linear through the

range of concentrations observed globally. Prior work by the
WHO in the context of global burden of disease modeling26

used a log−linear rather than linear CRF to yield lower slope at
higher concentrations, providing more realistic burden of
disease estimates in developing countries. As the EPA CRF
described above reflects more recent interpretations of health
evidence in the US, we use it for our study but test the
sensitivity of our findings to the use of the WHO methodology.
2.6. Benefit-Cost Analysis. HDS of jet fuel is considered

as a cost and monetized climate disbenefits due to reduction of
sulfate (direct) cooling and increased lifecycle CO2 are

accounted for. Benefits due to reduction in premature mortality
globally are monetized.
Valuation of avoided premature mortalities in the US is based

on a Weibull distribution fit to 26 wage-risk and contingent
valuation studies, as done elsewhere.20 The resulting VSL
distribution (in 2006US$, based on 1990 income levels) had a
mean of $7.4 m with lower and upper bounds of $1 m and $12
m, respectively. To develop appropriate VSL estimates for
other countries, we used the gross national income for each
country and an income elasticity range of 1−2, except where
the resulting VSL would be less than the net present value of
half lifetime earnings.27 The EPA mortality lag structure is used
in this analysis.20 It assumes that 30% of avoided mortalities are
seen in the year of implementation, 50% in years 2−5, and the
remaining 20% spread out over years 6−20.
A range for the cost of HDS is estimated using two methods.

First, historical US highway diesel prices are analyzed to
determine the spread between ultra-low sulfur (<15 ppm) and
low sulfur (15−500 ppm) fuel and low sulfur and high sulfur
(>500 ppm) fuel. Second, the cost of natural gas and capital
investment required for HDS is estimated.
Monetized climate disbenefits are calculated by APMT for a

one-year pulse of emissions with discount rates of 2%, 3%, and
7%. Discount rate choice affects the valuation of lifecycle CO2
disbenefits and health benefits of ULSJ. Discount rate is treated
as a policy choice − not an uncertainty − because it is a
quantitative expression of the extent to which costs and benefits
in the future are valued relative to costs and benefits now.
Costs, benefits, and disbenefits are aggregated using a Monte

Carlo analysis with input variables assigned triangular
distributions corresponding to the lower, nominal, and upper
values described. Results are given as an expectation with a 95%
confidence interval (CI). Sensitivities to individual parameters
are calculated with all other values held at their nominal value,
and main and total effect indices are calculated.

2.7. Vertical Transport. As CTMs have rarely been used to
assess the impact of cruise altitude emissions on surface air
quality, we apply two approaches to evaluate the performance
of GEOS-Chem (the model used for nominal results) with
regard to vertical transport from the upper troposphere/lower
stratosphere (UT/LS) to the surface. First, we compare vertical
profiles of CO, O3, and peroxyacetyl nitrate (PAN) from NASA
aircraft missions to GEOS-Chem simulation results for 2006.
The observations are averaged over chemically and geo-

Figure 1. The annual average surface sulfate concentration change due to ULSJ as calculated by GEOS-Chem at 4° × 5°, with nested 0.5° × 0.667°
results superimposed over the contiguous US.
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graphically coherent regions described by Wang et al.28 and Bey
et al.,16 with updates from a more recent campaign TRACE-
P.29 Although all of these aircraft missions took place before
2006, the interannual variability of regionally averaged
concentrations is sufficiently small that these observations are
still useful to test model vertical transport.16

Second, we simulate beryllium-7 (7Be) production and
scavenging using GEOS-Chem. 7Be is produced by cosmic ray
spallation of N2 and O2 in the UT/LS,30 is immediately taken
up by aerosol particles, and is subsequently transported until
loss by radioactive decay (half-life 53.3 d) or deposition to the
surface. Its source distribution is relatively well-known, and
there are extensive climatological observations from a global
network of surface sites and from aircraft originally designed by
the US Department of Energy (DOE) to monitor radioactive
fallout. 7Be has been used in numerous global model studies to
test the simulation of vertical transport.31−35 Here we
conducted a 6-year GEOS-Chem simulation of 7Be using
2004−2009 GEOS-5 meteorological data and the 7Be source
parametrization from Usoskin and Kovaltsov.36 The 7Be source
depends on solar activity in a predictable manner, and we
correspondingly scale the 7Be observations following Koch et
al.32

3. RESULTS

3.1. Surface PM2.5 Impacts. Figure 1 shows results from
GEOS-Chem for the change in aviation-attributable annual
average surface sulfate concentration for 2006. High resolution
nested GEOS-Chem results are superimposed on the US,
where it can be seen that boundaries match most closely in
upwind directions. Localized (negative) peaks in the US
correspond to locations of airports, the impacts of which are
resolved by the high resolution nested domain. Elsewhere the
widespread impacts are dominated by cruise emissions, which
occur primarily over North America and Europe, but impact the
surface by subsidence. The largest effects are in the strongly
subsiding arid regions of the subtropics. Impacts do not
penetrate the intertropical convergence zone (ITCZ).
Overall ULSJ decreases the surface average sulfate concen-

tration by 9.6 × 10−4 μg/m3 and ammonium by 2.54 × 10−4

μg/m3. It increases nitrate by 2.7 × 10−5 μg/m3 due to the
greater availability of ammonia to form ammonium nitrate
when sulfate decreases.
Figure 1 shows that reductions in ground-level aviation-

attributable sulfate concentrations due to ULSJ are greater in
North Africa and the Middle East than Europe. This is because

the average circulation means that emissions (and therefore
emissions reductions) at cruise altitudes over both Europe and
North America impact surface air quality relatively strongly in
North Africa and the Middle East.2 Specifically, emissions at
cruise altitude occur in westerly winds of >10 m/s on average,
while air subsides along the subtropical ridge (∼35°N), and
particularly strongly in North Africa and the Middle East as
shown in the SI (section 2.3.2).

3.2. Health Impacts. Using the EPA-derived CRF and
global GEOS-Chem results, ULSJ causes a reduction of ∼2300
premature mortalities per year (95% CI: 890−4200), of which
∼120 are in the US (95% CI: 46−210) when changes in total
ground-level PM2.5 concentrations are considered. Ostro26

estimated that ∼800,000 premature mortalities per year are
attributable to fine particulate matter air pollution. ULSJ
represents 0.3% of this figure, although the methods used in
our estimate differ significantly from the Ostro estimate.
Using results from nested GEOS-Chem in the contiguous US

increases the mortalities avoided by ULSJ by ∼20 or 17%.
Contiguous US CMAQ calculations indicate 85% more avoided
premature mortalities in the US than nested GEOS-Chem, or
92% greater than global GEOS-Chem, where CMAQ predicts a
total of ∼230 avoided mortalities. Applying the older WHO
CRF as a sensitivity, ULSJ results in ∼1500 avoided premature
mortalities globally per year, of which ∼140 are in the US. The
global mortality estimate is reduced given the lower CRF
applied in countries with higher ambient PM2.5 concentrations,
such as China and India.
Avoided premature mortalities for selected other countries

using the EPA-derived CRF are as follows: India, ∼870; China,
∼220; Pakistan, ∼95; Germany, ∼83; Russia, ∼73; Egypt, 39;
UK, ∼25; France, ∼21; and Saudi Arabia, ∼11. Countries
where aviation-attributable baseline PM2.5 is dominated by
nitrates benefit from ULSJ relatively less than sulfate-rich
countries. For example, baseline aviation-attributable PM2.5
exposure in China is 73% nitrate (excluding ammonium
mass), and ULSJ results in a 1% reduction in aviation-
attributable PM2.5 exposure. On the other hand, baseline
exposure in Saudi Arabia is 80% sulfate and ULSJ results in a
47% reduction. Globally, aviation-attributable PM2.5 exposure is
reduced by 6% by ULSJ. We also note that population density
plays an important role. For example, the peak sulfate
concentration reduction under ULSJ occurs in Saudi Arabia
− which has a population density of 12/km2 − where ∼11
premature mortalities per year are avoided. This can be
compared to Pakistan − which has a population density of 214/

Figure 2. Change in sulfate direct climate forcing due to 97.5% removal of aviation fuel-S (i.e., a warming due to a decrease in cooling).
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km2 − where ∼95 premature mortalities per year are avoided
even though the sulfate concentration reduction is lower than
Saudi Arabia.
3.3. Climate Impacts. Figure 2 shows the (warming)

radiative forcing due to the reduction in aircraft SOx emissions
and resultant reduction in sulfate direct climate forcing. The
average ULSJ-attributable warming due to this mechanism is
+3.3 mW/m2 (95% CI: 1.4−6.0) globally or +6.1 mW/m2

(95% CI: 2.6−11.2) for the northern hemisphere.
Applying a one-year pulse of emissions in the APMT-Impacts

Climate Module, the time-integrated forcing out to +800 years
of ULSJ is +3.1 mW/m2·yrs due to lifecycle CO2 changes and
+3.3 mW/m2·yrs due to SO4 reduction. The equivalent central
estimates for temperature response are +2.3 mK.yrs and +2.5
mK·yrs. This indicates that discounting future climate impacts
will increasingly weight the importance of the sulfate direct
climate-forcing component of the climate disbenefit of ULSJ.
We note that calculations by Unger37 using ModelE indicate

that reducing aircraft SOx emissions may result in net cooling
due to increased nitrate loading resulting from increased free
ammonia, which is inconsistent with our findings. Unger did
not include the increased CO2 emissions associated with ULSJ
and performed 10-year climate simulations (with a 2 year spin-
up), and so results are not directly comparable to the present
study. Unger finds that under the baseline (600 ppm fuel sulfur
content) scenario, aviation results in a nitrate warming of
approximately +6 mW/m2, i.e. that aviation emissions result in
nitrate aerosol reduction on net. Under ULSJ, this switches to a
nitrate aerosol increase due to aviation and a nitrate RF of −1
mW/m2. The reason for this change in sign is not described,
but Unger notes that future work will concentrate on the
tropospheric distribution of NH3. Our calculations, on the
other hand, do not indicate that the nitrate “bounce-back” RF
exceeds the reduction in sulfate RF or a change in sign of the
nitrate RF. Specifically, we estimate that reducing aircraft SOx
emissions (i.e., ULSJ) results in a total sulfate-ammonium-
nitrate RF of +3.4 mW/m2, whereas sulfate alone contributes
+5.3 mW/m2. This can be compared to the central estimate for
aviation’s sulfate RF by Lee et al.1 of −4.8 mW/m2 (where here
only the magnitude is important), implying that our sulfate
results are consistent with other studies. Our calculations
therefore indicate a nitrate bounce-back RF of −1.9 mW/m2,
compared to −7 mW/m2 by Unger. Unger’s baseline aviation
sulfate RF is approximately −8 mW/m2, which is about 60%
higher in magnitude than our central estimate or the Lee et al.
review. We finally note that there is empirical evidence to
suggest that (at least over a period of years) high altitude SOx
emissions result in cooling, i.e. that reducing high altitude SOx
emissions would be warming (consistent with our result).
Specifically, in an analysis of the atmosphere after the 1991
eruption of Mt. Pinatubo, McCormick et al.38 found that mean
tropospheric temperatures decreased through 1993 due to
increases in sulfuric acid aerosol. We did not quantitatively
account for Unger’s result that reducing aircraft SOx emissions
would be net cooling in our assessment of ULSJ due to the
empirical evidence, our calculations, and that the finding was
noted by Unger to require further work, but we note that the
warming climate implications of ULSJ may be overestimated in
our calculations.
3.4. Additional Production Costs. Analyzing US Energy

Information Administration price history data (from 2001 to
2011) for the introduction of ultra-low sulfur highway diesel
fuel − which has similar properties to Jet-A/A1 − we estimate

that desulfurizing fuel costs 3.7−6.6 ¢/gal. (1¢ = US2006 $0.01
and 1 gal. = 3.785 L). This can be compared to estimates by
QinetiQ − an additional production cost of 4.5−6.7 ¢/gal.39

As an alternative approach, we estimate capital and feedstock
costs directly using a representative refinery (see section 5.2 of
the SI). Natural gas is estimated to cost of 1−3 ¢/gal. of Jet A/
A-1 produced with a corresponding capital cost (with
depreciation over 30 years) of 0.6 ¢/gal. This gives a total of
1.6−3.6 ¢/gal. Combining this range with the price history data
listed above, we determine a nominal value of 3.7 ¢/gal., with
lower and upper bounds of 1.6 and 6.6 ¢/gal., respectively.
Scaling this to total civil aviation fuel burn, ULSJ will cost

$2.5bn (95% CI: 1.3−3.8) in US2006$ globally or $0.89bn
(95% CI: 0.5−1.4) for the US portion of fuel burn.
In this analysis, implementation costs are based on US

refining prices given the availability of product pricing data. We
estimate a potential error of −7 to 4% in global desulfurization
costs relative to US prices (see section 5.3 of the SI).

3.5. Benefit-Cost Analysis. The central nondiscounted
public health benefit of ULSJ is estimated at $2.5bn/year when
only mortality impacts are considered, but when the same
discount rate as applied to climate costs is applied to health
benefits, the central monetized health benefit estimate is $[1.8,
1.8, 1.6]bn/yr, while the central monetized climate damage
estimate is $[2.1, 1.5, 0.7]bn/year for a [2, 3, 7]% discount rate
choice. Corresponding lower and upper bounds for health
benefits are $[0.21, 0.20, 0.18] and $[7.6, 7.3, 6.7] bn/yr,
respectively, and for climate disbenefits are $[0.13, 0.10,
0.06]bn/year and $[6.3, 4.3, 2.1]bn/year, respectively. There is
a [46, 57, 77]% chance that public health benefits exceed
climate disbenefits. (See section 6.4 of the SI for tabulated
components of costs and benefits with confidence intervals.)
Figure 3 depicts the probability distribution of the overall net

difference between costs and benefits of ULSJ (i.e., benefits
minus costs and disbenefits). There is a [78, 77, 77]% chance
that the policy has a net negative benefit when including
implementation costs and climate disbenefits.
If all avoided premature mortalities are valued using the

aforementioned US VSL range − instead of country-specific
VSLs − then there is an 84% chance that ULSJ is net beneficial

Figure 3. The probability distribution for yearly net cost (-) or net
benefit (+) of ULSJ under global implementation for discount rates of
2%, 3%, and 7%. Country-specific VSLs are used.
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(taking a discount rate of 3%) with an equal likelihood that the
net benefit is higher or lower than $12bn/year.
For the US, public health benefits also exceed climate

disbenefits, and there is a greater than even chance of a net
policy cost when including implementation costs.
The greatest quantified contributors to uncertainty in rank

order by total effect index (see section 7.2 of the SI) are the US
VSL, PM2.5 mortality CRF, modeled aviation-attributable PM2.5,
the cost of HDS, and the climate damage function in APMT. A
significant issue is that if only LTO emissions and benefits
associated with the reduction in LTO SOx emissions are
accounted for − as is conventional when considering aviation’s
impact on air quality − our results show that ULSJ has a
statistically significant net cost (see section 6 of the SI). This
implies that the ability of CTMs to correctly capture vertical
transport from cruise altitudes and scavenging is of central
importance.
3.6. Vertical Transport Assessment. Figure 4 compares

model results with the climatological observations of 7Be
averaged over 10° latitude bins. The model is sampled at the
month and location of the observations (solid lines), and the
zonal mean is also given (dotted lines). The top panel evaluates
the model 7Be emissions source by comparing with the UT/LS
aircraft observations of the DOE Radionuclide Database

(RANDAB).40 The middle panel compares model results
with the 7Be wet deposition fluxes aggregated by Koch et al.,32

which provide an additional test of the model source since the
dominant 7Be removal in the troposphere is by wet deposition.
The bottom panel compares the model surface air concen-
trations with long-term observations from the DOE Surface Air
Sampling Program.41 We see from Figure 4 that GEOS-Chem
reproduces successfully the magnitudes and latitudinal patterns
of the 7Be observations. Comparison to RANDAB indicates a
model source bias of −4 ± 2%. Comparison to observed surface
air concentrations indicates a bias of −18 ± 6% globally and
<10% over the US. The 7Be source on average is 60%
stratospheric and 40% tropospheric, and Dutkiewicz and
Husain42 deduced from observed 90Sr/7Be ratios that ∼25%
of surface 7Be at northern midlatitudes is of stratospheric
origin. We find the same fraction in GEOS-Chem, which tests
the model simulation of stratosphere-troposphere exchange and
implies that the model biases estimate above should be
insensitive to the precise distribution of the aerosol source
within the UT/LS. Simulated vertical profiles of CO, O3, and
PAN are compared to measurements in section 9.1 of the SI,
demonstrating that GEOS-Chem captures the vertical profiles
of these species.

4. DISCUSSION
Jet A/A-1 is unusual as a transportation fuel in not being
subject to a current or planned ultra-low sulfur standard in
developed countries. Within the context of the FAA’s
aspirational goal of reducing aviation’s significant health
impacts in 2018 by 50% relative to 2005, and considering the
time constants of technology changes combined with
anticipated growth, ULSJ may be a suitable option. Without
ULSJ, the FAA will likely have increased difficulty meeting this
2018 goal because of the anticipated increase in jet fuel sulfur
content that will be a natural result of increasing sulfur content
in petroleum.44 In the US, the final rule mandating ultra-low
sulfur diesel fuel was made in 2001, with 80% of the fuel being
imported/produced required to meet a 15 ppm specification in
2006 and 100% in 2010. This implies that progress toward
ULSJ implementation may be possible by 2018 in a US context.
However, the implications of ULSJ are intrinsically interna-
tional due to the intercontinental nature of aircraft pollution
caused by cruise emissions.2 Furthermore, as aircraft refuel in
different countries (e.g., flights from Europe to North America
will be fueled in Europe), consideration of ULSJ at an
international level may be justified.
We have shown that the net benefit of ULSJ may be positive

or negative given the uncertainties captured, with a greater than
50% chance that the additional feedstock and capital costs
coupled with climate disbenefits exceed public health benefits
when country-specific VSLs are applied. 900−4000 premature
mortalities per year will be averted under a ULSJ scenario.
There are appreciable uncertainties that indicate the possibility
of either positive or negative net benefits. This indicates that
ULSJ may be justifiable.
Although there were many contributors to uncertainty, the

greatest quantified contributor was the VSL, which has
significant uncertainty within a US context and heightened
uncertainty in a global application. We note that if the US VSL
were applied to all countries, then ULSJ would be cost-
beneficial with global public health benefits at ∼$12bn. There is
no economic rationale for doing this, given significant
differences in national income. However, policy-makers may

Figure 4. Latitudinal profiles of cosmogenic 7Be as a test of the GEOS-
Chem model simulation of vertical transport of aerosols from the UT/
LS to the surface. Observations (black lines) are averaged over 10°
latitude bins. GEOS-Chem results for 2004−2009 are sampled at the
month and location of observations (red lines) and the model zonal
mean is also given (dotted lines). The top panel shows DOE
RANDAB UT/LS aircraft data from 1957 to 1983, the middle panel
shows annual mean wet deposition flux data compiled by Koch et al.,32

and the bottom panel shows DOE SASP surface air concentration data
for 1957−1999. Error bars indicate the variability (±σ) across sites in
the wet deposition flux data and across the spatial, seasonal, and
interannual variability of the RANDAB and SASP samples for each bin.
The GEOS-Chem simulation is conducted for average solar activity
conditions (Φ = 670 MV with Usokin and Kovaltsov35). The
RANDAB and wet deposition flux data are adjusted for average solar
activity following Koch et al.,32 while the surface air observations are
filtered for average solar activity (Φ = 520−820 MV from Usoskin et
al.43). Concentrations are represented by the S.I. unit for radioactivity
per cubic meter air at 0 °C and 1 atm.
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be more comfortable with approaches that use a single VSL
across countries. An alternative strategy would be to avoid
valuation of mortality and conduct a cost-effectiveness analysis.
When doing so, we find a central estimate of $1.97 million per
premature mortality averted (95% interval: 0.73−5.66), where
the costs include both implementation costs and climate
disbenefits for a 3% discount rate.
Our analysis also reinforced the importance of cruise

emissions to public health impacts of aviation. If only LTO
emissions were included, the public health benefits are
significantly outweighed by the costs of implementation and
climate disbenefits. This emphasizes the importance of
appropriately capturing vertical transport from cruise altitudes,
and our comparisons between modeled and simulated tracers
indicate that vertical transport and wet removal rates are
captured in the model applied with an uncertainty that is small
relative to other modeling uncertainties. Climate-feedbacks and
indirect effects of reduced atmospheric sulfate and CO2
concentrations have not been assessed but are potentially
significant. Additionally, two factors may mean that we have
overestimated the warming associated with ULSJL: (i) new
results indicate that the nitrate bouce-back may offset the
decrease in sulfate RF and (ii) the 2% of fuel-S emitted as S(VI)
may increase the warming due to aviation black carbon
emissions by optical focusing, implying that ULSJ may decrease
the (highly uncertain) black carbon RF.
Finally, we note that the pubic health benefits and sulfate-

related climate impacts of desulfurizing jet fuel calculated here
would equally apply to alternative jet fuels that are sulfur-free.
Other components of this analysis − including net climate
impacts and additional production costs − would differ.
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