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Beijing Capital International Airport (ZBAA) is the world's second busiest airport. In this
study, the emissions of air pollutants from aircraft and other sources at ZBAA in 2015 were
estimated using an improved method, which considered the mixing layer height calculated
based on aircraft meteorological data relay (AMDAR), instead of using the height (915 m)
recommended by ICAO. The yearly emissions of NOx, CO, VOCs, SO2, and PM2.5 at the airport
were 8.76 × 103, 4.43 × 103, 5.43 × 102, 4.80 × 102, and 1.49 × 102 ton/year, respectively. The
spatial–temporal distribution of aircraft emissions was systematically analyzed to
understand the emission characteristics of aircraft. The results indicated that NOx was
mainly emitted during the take-off and climb phases, accounting for 20.5% and 55.5% of the
total emissions. CO and HCweremainly emitted during the taxi phase, accounting for 91.6%
and 92.2% of the total emissions. Because the mixing layer height was high in summer, the
emissions of aircraft were at the highest level throughout the year. Based on the detailed
emissions inventory, four seasons simulation using WRF-CMAQ model was performed over
the domain surrounding the airport. The results indicated that the contribution to PM2.5

was relatively high in winter; the average impact was about 1.15 μg/m3 within a radius of
1 km around the airport. Meanwhile, the near surroundings and southwest areas of the
airport are the most sensitive to PM2.5.

© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.
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Introduction

With the development of economy, air transportation plays a
significant role in global economic activities and air traffic has
increased continuously over the last several decades (Vichi et
al., 2016). From 1960 to 2005, global passenger air travel grew
from 109 billion to 3.7 trillion passenger-km traveled (Stettler et
al., 2011). Depending on a recent report of the Federal Aviation
Administration (FAA), the number of passengers in aviation
transportation is predicted to grow at an average annual rate of

2.5% by 2036 (FAA, 2016). With the rapid increase in air traffic
demand, aircraft emissions as an important source of air
pollution, have attracted widespread attentions (Masiol and
Harrison, 2015; Stratmann et al., 2016). Aircraft engines produce
NOx, CO, HC, SO2, CO2, H2O, PM and other trace compounds that
are primary air pollutants or the precursor of secondary
pollutants in the atmosphere (International Civil Aviation
Organization (ICAO), 2011). Many studies have shown that air
pollutants produced by a large airport could affect air quality
near surroundings areas of the airport, even throughout the
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wider region (Rissman et al., 2013; Hudda and Fruin, 2016).
Therefore, the environmental impact of airport emissions is still
a significant issue to deal with for air quality management.

During recent years, most studies have been focused on the
estimation of aircraft emissions and their impact. For example,
Song and Shon (2012) estimated the emissions of greenhouse
gases (CO2, N2O, CH4, and H2O) and air pollutants (NOx, CO,
VOCs, and PM) from aircraft at fourmajor international airports
in Korea using the Emissions and Dispersion Modeling System
(EDMS).Winther et al. (2015) presentedanemission inventory of
NOx and PM for aircraft main engines, Auxiliary Power Units
(APUs) and handling equipment, which was based on activity
data and emission factors for the airport. Simonetti et al. (2015)
calculated the total yearly emissions of NOx, CO, SOx, VOCs,
and PM10 using the EDMS, and analyzed the characteristics of
aircraft emissions, and they found that NOx, SOx and PM10 were
mainly emitted during the take-off phases. Carslaw et al. (2012)
estimated that the contribution of the emissions of NOx from
Heathrow airport was 12–16 μg/m3 at Oaks Road, which is a
measurement site located at the south boundary of the airport.
Song et al. (2015) simulated the impact of aircraft emissions on
the O3 concentration at and around three international airports
using WRF-CMAQ model, and they found that aircraft emis-
sions can have a noticeable impact on the concentrations of O3

and NOx in the airports and their surrounding areas. Yim and
Stettler (2013) assessed the air quality impacts of UK airports
using WRF-CMAQ model, and their results showed that more
than 65% of the health impacts of UK airports could be reduced
by jet fuel desulfurization and improved using GSE and APUs.
However, almost all studies on airport emissions inventory
estimates have only focused on emissions of aircraft, APU, and
ground support equipment. There was little research on other
sources of pollution at the airport. Moreover, most of these
researches use one of the two methods to quantify aircraft
engine emissions, one is using landing and take-off (LTO) cycle
to estimate aircraft emissions, another is using the reference
values recommended for aircraft emission calculations by the
ICAO (2011). The LTO cycle defined by ICAO includes all
activities near the airport that takes place below the atmo-
spheric mixing height (altitude of 915 m) while the actual
mixing height will change in different times and different
locations. Therefore, these two methods that qualified the
mixing layer height as 915 mwill lead to highuncertainty of the
estimation. Detailed and accurate estimations of airport emis-
sions are essential for analyzing the characteristics of air
pollutants and examining their impact on the air quality. On
the other hand, despite the fact thatmore andmore studies give
attentions to aircraft emissions at ground level and air pollution
in the vicinity of airports, there are still gaps for these studies,
particularly in airports in Asia.

Here we focus on the Beijing Capital International Airport
(ZBAA) which is the second busiest airport in the world based
on passenger traffic (Airports Council International, 2016).
The main aim of this study is to estimate a relatively
accurate emission inventory, including the emission of
aircraft main engines, APUs, ground support equipment,
ground access vehicles, private vehicles, stationary sources,
oil depot, and road fugitive dust. The daily changes in the
height of the mixing layer are taken into consideration when
calculating aircraft emissions. In addition, frequently

occurred air pollution problems in Northern China have
attracted widespread attention in recent years (Li and Han,
2015; Huang et al., 2015). We quantify the impact of aircraft
emissions on regional air quality, especially in regard to
PM2.5. The obtained results could help government choosing
locations of new airports and planning land use near
airports, and thus provide the scientific basis for air
pollution control in the airport.

1. Materials and methods

ZBAA is the busiest and largest airport in China with three
main runways and is located approximately 25 km away from
the northeast of the city center (Tiananmen Square) (Fig. 1)
(CAAC, 2016). First, a detailed inventory including NOx, CO,
VOCs, SO2, and PM2.5 was calculated for aircraft and other
sources in the airport. Then, the impact distribution of these
emissions on regional air quality around Beijing was simu-
lated using meteorological and air quality models.

1.1. Aircraft emissions

Aircraft emissions depended on the following factors: the
numbers and types of aircraft, types of aircraft engines, fuel
used, time spent on each operation phase, power setting, and
distance of flight (Song and Shon, 2012). Traditionally, the
research of emissions from aircraft and its impact could be
generally divided into two parts: aircraft pollutant emissions
occurring during the LTO phase (local pollutant emissions),
and the non-LTO flight phases (i.e., above 915 m and at cruise
level) (ICAO, 2011). The effect of aircraft emissions for human
activities at ground level was the most important and all
airport related emission source activities were increasing
rapidly (Tsilingiridis, 2009). Therefore the emissions of aircraft
during the LTO phase were considered, excluding the cruise
phase.

1.1.1. Estimation methods
According to standard LTO cycle, aircraft emissions were
divided into four activities: taxi emissions occurring on the
ground, take-off emissions occurring from 0 m to 304 m for
departing planes, climb emissions occurring from 304 m to
915 m for departing planes, and approach emissions occur-
ring from 915 m to 0 m for arriving planes (Rissman et al.,
2013). However, the actual mixing height, which determined
the time of the approach and climb, will change in different
times. Therefore, this approach may result in inaccurate
emissions estimation. In this study, we had made improve-
ments to the computing method according to Eqs. (1) to (3)
(Kurniawan and Khardi, 2011):

Eij ¼
X

TIMjk � 60
� �� FFjk=1000

� �� EIjk
� �� NEj

� � ð1Þ

Eij emissions (g) of pollutant i (e.g., NOx, CO, or HC) for
the aircraft type j.

EIjk emission indices (g/kg of fuel) for pollutant i, in
mode k (e.g., take-off, climb, taxi, and approach) for
each engine used on aircraft type j.
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FFjk Fuel flow (kg/sec) for mode k, for each engine used
on aircraft type j.

TIMjk time-in-mode (min) for mode k for the aircraft type j.
NEj number of engines used on aircraft type j.

Climb time:

TIMadj ¼ TIMjk �
Mixing height−304

915−304

� �
ð2Þ

Approach time:

TIMadj ¼ TIMjk �
Mixing height

915

� �
ð3Þ

TIMadj Adjustments for climb and approach times.

1.1.2. Data preparation
The mixing layer height varies between 500 m and 2000 m
with the change of meteorological conditions (Davies et al.,
2007). In general, the height of the mixing layer is low in the
morning and evening, and reaches the maximum in the
afternoon. We set the daily maximum height of the mixing
layer as themaximumheight of the climb and approach of the
aircraft. In this study, aircraft meteorological data relay
(AMDAR) was used to draw the morning temperature profile
at ZBAA. The daily maximum mixing layer height was
calculated by dry adiabatic method which used the morning
temperature and the daily maximum ground temperature
(Cheng et al., 2002).

The emission inventory used detailed activity data pro-
vided by ZBAA, including each aircraft type, origin and
destination, estimated time of arrival and actual time of
arrival, estimated time of departure and actual time of
departure. The average times in a standard LTO cycle were
4 min for approach, 0.7 min for take-off, 2.2 min for climb,
and 26 min for taxi (ICAO, 2011). In this study, we used not
only the improved models to calculate the time of climb and
approach, but also the actual taxiing time of the aircraft using
the information obtained from the airport. These data were of

great importance for estimating an accurate aircraft emission
inventories.

Engine emission indices have been obtained from the ICAO
Aircraft Engine Emissions Databank (ICAO, 2016). Matching
information between engine and aircraft types was obtained
from Stettler et al. (2011) and the engine manufacturer. A
complete list of emission indices of various pollutants based
on LTO of aircraft is shown in Table S1 of the Supplementary
data. The engine databank provides fuel flow rates (kg/sec),
engine type (turbofan or multiple turbofan), smoke numbers,
and emissions indices for HC, CO, and NOx. Currently, the
engine databank doesn't have the emission indices for SO2

and PM2.5. In this study, emission indices for SO2 were
obtained via the methodologies described by Kalivoda (1997).
According to the work reported by Unal et al. (2005), the
Federal Aviation Administration had created a first-order
approximation method to calculate PM2.5 emissions from
aircraft (Wayson et al., 2003), which related the PM2.5

emissions to Smoke Number (SN) and fuel flow rate (FF). The
equation for PM2.5 emission indices is shown below:

EIjk ¼ 0:6� SNjk
� �1:8 � FFjk

� � ð4Þ

EIjk Emission indices (mg/sec) for PM2.5, in mode k (e.g.,
take-off, climb, taxi, and approach) for each engine
used on aircraft type j.

SNjk Smoke Number for mode k for the aircraft type j.
FFjk Fuel flow (kg/sec) for mode k, for each engine used

on aircraft type j.

1.2. Other source emissions

Aircraft tends to dominate airport emissions. However, APUs,
ground support equipment, and other sources also contribute
significantly to overall emissions. Thus, the emissions from
aircraft, APUs, and other sources were also taken into account
in this study.

APU is a self-contained power unit on an aircraft providing
electrical power to ground operating system for aircraft (ICAO,

ZBAA

D3BeijingNorthern 
China

D4

D1
D2

Fig. 1 – The four-level modeling domains and the location of airport in the study area.
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2011). APU is different from aircraft main engines which is not
certificated for emissions, and the manufacturers wouldn't
make the information on APU emission rates public. As a
result, there are little data available to calculate APU
emissions. Instead, we used the specific times-in-modes
provided by the ICAO (ICAO, 2011). Combined with the actual
situation of the Beijing Capital International Airport, these
times-in-modes are shown in Table 1.

ICAO divided the aircraft types into long-haul and short-
haul. The long-haul group included aircraft with a maximum
range of more than 8000 km (e.g., A330, A340, A380, B747,
B767-200ER, B763, B764, B777, IL96), while the short-haul
would include all other kinds of aircraft (ICAO, 2011). The
emission factors of APU are given in Table 2.

Other sources in the airport included ground support
equipment, ground access vehicles, private vehicles, station-
ary sources, airport oil depot, and road fugitive dust. The basic
data were mainly obtained from the airport and environmen-
tal protection bureau. The emissionswere calculated based on
the categories of activities and their emission coefficients.
The detailed descriptions of the methods were according to
Cheng et al. (2012) and Lang et al. (2013).

1.3. Model descriptions

In this study, the Weather Research and Forecasting (WRF)
and the Models-3/Community Multiscale Air Quality (CMAQ)
were respectively used as the meteorological and chemistry-
transport air quality models. WRF is a limited-area and non-
hydrostatic model which is designed to simulate mesoscale
and regional-scale atmospheric circulation (Song et al., 2015).
The air quality model CMAQ, which was developed by US EPA,
is an Eulerian model based on a 3-D grid. It is a complicated
modeling system which can simulate the concentrations of
PM, ozone, and other atmospheric pollutants at regional
scales (Lang et al., 2013). CMAQ was used in the past to
model the impact of aviation emissions (Rissman et al., 2013;
Yim and Stettler, 2013; Song et al., 2015).

The WRF model was used for providing the meteorological
data required by the CMAQ model. The emission inventory

which was another important input data of CMAQ model was
divided into two parts. One was a detailed airport emission
inventory; another was the county-level air pollutant emission
inventory,whichwasmainly obtained from local environmental
protection bureaus or administrations. More detailed informa-
tion on emission calculation method could be found in former
works published by our colleagues (Cheng et al., 2012; Lang et al.,
2013; Wen et al., 2016). The entire study area was divided into
four domains using a one-way nestingmethod (Fig. 1). Modeling
domain 1 was divided into 57 × 65 grid cells with a spatial
resolution of 27 km × 27 km, covering most areas of northeast-
ern China;modeling domain 2was divided into 90 × 81 grid cells
with a spatial resolution of 9 km × 9 km, covering Beijing and its
surrounding regions; modeling domain 3 was divided into
60 × 60 grid cells with a spatial resolution of 3 km × 3 km,
covering Beijing; modeling domain 4 was divided into 60 × 78
grid cells with a spatial resolution of 1 km × 1 km, covering
Beijing Capital International Airport and the urban area of
Beijing. Vertically, 35 sigma levels were set in the WRF simula-
tion. TheMCIP (Meteorology-Chemistry Interface Processor) was
used to transform the formation of the hourlyWRF outputs from
35 vertical levels into 14 levels to apply to the CMAQmodel. The
gas-phase chemistry mechanism was CB05 (Carbon Bond
Mechanism).

The time was set as January, April, July, and October in
2015 for modeling to represent winter, spring, summer, and
autumn. Two scenarios were used to simulate the impact of
the airport on the surrounding area, including the Zero

Table 1 – Operating modes and time of auxiliary power units at Beijing Capital International Airport.

Activity Mode Two-engine aircraft Four-engine aircraft

APU start-up and stabilization Start-up 3 min 3 min
Aircraft preparation, crew and passenger boarding Normal running 56.4 min 54.7 min
Main engine start High load 35 sec 140 sec
Passenger disembarkation and aircraft shutdown Normal running 15 min 15 min

APU: Auxiliary Power Unit.

Table 2 – Emission factors of auxiliary power units.

Aircraft group Short-haul Long-haul

Duration of APU operation 45 min 75 min
NOx 700 g 2400 g
HC 30 g 160 g
CO 310 g 210 g

APU: Auxiliary Power Unit.

Table 3 – Emissions at Beijing Capital International
Airport in 2015 (ton/year).

Sources NOx CO VOCs SO2 PM2.5

Approach 1.07E+03 2.15E+02 1.52E+01a 9.76E+01 2.11E+01
Taxi/idle 7.47E+02 3.19E+03 3.38E+02a 1.56E+02 1.41E+01
Take-off 1.55E+03 1.32E+01 2.96E+00a 4.56E+01 7.34E+00
Climb 4.20E+03 6.51E+01 1.05E+01a 1.61E+02 2.90E+01
Total 7.56E+03 3.49E+03 3.66E+02a 4.60E+02 7.15E+01
APU 3.85E+02 1.42E+02 2.12E+01 − −
GSE 3.41E+02 1.89E+02 5.34E+01 9.70E+00 2.43E+01
GAV 3.71E+02 4.03E+02 5.08E+01 2.05E+00 1.98E+01
Private
vehicles

1.65E+01 1.93E+02 1.51E+01 − 1.10E−01

Stationary
sources

8.45E+01 1.68E+01 1.37E+01 8.64E+00 8.16E+00

Oil depot − − 2.26E+01 − −
Road
fugitive
dust

− − − − 2.53E+01

Total 8.76E+03 4.43E+03 5.43E+02 4.80E+02 1.49E+02

a Derived from HC using a factor of 1.15.
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Emission Reduction Scenario (ZERS) and the Emission Reduc-
tion Scenario (ERS). The ZERS corresponded to the base
scenario under which the basic emission inventory, including
airport emissions, was used for the WRF-CMAQ model. In
terms of the ERS, the emissions from the airport were set to
zero. Using the simulation results of ZERS and ERS, the impact
of airport emissions can be obtained.

2. Results and discussion

2.1. Emissions of air pollutants at the airports

Table 3 presents the emissions of NOx, CO, VOCs, SO2, and PM2.5

for aircraft main engines, APU, ground support equipment
(GSE), ground access vehicles (GAV), private vehicles, stationary
sources, airport oil depot, and road fugitive dust at ZBAA in
2015. The yearly emissions of NOx, CO, VOCs, SO2, and PM2.5 at
the airport were 8.76 × 103, 4.43 × 103, 5.43 × 102, 4.80 × 102, and
1.49 × 102 ton/year, respectively. Fig. 2 shows the contributions
of different emission sources at ZBAA. Obviously, emission of
aircraft was the most important source of all sources in the
airport, of which the yearly emissions of NOx, CO, VOCs, SO2,
and PM2.5 were 7.56 × 103, 3.49 × 103, 3.66 × 102, 4.60 × 102, and

7.15 × 101 ton/year, respectively.While those percentages of the
on-roadmobile sources (GAVandprivate vehicles), ofwhich the
contribution was in the second place, were 4.4%, 13.5%, 12.1%,
0.4%, and 13.4%, respectively. Road fugitive dust was one of the
main source of PM2.5, the yearly emissions was 25 ton/year,
accounting for 17.0% of the total emissions. SO2 mainly comes
from the fuel combustion, so there were some pollutants come
from stationary sources. However, compared with aircraft
emissions, the contribution of stationary sources was small,
less than 2%. The sources of VOCsweremore dispersed, such as
incomplete combustion of fuel, volatilization of the oil depot
and so on. Therefore, in order to control the emissions of
airport, different control measures should be carried out for the
main sources of different pollutants.

Using the same data on the activity of the Beijing Capital
International Airport, we chose to use the reference values
recommended for aircraft emissions calculations by the ICAO.
The comparison between the results of the improved method
(IM) and the standard method (SM) is shown in the Fig. 3. As
can be seen from the results, the emissions of NOx, SO2, and
PM2.5 that were calculated by the improved method were
obviously higher than the standard method, increasing by
24.0%, 18.6%, and 24.1%, respectively. The difference between
those two methods was mainly in the climb and approach
phases. While there was a small difference of the emissions of
CO and HC calculated by the two methods (less than 3%). This
analysis suggests that the uncertainty in NOx, SO2, and PM2.5

emissions causing by the variations of the height of the
mixing height is very large.

The information of the emissions at other airports in former
studies was scarce, so we only chose the emissions of aircraft
main engines to compare with Beijing Capital International
Airport. Table 4 presents the results of the comparison. As
indicated in Table 4, even if the number of LTO cycleswas about
2/3 of Atlanta International Airport, the emissions of NOx, SO2

and PM2.5 were not proportional of this ratio, NOx emissions
were about 1.5 times at Beijing Airport. Mainly because of this
approach move part of the emissions currently considered as
due to cruise, to the LTO cycle. In general, aircraft emissions
correspond to airport LTO cycles, showing that the difference of
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Private vehicles
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Fig. 2 – Emission contributions of pollution sources at Beijing
Capital International Airport in 2015.

Fig. 3 – The comparison of the improved method (IM) with the standard method (SM).
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aircraft emissions at different airports was mainly due to the
use of different estimation methods (Winther et al., 2015).

2.2. Characteristics of aircraft emissions

2.2.1. The spatial distribution of aircraft emissions
Fig. 4 shows the emission contribution rates of different
operation modes at Beijing Capital International Airport. By

analyzing the relationship between aircraft emissions and
aircraft operation modes, it was found that there were
significant differences on the emission rates of different
pollutants in different workingmodes. NOx wasmainly emitted
during the climb phase, accounting for 55.5% of the total
emissions. The phases of approach, taxi, and take-off accounted
for 14.1%, 9.9%, and 20.5% of the total emissions, respectively.
Some studies have shown that the emissions indices of NOx for
aircraft engines are positively correlated to thrust setting
(Stettler et al., 2011). Therefore, emissions of NOx were
significant in the high thrust operation mode of the aircraft
during thephases of take-off and climb. This also explainedwhy
the take-off phase only ran for 0.7 min, while the emissions of
NOx accounted for as much as 20.5% of total emissions.
Emission characteristics of PM2.5 were similar to NOx, while
the emission contribution rates were more evenly distributed.
The emissions during approach, taxi, take-off, and climb phases
accounted for 29.5%, 19.8%, 10.3%, and 40.5% of the total
emissions, respectively. CO andHCweremainly emitted during
the taxi phase, accounting for 91.6% and 92.2% of the total
emissions. The emission indices of CO and HC decreased with
increasing thrust. Thus, in a low thrust environment, the

Fig. 5 – Monthly variations in emissions of air pollutants, number of flights (NF), and mixing layer height (MLH).

0% 20% 40% 60% 80% 100%

PM 2.5

SO 2

H C

CO

N Ox

Approach Taxi/idle Take-off Climb

Fig. 4 – Emission contribution rates of different operation
modes at Beijing Capital International Airport.

Table 4 – Aircraft emissions at Beijing Capital International Airport in 2015 compared with other airports (ton/year).

Airport Time LTO cycle NOx CO HC SO2 PM2.5 Reference

Beijing 2015 295,100 7.56E+03 3.49E+03 3.18E+02 4.60E+02 7.15E+01 This study
Atlanta 2000 423,423 4.91E+03 5.20E+03 8.81E+02a 4.73E+02 7.00E+01 Unal et al. (2005)
Incheon 2010 214,835 3.65E+03 1.75E+03 2.73E+02a – 1.82E+01b Song and Shon (2012)
Gimpo 118,514 7.86E+02 1.04E+03 1.62E+02a – 7.10E+00b

Gimhae 62,225 3.32E+02 5.70E+02 9.04E+01a – 3.50E+00b

Jeju 103,426 6.00E+02 8.84E+02 1.36E+02a – 5.90E+00b

Ataturk 2001 160,901 1.26E+03 2.08E+03 3.72E+02 6.66E+01 – Kesgin (2006)
Antalya 62,443 4.98E+02 7.73E+02 1.07E+02 2.51E+01 –
Esenboga 43,364 2.19E+02 3.90E+02 7.33E+01 1.21E+01 –

a Derived from VOC using a factor of (1.15)−1.
b The emissions of PM.
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pressure and temperature of engine combustion chamber were
relatively low which could lead to incomplete combustion of
fuel and increasing emissions of CO andHC. On the contrary, as
the thrust of the engine increased, the emissions of CO and HC
would be significantly reduced. CO and HC emissions during
take-off and climb phases accounted for 0.4% to 2.9% of the total
emissions. The emissions of SO2 depend on the fuel consump-
tion and the fuel sulfur content, and the emissions during
approach, taxi, take-off, and climb phases accounted for 21.2%,
33.8%, 9.9%, and 35.0% of the total emissions, respectively.

2.2.2. The temporal distribution of aircraft emissions
Fig. 5 presents the monthly variations in emissions of air
pollutants, number of flights, and the height of mixing layer.
The monthly emissions of air pollutants showed the highest

values in July and the lowest in February. The emissions of
aircraft were mainly affected by the number of flights and the
time of each operation mode. Because of the huge passenger
volume of Beijing Capital International Airport, most of the
flights have a fixed time and line. Therefore, there will be no
significant changes in the number of daily flights. The number
of days per month would have a direct impact on the overall
number of flights. In addition, the solar radiation in winter
(January, February, and December) in Beijing was quite weak,
resulting in a lower height of mixing layer. So the time of the
aircraft during the climb and approach phases is relatively
short, also the emissions of air pollutants were at the lowest
level throughout the year. The percentages of NOx, CO, HC,
SO2, and PM2.5 from aircraft main engines in winter accounted
for 22.2%, 23.9%, 24.1%, 22.6%, and 22.3% of annual emissions,
respectively. Opposite to winter, the solar radiation was
strong and the height of mixing layer was high in summer
(June, July, and August). So the emission of air pollutants was
at the highest level throughout the year, accounting for 27.2%,
25.7%, 25.5%, 26.9%, and 27.0% of annual emissions, for NOx,
CO, HC, SO2, and PM2.5 respectively. Due to the fact that NOx

was mainly emitted during the climb phase, its emission was
greatly affected by the height of the mixing layer, and there
was a relatively significant variation (9.3% of the mean) in

Table 5 – Comparison of monitored data with simulated
results (24-h average PM2.5 concentrations).

Season Monitor Simulation NMB NME RC

Spring 70.2 55.6 −19.8% 34.2% 77.1%
Summer 59.2 48.2 −16.7% 31.1% 81.2%
Autumn 85.4 76.2 −14.3% 30.8% 82.7%
Winter 95.4 87.1 −16.0% 27.5% 84.8%
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Fig. 6 – The wind rose in spring (a), summer (b), autumn (c), and winter (d) in 2015.
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each monthly emission. CO and HC were mainly emitted
during the taxi phase, so its emission was irrelevant to the
height of the mixing layer. So there was no significant
variation (<4% of the mean) in each monthly emission.

2.2.3. Uncertainty analysis
In the current methodology for aircraft emission estimation,
there were three main sources of uncertainties. Firstly, the
daily maximum height of mixing layer was calculated by dry
adiabatic method, which was used to determine the height of
aircraft emissions. There might be a deviation of the height of
mixing layer from the real atmosphere. Secondly, because of
the lack of localized aircraft engine emission indices, most of
the engine emission indices used in this study were obtained
from the ICAO Aircraft Engine Emissions Databank. However,
emission indices were the engine test data at sea level static
conditions and 7%, 30%, 85%, and 100% of the rated thrust
setting. In the actual flight process, the emission indices were
not the same as the ideal values due to in-flight condition,
aging of the engine, and maintenance. Therefore, there were
uncertainties of these emission indices. Thirdly, for estimat-
ing other sources of pollution at airports, including ground
support equipment, ground access vehicles, private vehicles,
stationary sources, airport oil depot, and road fugitive dust,
there were uncertainties due to the large number of param-
eters involved.

2.3. Impact of airport emissions

In this study, the normalized mean bias (NMB), normalized
mean gross error (NME), and correlation coefficient (RC) were

used to assess the accuracy of the CMAQ simulation (USEPA,
2007). The average simulated concentration of PM2.5 within
the domain 4 containing ten monitoring stations was calcu-
lated to compare with the average observed results. Table 5
presents the model verification results in four seasons.
Considering the inherent uncertain nature of meteorological
and air quality simulation, the modeling performance was
acceptable for the WRF-CMAQ to simulate the concentrations
of PM2.5 in Beijing Capital International Airport and its
surrounding regions.

The wind rose of four seasons in 2015 is presented in Fig. 6.
The figures show that the wind direction of the airport area
was obviously different in the four seasons, and the dominant
winds were northeast and southwest. Fig. 7 shows the airport
impact on average ground level concentrations of PM2.5 in four
seasons in 2015 fromWRF-CMAQmodel. Though each hour of
sensitivity was calculated and analyzed, only the average grid
sensitivity was shown here. As indicated in Fig. 7, the impact
of airport emissions to surrounding areas differed in four
seasons. Generally, the concentration distribution of PM2.5

was affected by the seasonal dominant wind direction. In
spring, PM2.5 mainly affected the near surroundings and the
western regions of the airport, the impact to the east was
relatively small (Fig. 7a). In the vicinity of airport within 1 km,
the average contribution of PM2.5 was 0.52 μg/m3, and the
hourly maximum contribution of PM2.5 was 4.16 μg/m3 in the
northwest of the airport, accounting for 11.7% of the grid cell
PM2.5 concentration. While in the vicinity of airport within
5 km, the average was 0.18 μg/m3, and the hourly maximum
was 3.37 μg/m3 to the west of the airport, accounting for 7.8%.
The distribution of PM2.5 contributions in autumn was similar

Fig. 7 – Airport impact on average ground level concentrations of PM2.5 in spring (a), summer (b), autumn (c), andwinter (d) in 2015.
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to that in spring, which was mainly affected at the surround-
ing areas of the airport (Fig. 7c). The average contribution was
0.61 μg/m3 and the hourly maximum contribution was
6.57 μg/m3 in the southwest of the airport, in the vicinity of
airport within 1 km. While the average contribution and the
maximum contribution of PM2.5 was 0.21 and 6.92 μg/m3,
respectively, in the vicinity of airport within 5 km. That
maximum contribution occurred to the west of the airport,
which accounted for 6.5% of the grid cell PM2.5 concentrations.
In addition, there was a slight decrease in PM2.5 contributions
to the south and east of the airport, probably due to the
reduction in the oxidation of NO2 as increased NOx consume
O3 and OH (Unal et al., 2005).

The distribution of PM2.5 contributions in summer was
quite different from spring and autumn, which was affected
in the southern and southwestern regions of the airport, and
little in the northeastern (Fig. 7b). In addition, the northwest
of the airport was also sensitive to PM2.5. The concentration of
PM2.5 in summer was low, and the PM2.5 of airport emissions
impact on the surrounding area was relatively small. In the
vicinity of airport within 1 km, the average contribution of
PM2.5 was 0.41 μg/m3, and the hourly maximum contribution
was 3.06 μg/m3 to the southwest of the airport, which
accounted for 13.8% of the grid cell PM2.5 concentration.
While in the vicinity of airport within 5 km, the average, the
hourly maximum and the proportion became 0.10 μg/m3,
2.37 μg/m3 and 16.0%. The concentration of PM2.5 was rela-
tively high in winter, covering most of the urban areas of
Beijing, which was affected by the stable meteorological
conditions (Fig. 7d). The impact was higher to the west and
southwest of the airport compared to the east and north. In
the vicinity of airport within 1 km, the average contribution of
PM2.5 was 1.15 μg/m3, while the hourly maximum contribu-
tion was 6.61 μg/m3 to the west of the airport, accounting for
7.6% of the grid cell PM2.5 concentrations. When expanding
the influence distance to 5 km, the average contribution of
PM2.5 was 0.45 μg/m3, and the hourly maximum was 5.37 μg/
m3 in the west of the airport, accounting for 6.2% of the grid
cell PM2.5 concentrations.

Comprehensive analyses of the above, the near surround-
ing and northwest areas of the airport are the most sensitive
to PM2.5, and the emissions of the airport in winter have the
greatest impact on the surrounding area.

3. Conclusions

In this study, a detailed emission inventory, including the
emission of aircraft main engines, APUs, ground support
equipment, ground access vehicles, private vehicles, station-
ary sources, airport oil depot, and road fugitive dust were
calculated at Beijing Capital International Airport. An im-
proved method that considered the daily changes in the
height of the mixing layer was used to estimate the aircraft
emissions. The yearly emissions of NOx, CO, VOCs, SO2, and
PM2.5 at the airport are 8.76 × 103, 4.43 × 103, 5.43 × 102,
4.80 × 102, and 1.49 × 102 ton/year, respectively. The aircraft
was the main source of the airport, of which the emissions of
NOx, CO, VOCs, SO2, and PM2.5 accounted for 86.3%, 78.7%,
67.4%, 95.6%, and 48.0% of total emissions, respectively. By

analyzing the characteristics of aircraft emissions, it was
found that NOx was mainly emitted during the take-off and
climb phases, accounting for 20.5% and 55.5% of the total
emissions. Taxiing aircrafts are a significant source of CO and
HC emissions, which accounted for 91.6% and 92.2% of the
total emissions. The height of the mixing layer is higher in
summer, so the emissions of air pollutants were at the
highest level throughout the year. The percentages of NOx,
CO, HC, SO2, and PM2.5 from aircraft accounted for 27.2%,
25.7%, 25.5%, 26.9%, and 27.0% of annual emissions,
respectively.

Based on the detailed emission inventory, four-season
simulation using WRF-CMAQ model was performed over the
domain surrounding the airport. Two scenarios were used to
simulate the impact of the airport on the surrounding area,
including the zero emission reduction scenario and the
emission reduction scenario. The simulation results are
shown that the concentration of PM2.5 was relatively high in
winter, coveringmost of the urban areas of Beijing, which was
affected by the stable meteorological conditions. The average
impact was about 1.15 μg/m3 within a radius of 1 km around
the airport. The hourly maximum contribution was 6.61 μg/
m3 in the west of the airport. Generally, the near surrounding
and southwest areas of the airport were the most sensitive to
PM2.5.
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