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Abstract An operational mitigation strategy for commercial aircraft impact on atmospheric composition,
referred to as the turboprop replacement strategy (TRS), is described in this paper. The global air traffic
between2005 and2011wasmodeledwith the TRS inwhich turbofanpowered aircraftwere replacedwithnine
chosen turboprop powered aircraft on all routes up to 1700 nautical miles (NM) in range. The results of this
TRSdouble theglobalnumberofdepartures, aswell asglobalmissiondistance,whileglobalmission timegrows
bynearly a factor of 3. However, the globalmission fuel and the emissions of aviationCO2, H2O, and SOx remain
approximatelyunchanged, and the total global aviationCO,hydrocarbons (HC), andNOxemissionsare reduced
by 79%, 21%, and 11% on average between 2005 and 2011. The TRS lowers the global mean cruise altitude
of flights up to 1700 NM by ~2.7 kmwhich leads to a significant decrease in global mission fuel burn, mission
time, distance flown, and the aircraft emissions of CO2, CO, H2O, NOx, SOx, and HC above 9.2 km. The
replacement of turbofans with turboprops in regional fleets on a global scale leads to an overall reduction in
levels of troposphericO3 at the current estimatedmean cruise altitudenear the tropopausewhere the radiative
forcing of O3 is strongest. Further, the replacement strategy results in a reduction of ground-level aviation CO
and NOx emissions by 33 and 29%, respectively, between 2005 and 2011.

1. Introduction

Short-haulflight (intracontinental anddomesticmissions) accounted for 92%of all global departures recorded,
and over a half of the estimated total global emissions of CO2 and NOx between 2005 and 2011 [Wasiuk, 2014].
The short-haul flight generally climbs out to the desired cruise altitude, spends a relatively small proportion of
the totalmission time in cruise, anddescends [Erzberger et al., 1975]. However, long-haulmissions (mostly inter-
continental) require the aircraft to carry large volumes of fuel on board contributing to an increased aircraft
weight,which in turn leads tohigher fuel burn andemissions [Wasiuk et al., 2015]. In termsof fuel consumption,
climb is the most expensive part of any flight. Flight is always more efficient in cruise as, by design, the cruise
altitude is the altitude at which aircraft burn the least amount of fuel. Propulsion for most commercial aviation
aircraft is provided by turbofan or turboprop engines. Both are air-breathing engines in which the turbine pro-
duces work to run the compressors: in a turbofan, the turbine also rotates the fan-housed upstream of the hot
section of the engine, and this fan produces most of the thrust; in a turboprop, the turbine drives a propeller
which generates the majority of the thrust. Turboprop aircraft are better suited than turbofan for short-haul
missions as they spend more time in cruise and are noted for their low fuel consumption [Babikian et al.,
2002]. But the efficient technology (e.g., turboprop) was abandoned in favor of the less efficient and less envir-
onmentally friendly technology (e.g., turbofan) in the 1980s because of the low fuel cost, the advantage of
higher flight speeds, and hence utilization. Turbofans are also chosen in favor of turboprops due to a “level
of passenger service in the form of comfort and perceived safety” [Ryerson and Hansen, 2010]. The findings
in Ryerson andHansen [2010] indicated that rising fuel prices could reverse this trend in the short-haulmarkets,
and they concluded that high fuel costs could potentially overshadow the importance of passenger conveni-
ence. There is a dramatic drop in fuel cost over recent years; however, the environmental cost could tip the
advantage in favor of the turboprop. This can be coupled with the findings on the availability of fuel by
Nygren [2008] which suggest that aviation fuel production is predicted to decrease by several percent a year
after the crude oil production peak is reached. The growth in demand for air traffic, coupled with falling avail-
ability of aviation fuel, “envisages a substantial lack of jet fuel by the year 2026.”

Nowadays, the majority of missions are operated using turbojet and turbofan equipped aircraft. Thus, the
technology (e.g., turboprop) available to us is not being used in the most efficient way possible, i.e., using
the least amount of energy. Recent years have witnessed a shift away from turboprops toward regional
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turbofans, which on a per seat basis are less fuel efficient [Ryerson and Hansen, 2010]. This represents in a sig-
nificant move away from a more environmentally beneficial option. If turboprop aircraft can be utilized on
short-haul missions instead of turbofans, there is potential for increasing fuel efficiency of regional air traffic
on a regional as well as global scale. Such a substitution across regional fleets on a global scale would cause
the global mean cruising altitudes to be lowered.

Theaircraft emissionsofNOx, CO, hydrocarbons (HC), andparticles areof concern in termsof local air quality [Yu
et al., 2004; Peace et al., 2006], and the emissions of CO2, H2O, NOx, SOx and particles are of concern in terms of
global climate change [Rogers et al., 2002; Köhler et al., 2013; Gilmore et al., 2013; Skowron et al., 2015]. Aircraft
emissions of CO2 andH2O released at commercial cruise altitudes can contribute directly to climate change by
increasing the levels of greenhouse gases in the upper troposphere and lower stratosphere. Aircraft NOx emis-
sions have an indirect effect on our climate via tropospheric O3 production and through removal of CH4 [Olsen
et al., 2013;Wasiuk et al., 2016a]. Aircraft SOx emissions can be oxidized in the atmosphere to form sulfate aero-
sol particles, which also contribute to climate change (notably through cooling) [Pitari et al., 2002]. Contrails
from aircraft engines increase cloud cover directly or indirectly causing a positive mean radiative forcing at
the top of the troposphere [Schumann, 2002; Burkhardt and Kärcher, 2011].

Utilizing a turboprop instead of a turbofan on a short-haul mission reduces CO2 and NOx emissions because
of the lower fuel burn [Babikian et al., 2002]; thus, there is a potential for environmental and atmospheric ben-
efit in substituting turbofans with turboprops on short-haul missions. An 8% of all global departures between
2005 and 2011 were estimated as long-haul departures, but this 8% accounted for nearly half of the total glo-
bal mission fuel burn, CO2 and NOx emissions in this time period [Wasiuk, 2014]. Moreover, between 2005 and
2011 long-haul departures increased continuously, by ~40% in total [Wasiuk, 2014]. In the light of these find-
ings, a substitution of turbofans with turboprops on long-haul missions could potentially generate a signifi-
cant saving in terms of the fuel burn, CO2, and NOx emissions. Due to the lack of a design specification for a
possible future long-range turboprop aircraft, we investigated a scenario in this study where all turbofans
were replaced only on short-haul routes with existing turboprop aircraft.

In our recent study [Wasiuk et al., 2015, 2016b], Aircraft Performance Model Implementation (APMI) software
containing a database of global aircraft movements, a model of aircraft performance for all phases of flight
and an aircraft emissions estimation method was used to create a 4-D Aircraft Fuel Burn and Emissions
Inventory for the time period of 2005 to 2011. In this study, the replacement of nine selected turbofan aircraft
by turboprops for flights up to 1700 nautical miles (NM) wasmade to build an amended 4-D Aircraft Fuel Burn
and Emissions Inventory, referred to as the turboprop replacement strategy (TRS) inventory for short. Fuel
burn and emissions of flights over 1700 NM were unchanged in the TRS inventory. The resulting emissions
were redistributed and the global seasonal TRS 3-D NOx Emissions Distribution Fields were created. These
NOx fields were used as an input into the 3-D global Lagrangian chemical transport model (CTM);
STOCHEM-CRI and sensitivity simulations (SS) were performed for each year between 2005 and 2011 to inves-
tigate the impact of TRS relative to the reference inventory on tropospheric composition. In this study, the
estimates of the mission fuel burn, mission time, mission distance, and the emissions of CO2, CO, H2O, HC,
NOx, and SOx due to the replacement of turbofans on short-haul missions by a current make of turboprop
airliner were compared with those due to the original fleet. The global burden and tropospheric distribution
of NOx and O3 under the TRS is also compared with that due to the original fleet.

2. Methods
2.1. Four-Dimensional TRS Aircraft Fuel Burn and Emissions Inventory

Theair trafficmovementstatisticsdatabase from2005 to2011wasminedfromtheglobalairlineschedulesdata,
CAPSTATS (http://www.capstats.com/). The Aircraft Performance Model Implementation (APMI) described in
Wasiuk et al. [2015] was used to generate a 4-D TRS Aircraft Fuel Burn and Emissions Inventory from the aircraft
database. In the TRS inventory, all unique route and aircraft combinations with a mission distance ≤ 1700 NM
(3148 km) were extracted for the time period of 2005 to 2011 and classified according to the aircraft type (tur-
bofan/turboprop) used on the routes as summarized in Figure 1. Each unique route with a mission dis-
tance ≤ 1700 NM serviced with a turbofan was considered for replacement. Nine turboprops from an aircraft
database were selected to be used as the replacement aircraft. International Civil Aviation Organization
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(ICAO) aircraft code, aircraft name,
engine name, and passenger capa-
city of each of the nine turboprop
replacementaircraftwereextracted
from SKYbrary [2016] and cruise
ranges of the replacement aircraft
(in NM) were extracted from
EUROCONTROL [2016] (Table 1).
Only turboprop aircraft with a pas-
senger capacity greater than 40
were selected in order to minimize
the number of departures neces-
sary to carry the original volume of
passengers. All unique routes and
turbofan aircraft combinations
selected for replacement were
parsed and all unique input para-
meter triples (the ICAO aircraft
code, themission type, and themis-
sion distance) were extracted.
Mission type and mission distance
duplicates were removed, and each
unique pair was assigned a turbo-
prop from the turboprop aircraft
available for replacement.

The new parameter triples in TRS
were used as input into the APMI
which assigned mission fuel burn
and the emissions of CO2, CO, H2O,
HC, NOx, and SOx to a simulated
flight trajectory. The output from
the APMI was used to update all
the entries in the reference case
(RC) inventory (the inventory with
the original fleet composition) that
were selected for replacement. A
multiplication factor was used to

calculate the number of turboprop departures required on each route selected for replacement in order
to transport approximately the same volume of passengers as with the turbofans. The original number of
departures associated with a unique route and aircraft combination selected for replacement was adjusted
according to

Figure 1. TRS route replacement details. The top figure in each square is the
number of unique route/aircraft combinations, the middle figure is the
number of unique route-turbofan aircraft combinations with a mission dis-
tance ≤ 1700 NM, and the bottom figure is the percentage of the unique
route-turbofan aircraft combinations with a mission distance ≤ 1700 NM out
of the total number of unique routes and aircraft combinations. The bottom
figure is the proportion of the routes in each category on which an aircraft
type replacement was made. (Note: AS, EU, NA, AF, CA, CB, ME, SA, SW
represent Asia, Europe, North America, Africa, Central America, Caribbean,
Middle East, South America, and Australia, respectively.)

Table 1. TRS Turboprop Replacement Aircraft ICAO Code, Name, Engine Name, Capacity, and Cruise Range

ICAO Aircraft Code Aircraft Name Engine Name Cruise Range (NM) Passenger Capacity

AT43 Alenia ATR-42-300/320 PW120 1700 42
AT45 Alenia ATR-42-500 PW127 1000 42
AT72 Alenia ATR-72 PW127E 1500 66
ATP British Aerospace ATP PW127D 1000 66
DH8C Bombardier Dash 8 Q300 PW123 1000 52
DH8D Bombardier Dash 8 Q300 PW150A 1300 72
F27 Fokker F-27 Friendship PW127B 1500 46
F50 Fokker F-50 PW127B 1900 52
SB20 Saab 2000 AE2100A 1200 52
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departurestp ¼ capacitytf
capacitytp

� departuretf (1)

where departurestp is the adjusted number of departures, capacitytf is the passenger capacity of the turbofan
used on route, capacitytp is the capacity of the turboprop selected as the replacement aircraft, and depar-
turestf is the original number of departures made on route with the turbofan.

The total global aircraft NOx emissions in the TRS inventorywere distributed on a 3-D 5° latitude × 5° longitude
grid resolution [Wasiuk et al., 2016b]. The vertical grid resolution followed the pressure levels and approximate
height bands which are based on the vertical model resolution of the 3-D STOCHEM-CRI chemistry transport
model [Collins et al., 1997;Utembe et al., 2010]. Thenineheightbands across the5° × 5°grid result in thephysical
transport system in the STOCHEMmodel comprising 50,000 constant mass air parcels, the centroids of which
were advected, on a three hour time step, through the model [Collins et al., 1997; Derwent et al., 2008]. The
advection of the parcels was on Lagrangian trajectories, using meteorological data provided by the UK Met
Office. The chemical processes that occurred within the air parcel, together with emission, deposition, mixing,
and removal processes were uncoupled from transport processes to enable local determination of the chem-
istry time step [Utembe et al., 2010]. In previous studies [Stevenson and Derwent, 2009; Stevenson et al., 2004],
STOCHEMwas successfully used for measuring the impact of aviation NOx emissions on climate. In this study,
the new chemical mechanism is added in STOCHEM which is the Common Representative Intermediates
mechanism version 2 and reduction 5 (CRI v2-R5), referred to as “STOCHEM-CRI.” The detailed description of
the CRI v2-R5 mechanism is given by Jenkin et al. [2008],Watson et al. [2008], and Utembe et al. [2009, 2010].
The emission totals of 27 species including CO, NOx, and nonmethane hydrocarbons employed in
STOCHEM-CRI were adapted from the Precursor of Ozone and their Effects in the Troposphere inventory
[Granier et al., 2005]. Emission totals for CH4 were taken from the inverse model study of Mikaloff-Fletcher
et al. [2004], except for the ocean emissions which were taken fromHouweling et al. [2000]. More details about
the global emission data used in STOCHEM-CRI can be found in Khan et al. [2014] andWasiuk et al. [2016a].

The adjusted aircraft NOx emissions from 2005 to 2011 estimated by the TRS 4-D Aircraft Fuel Burn and
Emissions inventory were normalized to give global yearly aviation NOx emissions as an input to
STOCHEM-CRI. A set of seven sensitivity simulations based on the volume and distribution derived from air
traffic movements recorded between 2005 and 2011 were performed in which a detailed 3-D spatial distribu-
tion of the global annual aviation NOx emissions used as input into the CTM was modified to reflect the
changes resulting from the replacement of turbofans with turboprops in regional fleets on a global scale.
All simulations were run with meteorology from 1998 for a period of 24months with the initial 12months
being discarded as a spin-up year. Three sets of results were obtained from the study: a TRS Inventory, global
seasonal TRS 3-D NOx Emissions Distribution Fields, and TRS STOCHEM-CRI sensitivity simulation (SS) results.
These are presented and compared with the reference case (RC) inventory.

3. Results and Discussion
3.1. Global Changes in the Fuel Requirement and Emissions Under the TRS

The absolute and percent changes in the estimated global total number of departures, distance flown, mis-
sion time, mission fuel, and the aviation CO2, CO, H2O, HC, NOx, and SOx emissions resulting under the TRS
during the time period 2005–2011 are given in Table 2. The total global number of departures required under
the TRS in order to transport the same volume of passengers doubles, as does the mission distance, while the
mission time grows by nearly a factor of 3. However, the mission fuel burn reduces by a small amount (0.4%)
on average between 2005 and 2011 under the replacement of turbofan by turboprop on short-haul missions.
An increasing fuel burn would be expected because of the annual increment in departures from 2005 to
2011, but the turbine used on a turboprop burns 25–40% less fuel compared with an equivalent turbofan
engine on short-haul missions per unit thrust [Air Transport Action Group, 2010; Mrazova, 2013]. These com-
bined effects lead to a saving in the total global mission fuel in 2005 under the TRS which turns into a gain
from 2009 onward as shown in Table 2. Consequently, on average between 2005 and 2011, there is negligible
change in the total global mission fuel burn under the TRS despite a doubling of the total global number of
departures. It should be noted that the doubling of number of departures in this theoretical mitigation strat-
egy arises from the consideration here of existing turboprop aircraft, which have limited payload capacities
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(roughly half that of the average for the shorter-range turbofan aircraft they are replacing). A practical strat-
egy would entail the design and operation of larger-capacity turboprop aircraft so that number of departures
would not double: hence, air traffic management problems would not be incurred; fuel burn and operating
costs would be lower than the theoretical approach. From the perspective of emissions, too, the doubling of
departures represents a conservative scenario.

As the emissions of CO2, H2O, and SOx are directly proportional to the amount of the fuel burned [Penner et al.,
1999], thechanges in thequantityof theseemissionsunder theTRSmirror thatof themission fuelburn.Thetotal
globalaviationemissionsofCO,HC,andNOxontheotherhandalldecrease,HCby0.2 Tg/yr(79%),COby0.2 Tg/yr
(21%), andNOx by 0.4 Tg/yr (11%) on average between 2005 and 2011 comparedwith the original fleet.

Thus, the turboprop replacement strategy investigated is not an efficient scenario in terms of the number of
departures needed to carry the original number of passengers. It was shown that despite a doubling in the
number of departures, mission fuel burn, and emissions of two important greenhouse gases, CO2 and H2O,
and the precursor of aerosol formation, SOx, remained unchanged on average between 2005 and 2011.
More importantly, a significant saving in terms of NOx, CO, and HC emissions was achieved. Turboprops
which were at most half the capacity of an average turbofan assuming a 75.5% load factor were used
[Wasiuk et al., 2015], but turboprops with a much higher passenger capacity would reduce the number of
departures needed. Most flights rarely fly at 100% capacity and thus substituting a turboprop with a slightly
smaller capacity can increase load factor which would be an improvement in terms of efficiency and poten-
tially lead to even greater environmental and atmospheric benefits.

3.2. Global Geographical Distribution Changes of Aviation NOx Emissions Under the TRS

The average (2005–2011) spatial distribution change of the total global aircraft NOx emissions after swapping
turbofan aircraft with turboprop aircraft for short-haulmissions (Figure 2) highlights the affected areas of flight
activity andmajor globalflight pathsbetween5.6 and16.2 kmaltitude. Theallocationof the total global aircraft
NOx emissions between thenorthernhemisphere (NH) and southern hemisphere (SH) under the TRS is virtually
unchanged,with~90%of the total global aircraft NOxemissions released in theNH. Thedistributionof the total
global NOx emissions across the latitudes in the NH changes negligibly as well. The replacement of turbofans
with turboprops in regional fleets on a global scale leads to changes in the global geographical distribution of
the total global aviationNOx emissions between 5.6 and 7.2 km (see Figure 2a)when comparedwith the global
geographical distribution of the total global aviation NOx emissions from the unmodified fleet. The changes
between 5.6 and 7.2 km appear to bemore or less randomly distributed. Between 7.2 and 9.2 km, the replace-
ment leads to a significant increase in the level of aviation NOx emissions by up to 500%. These are concen-
trated in specific regions of the world as seen in Figure 2b. Above 9.2 km, the replacement leads to a
decrease in the level of NOx emissions only with a maximum of 100%. A regional pattern in these changes is
discernible which are shown in Figures 2c and 2d.

3.3. Global Vertical Profiles of Fuel Burn, Mission Time, the Distance Flown, and the Emissions of CO,
HC, and NOx

The estimated global mean cruise altitude of the original fleet between 2005 and 2011 was ~10 km. The
hypothetical replacement of turbofans with turboprops in regional fleets on a global scale leads to a lowering

Table 2. Absolute and Percent Changes in the Estimated Global Annual Total Number of Departures, Mission Distance, Mission Time, Mission Fuel Burn, and the
Emission of CO2, CO, H2O, HC, NOx, and SOx Under the TRS During 2005 to 2011a

Year
Departures

(106)
Mission Distance

(106 km)
Mission
Time (106 h)

Mission Fuel
Burn (Tg) CO2 (Tg) CO (Tg) H2O (Tg) HC (Tg) NOx (Tg) SOx (Tg)

2005 31.8 (112) 36381 (116) 102.8 (183) �2.8 (�1.9) �8.8 (�1.9) �0.25 (�33) �3.5 (�1.9) �0.24 (�85) �0.40 (�12) �0.002 (�1.9)
2006 32.7 (113) 37731 (115) 106.4 (183) �2.2 (�1.5) �7.0 (�1.5) �0.20 (�27) �2.8 (�1.5) �0.20 (�82) �0.41 (�12) �0.002 (�1.5)
2007 35.0 (115) 40581 (116) 114.4 (185) �1.7(�1.1) �5.5 (�1.1) �0.18 (�24) �2.1 (�1.1) �0.18 (�81) �0.43 (�12) �0.001 (�1.1)
2008 35.4 (116) 41130 (115) 116.0 (185) �0.9 (�0.6) �2.9 (�0.6) �0.16 (�22) �1.1 (�0.6) �0.17 (�79) �0.43 (�11) �0.001 (�0.6)
2009 34.8 (117) 40669 (117) 114.4 (188) 0.3 (0.2) 1.1 (0.2) �0.12 (�17) 0.4 (0.2) �0.14 (�77) �0.42 (�11) 0000 (0.2)
2010 36.2 (118) 42836 (118) 120.2 (190) 1.3 (0.8) 4.0 (0.8) �0.10 (�15) 1.6 (0.8) �0.13 (�76) �0.43 (�11) 0.001 (0.8)
2011 38.2 (120) 45518 (118) 127.3 (191) 2.3 (1.3) 7.2 (1.3) �0.08 (�12) 2.8 (1.3) �0.12 (�73) �0.44 (�11) 0.002 (1.3)
Mean 34.9 (116) 40629 (117) 114.5 (186) �0.5 (�0.4) �1.7 (�0.4) �0.20 (-21) �0.7 (�0.4) �0.20 (�79) �0.40 (�11) 0001 (�0.4)

aPercent changes are in parentheses.
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of the global mean cruise altitude of approximately 2.7 kmwhich has a significant effect on the global vertical
distribution changes of the fuel burned, mission time, the distance flown, and the aircraft emissions of CO,
HC, and NOx for the time period of 2005–2011 (Figure 3). In this study, we used low resolution of the vertical
distributions of the global aircraft NOx emissions and found the shape of the vertical profiles of NOx emissions
between 2005 and 2011 under the TRS with a substantial reduction of 50% at 11.8–16.2 km, a reduction of
20% at 9.2–11.8 km, and a significant increase of 110% at 7.2–9.2 km on average between 2005 and 2011
(Figure 3f). As the vertical distribution changes of the global total CO2, H2O, and SOx emissions qualitatively
mirror that of fuel burn, they are not presented here. Federal Aviation Administration [2005] reported that
roughly 90% of aircraft emissions except HC (70%) and CO (70%) were produced at cruise, climb, and descent
altitude, and the remainder was emitted during landing, takeoff, and ground-level operations. Thus, the most
significant positive changes in the vertical distribution of the total global mission fuel burn (up to 200%), mis-
sion time (up to 1700%), the distance flown (up to 1100%) and the emissions of CO (up to 270%), and NOx (up
to 110%) are found between 7.2 and 9.2 km (Figure 3) due to the lower estimated global mean cruise altitude
resulting from the TRS between 2005 and 2011. The lowering of the global mean turboprop cruise altitude
also leads to a decrease in global mission fuel burn, mission time, the distance flown, and the aircraft emis-
sions of CO, NOx, and HC above 9.2 km. The mission distance and the mission time increase at all altitudes
up to 9.2 km because of the increased departures for the time period of 2005 to 2011 (Figures 3b and 3c).
The fuel burn under the TRS might be expected to increase at all altitudes up to 9.2 km with increasing mis-
sion distance and mission times, but turboprop-equipped aircraft require significantly less runway for takeoff
and landing than turbofan powered aircraft of the same size [SKYbrary, 2016] resulting in decreases of fuel
burn at the lowest model layer. Emissions of CO2, CO, H2O, HC, SOx, and NOx decrease at the majority of
the altitudes (see Figure 3) because of their decreased emissions from efficient turboprop aircraft engine

Figure 2. The global geographical distribution of the average (2005–2011) percent change in the total global aviation NOx
emissions under the TRS (a) 5.6–7.2 km, (b) 7.2–9.2 km, (c) 9.2–11.8 km, and (d) 11.8–16.2 km.
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technology within the combustor compared with that of turbofan engines [George et al., 1969]. At ground
level, emissions of CO and NOx decrease by 33 and 29%, respectively, on average between 2005 and 2011.
Overall, the contribution of turboprops to atmospheric pollution (e.g., CO2, H2O, NOx, SOx) is significantly
higher at 7.2–9.2 km, but their emissions under the TRS at ground level and upper troposphere (9.2–
16.2 km) decrease their atmospheric composition significantly.

3.4. Global Budget of
Tropospheric O3

The substitution of turbofans by tur-
boprops in regional fleets on a global
scale decreases the global annual
mean burden of NOx by 4.0 Gg (0.8%)
which resulted in a decrease of global
annual tropospheric burden of PAN
by 1.7 Gg (0.3%). The global annual
mean tropospheric burden of O3

decreasedby 0.9 Tg (0.3%) on average
between 2005 and 2011, and as a con-
sequence of decreased O3 levels, the
global annualmean tropospheric bur-
den of OH decreases by 0.002Gg
(0.8%). Table 3 shows the global O3

budget under the TRS in which both
total production and loss decrease
slightly by 11.6 Tg/yr (0.1%) and
11.1 Tg/yr (0.1%), respectively. Two
dominant chemical production chan-
nels, HO2 +NO and CH3O2 +NO,

Figure 3. Percent changes in the vertical distribution of the estimated total global (a) mission fuel burn, (b) mission time, (c)
distance flown, (d) CO emissions, (e) HC emissions, and (f) NOx emissions, resulting under the TRS relative to the original
fleet during 2005 to 2011. x axis error bar represents the standard deviation of the annual total percentage changes across
the 7 years. The vertical scale corresponds to the vertical levels in the STOCHEM-CRI model and the vertical point locations
represent the midpoint of each model layer, while the y axis error bar represents the model layer thickness.

Table 3. The Average Absolute and Percent Change in the Global
Tropospheric O3 Budget Terms Simulated by the STOCHEM-CRI Under
the TRS During 2005 to 2011

Species Average Δ (Tg/yr) Average %Δ

Chemical Production
HO2 + NO �9.6 �0.2
CH3O2 + NO �1.7 �0.1
CH3CO3 + NO �0.1 �0.0
Isoprene peroxy + NO 0.0 0.0
HOCH2CH2O2 + NO �0.0 �0.0
Other RO2 + NO �0.1 �0.0
Other �0.1 �0.1
Stratospheric influx 0.0 0.0
Total production �11.6 �0.1

Chemical Loss
O(1D) + H2O→ 2OH �3.1 �0.1
HO2 +O3→OH+ 2O2 �1.0 �0.1
OH +O3→HO2 +O2 �3.5 �0.5
Other �0.5 �0.1
Dry deposition �3.0 �0.1
Total loss �11.1 �0.1
Production� loss �0.5 �0.6
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decreaseby9.6 Tg/yr(0.2%)and1.7 Tg/yr(0.1%)respectively,whiletheotherchannelsremainunchanged.There
is a decrease in all channels that make up the chemical loss, themost being OH+O3 at 3.5 Tg/yr (0.5%). Net O3

productiondecreasesby0.5 Tg/yr(0.6%)onaverageundertheTRS. IntheNOx-saturatedregime(taxiout, takeoff,
approach, landing,andtaxi-inphaseswhenVOC/NOxratio issmall), thedecreasedNOxatgroundlevelunderTRS
(Figure3f) leadstonosignificantchangeinO3mixingratios.However, in theNOxsensitiveregime(ascent,cruise,
and descent phases when VOC/NOx ratio is high), the significant decrease in NOx at 9.2–16.2 km (Figure 3f)
reduces O3mixing ratios notably. There is an overall reduction in levels of tropospheric O3 after substitution of
turbofans by turboprops onaglobal scale in regionalfleets on short-haulmissionswhichwouldbe an improve-
ment in terms of environmental pollution.

3.5. Global Geographical NOx and O3 Distribution

Figure 4 shows the global zonal distribution of the average percent changes in NOx andO3mixing ratios under
the TRS. Following the replacement of turbofans by turboprops in regional fleets on a global scale and conse-
quently lowering the estimated global mean cruise altitude, the concentration of NOx is generally suppressed
by 5–10% above 9.2 km in the NH. In particular, there are two areas of greatest negative changes: one of up to
10%between30°Sand40°S in theSHandoneof up to25%between25°Nand55°N in theNHat 11.8–16.2 kmas
seen in Figure 4. Brazil and southern coast of Australia emerge as newNOxmixing ratio hot spots during 2005–
2011 [Wasiuk et al., 2016a]; the TRS replacement strategy reduces theNOx change in Brazil andAustraliamostly
which reflects thenegativeNOxchange in theSH.Between7.2 and9.2 kmNOxmixing ratios are increasedbyup
to 8%which can be attributed to the lowering of the global mean cruise altitude under the TRS.

Figure 4. Global zonal distribution of the average percent changes in (a) NOx and (b) O3 under the TRS for the seven sen-
sitivity simulations (2005–2011).

Figure 5. Global geographical distribution of the average percentage change in NOx mixing ratios under the TRS for the
seven sensitivity simulations (2005–2011) (a) between 11.8 and 16.2 km and (b) between 7.2 and 9.2 km.
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Following the reduction in NOx concentrations due to the substitution of turbofans by turboprops in regional
fleets on a global scale, overall O3 mixing ratios decrease and most notably between 10°N and 90°N starting
at 9.2 km (Figure 4b). The greatest decrease (≥2%) takes place at 11.8–16.2 km, between 25°N and 50°N. When
averaged zonally, no increase in O3 mixing ratios corresponding to the increases in NOx concentrations is
seen between 7.2 and 9.2 km.

The global geographical distribution and magnitude of the NOx changes under the TRS at 11.8–16.2 km and
7.2–9.2 km are shown in Figure 5. Globally, the reduction in NOx mixing ratios at 11.8–16.2 km is found to be
8% and regionally up to 50% reduction has been found over the North American east coast (Figure 5a).
Figure 5b shows the positive changes in the geographical distribution of NOx at 7.2–9.2 km where the global
mean change (2%) and the regional change (up to 40% in central mainland Europe, and the east coast of
North America) have been observed.

The decreased aircraft NOx emissions at 11.8–16.2 km (NOx sensitive region) under the TRS leads to a decrease
in global mean O3 mixing ratios by 0.8% and regional O3 mixing ratios by up to 2.5% (2 ppb) over the North
American east coast (Figures 6a and 6c), but the aircraft emit an increased amount of NOx at 7.2–9.2 km (NOx

sensitive region) under TRS where the additional NOx leads to a decrease in global mean O3 mixing ratios by
0.3% and an increase in regional O3 mixing ratios by up to 0.2% (2 ppb) North Atlantic Ocean, southern
Europe, and south East Asia (Figures 6b and 6d). The increases in the concentration of O3 are found between
7.2 and 9.2 km due to the lowering of the estimated global mean cruise altitude and the displacement of the
total global aviation NOx emissions to a lower altitude materialize away from the continents and over the
oceans. A belt of decreased O3 levels at 0–30°N stretches from the east to the west (Figure 6b); hence, despite
increased NOx levels between 7.2 and 9.2 km, there are negative changes in O3 levels (1%) in this region. In
terms of the impact on the global climate, the turboprop replacement strategy resulted in an average overall

Figure 6. Global geographical distribution of the average percentage changes in O3 mixing ratios under the TRS for
2005–2011 (a) between 11.8 and 16.2 km and (b) between 7.2 and 9.2 km. Global geographical distribution of the absolute
changes in O3 mixing ratios under the TRS for 2005–2011 (c) between 11.8 and 16.2 km and (d) between 7.2 and 9.2 km.
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decrease of O3 in the entire modeling domain, in particular, nearest to the tropopause where the radiative for-
cing of O3 is strongest [Brasseur et al., 1998]. This is likely to be in a regime closer to the net O3 production com-
pensation point (the point at which the net O3 production is equal to zero), which is preferable in terms of the
atmospheric impact. Thefindings in the study are inqualitative agreementwith the results ofGreweet al. [2002]
and Søvde et al. [2014] where they found reduced levels of O3 after lowering the cruise altitude by 1 km and
0.6 km, respectively. However the magnitudes of O3 changes cannot be compared because of the different
methodology used and the smaller altitude decrease considered in the Grewe et al. [2002] and Søvde et al.
[2014] studies. We have not assessed the potential of TRS strategy on the long-term effects of NOx emissions,
effects of CO2 emissions, changes in contrail coverage, or aircraft-produced aerosol emissions. However, con-
sidering the relationship of the radiative forcingwith the cruise altitude [Søvde et al., 2014], it can be concluded
that the TRS strategy reduces the global O3 levels by up to 2 ppb (Figure 6c) which subsequently reduces the
radiative forcing (RF) by 2–3mWm�2. The total RF from aviation (in 2005, excluding cirrus effects) is
~55mWm�2 [Lee et al., 2009], i.e., the mitigation strategy may reduce total aviation RF by ~5%.

4. Conclusion

A theoretical mitigation strategy for commercial aircraft impact on tropospheric composition referred to as
the turboprop replacement strategy (TRS), where all turbofans on short-haul routes were replaced with exist-
ing turboprops, was investigated in the study. With increasing the number of global departures under TRS,
the global levels of emissions of CO2, H2O, and SOx changed in line with mission fuel burn, i.e., remained
approximately unchanged on average between 2005 and 2011, while total global aviation CO, HC, and
NOx emissions were reduced by 79, 21, and 11% on average between 2005 and 2011. TRS would lead to
an estimated lowering of the global mean cruise altitude of flights up to 1700 NM by approximately 2.7 km
which resulted in significant changes in the global geographical distribution of the total global aviation emis-
sions above 7.2 km. At ground level, NOx and CO mixing ratios were reduced by 29 and 33%, respectively,
between 2005 and 2011.

Themanipulation of the aviation NOx emissions between 2005 and 2011 due to TRS has the effect of decreas-
ing the tropospheric burden of O3 by 0.9 Tg. The net O3 production decreases by 0.5 Tg (0.6%) between 2005
and 2011. TRS leads to a substantial decrease of NOx mixing ratios at the current estimated mean cruise alti-
tude near the tropopause. The displacement of the total annual global aviation NOx emissions to the lower
altitude between 7.2 and 9.2 km leads to an overall decrease of O3 at that altitude. The findings from this
study imply that the substitution of turbofans with turboprops on a global scale in regional fleets on short
haul missions would lead to an overall reduction in levels of tropospheric O3 in a region of the atmosphere
where it is most harmful in terms of the radiative forcing of climate change.

A reduction in surface NOx, CO, and HC local to airports is a matter of much current debate, but it should be
noted that studies have shown that there is a direct relationship between such compounds and negative
health outcomes and that such exposure can have long-term impacts [Janke et al., 2009; Hansell et al., 2015],
and so any reduction in primary emissions would be welcome. The global model used here will not be able
to resolve changes in O3 on city wide and regional scales and so O3may increase during outflow as the airport
is likely to be in a NOx-saturated, VOC-limited environment, but total O3 production will scale approximately
withNOx away fromurbanareas and so any reduction inNOx is likely to reduce surfaceO3 regionallywithmulti-
ple health benefits for animals, plants, and building structures [e.g., Jenkin and Clemitshaw, 2000].
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