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HIGHLIGHTS

e AERMOD doesn’t account for aircraft plume dynamics in area/volume source treatment.
o A proposed plume rise formulation for aircraft emissions modeled with AERMOD.

e Account for momentum and buoyancy of jet exhausts that govern aircraft plume rise.

o AERMOD’s concentrations with plume rise are relatively insensitive to wind speed.

o Results demonstrate improved model performance after incorporating plume rise.

ARTICLE INFO ABSTRACT

Keywords: The U.S. Federal Aviation Administration (FAA) uses the Aviation Environmental Design Tool (AEDT) to assess
AFRMOD the impact of airport emissions on air quality in and around an airport. AEDT incorporates EPA’s (Environmental
A}rcraft_ Protection Agency) regulatory model, AERMOD. The area/volume source algorithm in AERMOD is currently
glllrogzzlcl;y used to treat most airport sources including aircraft, which contribute a major fraction of total airport emissions.
Jet-exhaust Aircraft emissions have horizontal momentum corresponding to the forward thrust of the aircraft. In addition,
Plume rise they have buoyancy corresponding to the heat rejected from the aircraft engine. These plume dynamics are not

included in the latest version (v22112) of the area/volume source algorithm in AERMOD; the effects of the plume
on ground-level concentrations are accounted through an initial plume height and width based on LIDAR ob-
servations at the end of runways. Model predictions based on this approach are likely to lead to overestimates of
ground-level concentrations because they do not account for the increase of plume height with distance from the
source. This paper proposes a plume rise formulation for aircraft emissions modeled with AERMOD. Plume rise is
modeled using the weighted average of the characteristics of the aircraft that pass through the area/volume
source during 1 h, the averaging time used in AERMOD. The buoyancy parameter used to compute plume rise is
estimated using the aircraft engine characteristics: thrust, fuel burn rate, the velocity of the aircraft, air-fuel ratio,
and the engine bypass ratio. The proposed plume rise formulation for AERMOD is evaluated using SOy obser-
vations from the 2012 Air Quality Source Apportionment Study (AQSAS) conducted at the Los Angeles Inter-
national Airport (LAX). The results from the evaluation indicate that plume rise improves AERMOD’s description
of the qualitative behavior of concentrations measured in and around the airport.

1. Introduction fraction of the aircraft emissions during the total flight cycle from gate to

gate originate from aircraft engines specifically during landing and

Airports are essentially mini-cities that accommodate all the facilities
and activities required to serve the thousands of people who pass
through the airport each day. The aircraft that transport passengers in
and out of an airport account for a significant fraction of the pollutant
emissions from an airport. Their impact on air quality within and outside
the airport requires attention to their unique characteristics. A large

takeoff operations (LTO). Unlike emissions from stationary sources,
aircraft emissions are transient, lasting for a few minutes to a fraction of
an hour depending on how busy the airport is. The emissions, which
originate from moving sources, have horizontal momentum corre-
sponding to the forward thrust of the aircraft. In addition, they have
buoyancy corresponding to the heat rejected from the aircraft engine. A
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realistic model for the dispersion of these emissions must account for
these unique source characteristics.

A handful of studies have examined the impact of airports on sur-
rounding air quality. In almost all of them, models designed for sta-
tionary sources have been adapted for aircraft sources. For example, the
U.S. Federal Aviation Authority (FAA) incorporates EPA’s (Environ-
mental Protection Agency) regulatory model AERMOD (Cimorelli et al.,
2005) in their Aviation Environmental Design Tool (AEDT) (“FAA:
Aviation Environmental Design Tool (AEDT),” 2014). Aircraft moving
in an area of the airport is modeled in the aggregate as an area or volume
source. The special features of aircraft sources are accounted through an
initial plume height and width based on LIDAR observations made by
Wayson et al. (2008). The momentum and buoyancy of jet exhausts that
govern plume rise are not incorporated explicitly in computing
ground-level concentrations, which might lead to overestimates, as
shown in previous studies (Arunachalam et al., 2017).

LASPORT (Janicke and Janicke, 2007), a model used in several
countries in Europe, estimates the impact of airport sources by following
the motion of Lagrangian particles emitted from the sources. Available
descriptions of the model indicate that the horizontal momentum of jet
exhausts is included in the initial velocity of the emitted particles, but
the effects of plume buoyancy are not treated explicitly in the model.

ADMS-Airport, used primarily in the United Kingdom (UK), does
incorporate a detailed treatment of plume rise (Carruthers et al., 2011;
CERC, 2020), which presumably accounts for momentum as well as
buoyancy of jet exhausts. The description suggests that the model for
plume rise also treats the effects of acceleration and deceleration of
aircraft on runways on plume rise. However, because the model is
proprietary, and the available description of the plume rise model does
not contain enough detail to assess its efficacy or evaluate its perfor-
mance against observations.

The objective of this paper is to suggest an approach to the modeling
of plume rise of aircraft emissions that can be incorporated into AER-
MOD. This will extend the applicability of AERMOD to estimating the
impact of airport emissions on air quality at receptors of regulatory in-
terest. Before describing the approach to modeling of plume rise, we
provide observational evidence of the potential importance of modeling
plume rise of aircraft emissions.

1.1. Observations of plume rise

Measurements of the initial behavior of aircraft plumes are limited. A
LIDAR study of aircraft plume rise and spread at Los Angeles Interna-
tional Airport (LAX) by Wayson et al. (2004) and at Hartsfield-Jackson
Atlanta International Airport (ATL) and Denver International Airport by
Wayson et al. (2008) indicated that the plumes from aircraft exhausts
were elevated by tens of meters. But these measurements are confined to
the length of the runway when the plume is essentially horizontal and is
in contact with the ground, and the vertical growth of the plume is
governed by the shear between the velocity of the gases in the plume and
the ambient velocity. As far as we are aware, there are no direct mea-
surements of the behavior of the aircraft plume when buoyancy becomes
the major force in the vertical rise and dispersion of the exhaust plume.

Carslaw et al. (2008, 2006) provide indirect evidence on the role of
buoyancy on plume behavior through their analysis of NOy concentra-
tions measured near two runways at Heathrow airport in London. The
airport has two runways that lie roughly along the east-west axis so that
aircraft can take advantage of the prevailing westerly winds. Carslaw
et al. (2006) show that hourly averaged concentrations of NOy at a
location 180 m north of the northern runway varied little with wind
speed (Fig. 1). This indicates the significant role of buoyancy of the jet
plume in governing ground-level concentrations. The concentration, C,
associated with a near ground-level source with no buoyancy would be
sensitive to wind speed because C~1/U, where U is the wind speed. On
the other hand, a buoyant source would be relatively insensitive to the
wind speed because the decrease in dilution with wind speed is
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Fig. 1. Bivariate polar plot of wind speed and NO, concentrations (ug /m?) as a
function of wind direction (Source: Carslaw et al. (2006)).

compensated by the decrease in buoyant plume rise with wind speed.
This is an indication, though indirect, that the inclusion of plume rise is
likely to improve the performance of models for dispersion of aircraft
emissions. The next section describes our proposed approach on plume
rise formulation for aircraft exhausts.

Emissions from the north runway in Heathrow originate from the
south, southwest direction. Note that the highest concentrations vary
little with wind speed.

2. Aircraft engines

Before describing the details of the proposed plume rise formulation,
we first review the different types of aircraft engines and their charac-
teristics that are relevant to plume rise. Aircraft engines can be grouped
into two categories. The first category is turbine-based: turbojet and
turbofan engines. The exhaust from these engines has both buoyancy
and horizontal momentum. The second category includes shaft-based
engines: turboprop, turboshaft, and piston engines, in which the
exhaust might not possess horizontal momentum. A detailed description
of each type of engine is given in the supplementary material/infor-
mation of this paper.

2.1. Turbine-based engines

Fig. 2 shows the operation of a modern turbofan engine.

Fuel bumer

Engine f:a;mg
|

Exhaust flow
| ‘a‘ Engine exhaust,
4 \ diameter D
Turbine (drives fan
Fan Compressor and compressor shaft)

Fig. 2. Schematic of turbofan jet engine. (Source: ADMS-Airport Manual
(CERC, 2020)).
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In an aircraft powered with a turbine-based engine, air enters the
engine at roughly the speed of the aircraft relative to the moving
aircraft. A fraction of the incoming air is directed into the core, where it
is first compressed, then enters the combustion where the injected fuel
increases the energy of the gases, which then drives a gas turbine. The
gas turbine generates enough power to drive the compressor and the fan.
The core flow is then exhausted through a nozzle. A turbojet engine lacks
a fan, and all the air passes through the core.

In a modern turbofan engine, most of the air entering the engine
“bypasses” the core as it is driven towards the exit by the fan at the
entrance. The mass flow rate of the bypass air is several times that of the
core air; the ratio of the two mass flow rates is known as the bypass ratio,
which is denoted by bypr. The bypass ratio of modern turbofan engines is
greater than 5. The exiting air is a mixture of core air and bypass air, and
the average velocity of the two streams is much smaller than that of the
core air. Low bypass turbofans are commonly used in fighter jet engines
and have ratios in the 0.30 to 0.50 range, while modern high bypass
engines may have a ratio as high as 9 or 10 (Herbert, 2022).

The thrust of the engine is the product of the total mass flow rate and
the difference between the inlet and exit velocities. As we will see, the
power associated with propulsion is maximized by bringing the exit
velocity of the exhaust gases as close as possible to the inlet velocity, and
at the same time increasing the mass flow rate through the engine. This
is achieved through as large a bypass ratio as possible, which involves
making the fan as large as possible.

The ratio of the mass of air entering the core to that of the fuel
injected into the combustion chamber is known as the air-fuel ratio,
denoted here by AF. Although the stoichiometric AF ratio is about 15, it
is maintained at values greater than 45 to ensure that the temperature of
the gases exiting the combustion chamber is below that required for the
integrity of the turbine blades. The ratio of the mass flow rate of air plus
fuel, m, to that of the fuel, i, is approximately AF(1 + bypr), which is
over 200 for most aircraft engines. Therefore, the mass flow rate through
the engine is essentially that of air. We now have the necessary back-
ground to relate the buoyancy parameter to the characteristics of an
aircraft engine.

3. Proposed approach

In principle, we can compute the impact of aircraft emissions by
following the motion of each aircraft in an airport. Because this
approach is not compatible with AERMOD’s framework, which assumes
that the emissions are stationary. We represent the moving aircraft as
sources contributing to emissions from an area source. The total emis-
sion over the specified area is the sum of the emissions that occur while
the aircraft travel over the area. Consider a specific area A in the airport.
During a time period, typically an hour, assume that N aircraft pass
through this area each of which emits e; of a pollutant during its passage
through the area. Then the emission rate from the area is

N
S éiAs
i=1

AT

E—= 1)

where At; is the time spent by the i aircraft in A while emitting at a rate
é;, and T = 3600 s. This then allows us to treat emissions from moving
aircraft as a stationary source, specifically from a fixed area source.

The plume rise of emissions from each area source is computed with
the relevant characteristics of a typical aircraft that passes through the
area A, which is described with a convex polygon, as in AERMOD. The
engine parameters are computed as normalized characteristics for each
fixed source by taking the average of all the flight segment values within
an area source during each hour, weighted by the fuel burn contribution
of each segment. Equation (2) shows how the Aviation Environmental
Design Tool (AEDT) weights each of these characteristics,
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where my, is a normalized plume rise characteristic, for example, fuel
burn rate, for a cuboid k; Fb,; is a total fuel burn of the flight trajectory
segment t of the air operation a; m, is the true fuel burn rate of the flight
trajectory segment t of the air operation a; wy 4, is the weight of the sub-
segment of the flight trajectory segment t of the air operation a, which
resides in the cuboid k; the air operation and trajectory segment ranges,
{a1x,Ax} and {t; x, Tk}, respectively, could vary from one cuboid to
another. The wy o, is expressed as follows:

T A,
Wiy = 24 3

where 7 o is the time trajectory segment ¢ of the air operation a spends
in the cuboid k, and 7, is the total duration of the segment t of the air
operation a.

We compute the other variables, described later, that govern plume
rise in a similar manner.

When an aircraft travels in the airport, it lays down a plume along its
path (Fig. 3). It is useful to think of a line thermal (Arunachalam et al.,
2017) as a cylinder that contains the energy rejected by the engines. If t
is the time spent by an aircraft in an area source, the length of the air
cylinder affected by emissions of the aircraft traveling at an average
speed, v,, into a head wind, Ugy is (Vo + Ugy)t. If Q. is the heat rejected
per unit time by the aircraft, the heat content per unit length of the
thermal is Q./(va+U,ys). We realize that the ambient Ue is not always
opposed to v,. However, because the area source treatment of emissions
does not trace the path of every aircraft in a source area, we add the
velocities to ensure that we recover the expression for plume rise when
vq is close to zero or is large compared to Ugy.

We incorporate this expression for energy content per unit length of
the line thermal into the familiar buoyancy parameter, F,, used to
compute plume rise from a point source: (Briggs, 1965):

Fy :Tiveré(n ~T,), )

where v, and T, are the velocity and temperature of the exhaust plume,
T, is the ambient temperature, g is the acceleration due to gravity, and ry
is the effective radius of the point source. Equation (4) can be re-written
as

_8 Q.
T, np,C,

Fy ) 5)

where Q, is the heat rejected by the aircraft engine, p,, is the density and
Cp, is the specific heat of the exhaust gases.

Once an aircraft creates a line thermal in its path in an area source,
the line thermal becomes detached from the aircraft and its behavior is
governed by the energy and momentum that it contains. The buoyancy
associated with unit length of the line thermal is F;,/(va + Ugy), and the
plume rise, hy, of the elements of the line thermal associated with a
representative aircraft in the area source is (Venkatram and Schulte,
2018):

o)’ 3 F, x \? " T
() L 3 B (x _(n
h”b<<ﬂ> T (mwﬂ)(mﬁ)) ) ©

where # = 0.6 is an entrainment constant, x is the effective distance
between the source and receptor, and U, is the effective velocity that
governs transport of the elements of the line thermal, and ry is the initial
radius of the line thermal. The travel time from source to receptor is
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Buoyancy-Induced Plume Rise -

Line Thermals

Energy in line thermal = Q,t,
where t is time spent within grid.

v

L= (Ueff + Ua)l'

: — Qe
Energy per unit length = Waorrtva)

Fig. 3. Schematic of a line thermal behind an airplane at surface.
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Fig. 4. Schematic of a momentum plume rise due to the aircraft’s forward thrust.
x/Ues, where the effective distance, x, is measured from the center of )
T=np,r,,((va+ Usgr) +0.)0u, (10)

mass of the area source. Note that Equation (6) reduces to the plume rise
equation for stationary sources if the speed of the aircraft, v,, is zero.

In addition to buoyancy, plume rise is also governed by horizontal
momentum of the exhaust gases, which in turn depends on the thrust
generated by an engine.

3.1. Accounting for jet momentum

We assume that the horizontal momentum is conserved as the radius
of the horizontal plume grows with distance from an aircraft within the
area source (Fig. 4).

For a top-hat profile of velocity within the plume, the momentum
balance can be written as

2,U, (U, = Uy)ar’ =T, %)

where p, is the plume density. U, is the velocity inside the plume U, is
the ambient velocity at the level of the plume, where these velocities are
measured relative to the moving aircraft, so that U, = vo + Ugy. The
initial momentum flow inside the plume is the thrust, T, exerted by the
engine on the air. A version of this equation is derived in the Appendix
Al of Arunachalam et al. (2017).

As in Barrett et al. (2013), we assume that the radius of the jet
exhaust grows linearly with distance from a point within the area source

r=ax + ry, (8)

where a = 0.1 is an entrainment constant, and ro is the radius of the
engine exhaust. This estimate of the radius of the plume allows us to
calculate the velocity of air, Uy, inside the plume from Equation (7)

4T v
)2) , 9

U, = (v, + Uy 05+05(1+——+———
P (V /f) ( ﬂ"”zﬂp(Ueff v,

The radius of the momentum plume is taken to grow until the dif-
ference between the plume and ambient velocities is comparable to the
standard deviation of the ambient horizontal velocity fluctuations, ¢, =
2.0u,, where u, is the surface friction velocity. Then, the maximum
plume radius is given by the relationship

where p, is the ambient density. Then ry, is given by

12
T
m = . 11
’ (npa«vaww)m)au) v

The plume rise associated with momentum, h,n, is taken to be the
radius of the plume

h :{ro+ax,x§xm 12)

o Ty X > X,

where X, is the distance at which the radius reaches its maximum value

X = (tn —10), (13)
a

The effect of buoyancy is treated by assuming that it acts indepen-

dently on the expanding jet plume. However, buoyancy is allowed to

interact with horizontal momentum through the initial radius, Ry, which

is taken to be the average value of the radius of the momentum plume

between 0 and x,

R():% /r(x)dx, (14)
0

which yields

ro+ax/2, x <x,

Ro =« x, ax,, X , (15)
—(ru +—> +rm(1 ——), X > Xy
X 2 2

Equation (15) must be solved iteratively because the wind speed at
plume height is not known a priori.
The total plume rise is then

hy = hyp + hp, (16)

where the second term on the right-hand side is the plume rise associ-
ated with the momentum, which is negligible for turboshaft or piston
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engines.

3.2. Maximum plume rise calculation

The rise of the plume associated with buoyancy is limited to the
height at which the standard deviation of the vertical velocity fluctua-
tions, oy, is equal to the rate of rise of the plume dhy;,/ dt. The travel
time, tmax, associated with maximum plume rise is then given by the
solution of the non-linear algebraic equation (Venkatram and Schulte,
2018):

dhy d <R0> 35 L\ R
“EH(R) v ) SR g,
dt dt B 28 (va + Ueg) p

or

R\® 3 Fy > B _ 2
((ﬂ> + 7 ey ) (Fo) (va + Usg) )1 = 008 a7

Equation (17) is solved using Bi-section to yield t,,.. Note that the
solution of Equation (17) accounts for the plume spread induced by
momentum, Ry. The maximum plume rise is then given by Equation (6)
in which t = ty.

When the boundary layer is stable, plume rise is limited by the final
rise in a stable atmosphere with a potential temperature gradient

1/3
F,
P =266 ————] as)
(va + U )N?
where N is the Brunt-Vaisala frequency,
¢ do 1/2

N=(Z2 1

(T“ dz) (19)

The total plume rise is also limited by the height of the mixed layer.

3.3. Treatment of airborne sources

Airborne emissions are assumed to originate from fixed-point sources
along the path of an aircraft. The emissions along the landing or takeoff
path are assigned to the point sources between two levels in a manner
similar to that used to assign surface emissions to area sources. We as-
sume that the momentum jet is directed along the flight path until it runs
out of momentum. This distance along the flight path at which buoyancy
takes over is x,, given by Equation (13). If 0 is the angle with the hori-
zontal at which the aircraft is landing or taking off, we assume that the
plume descends by h, = x;, tan 0 in the range of horizontal distance x; <
= X, cos 0. Buoyancy governs plume rise beyond x; = xy, cos 6, so that
plume rise beyond this distance becomes

hy =2, — Xy Sin 0 + hyy, (20)

where z, is the airborne source height, and hy; is the buoyant plume rise
given by the equations described previously. The next sections describe
the calculation of plume rise parameters using aircraft engine charac-
teristics.

3.4. Computing buoyancy parameter from engine characteristics

3.4.1. Turbine-based engines

The exhaust temperature and rejected heat required in Equation (5)
to compute the buoyancy parameter are not available for jet/gas turbine
engines. Thus, it is necessary to estimate these variables using the
available engine characteristics: the thrust, T, the aircraft velocity, v,,
fuel burn rate, i, the air-fuel ratio, AF, and the bypass ratio, bypr.

We can derive an expression for Q. by writing the energy balance
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tigHm =5 (V2 =92) + Q.. (1)

where s is the fuel consumption rate, and Hy is the heating value of the
fuel. The combustion efficiency, 7., is close to unity. The air mass flow
rate, m, is related to the fuel burn rate, my, through

m=nmeAF(1+ bypr), (22)

where AF is the air-fuel ratio, and bypr is the engine bypass ratio.
Equation (21) states that the power supplied by the fuel (left-hand
side) is the sum of the increase in kinetic power and thermal power
added to the air passing through the engine.
The average exhaust velocity, v, of the gases from the engine follows
from the expression for thrust

T =nm(v. —va), (23)
where v, is the aircraft velocity, so that
T
Ve =Vs+—. (24)
m

Equations (22) and (24) provide my and v, required to compute Q,
from Equation (21).

Then, the preceding equations allow us to compute the buoyancy
parameter, F,, from

8 L 7
T, 7Cpp,

(25)

where the exit density, p,, is computed from the energy conservation
equation and the equation of state,

_pa

= 2
Pe RT, (26)
Qe
T,=—+T, 2
e= et T (27)

where p, is the ambient pressure, and R, is the gas constant of air. We see
that the inputs required to compute F, are the thrust, T, the aircraft
velocity, v4, the fuel burn rate, my, the air-fuel ratio, AF, and the engine
bypass ratio, bypr.

3.4.2. Shaft-based engines

The turboshaft engine is another common type of jet/gas turbine
engine. It delivers power to a shaft that drives something other than a
propeller. The biggest difference between a turbojet and turboshaft
engine is that: in a turboshaft engine, most of the energy produced by the
expanding gases is used to drive a turbine rather than produce thrust.
Many helicopters use a turboshaft gas turbine engine. In addition,
turboshaft engines are widely used as auxiliary power units on large
aircraft (Aeronautics-Guide, 2022).

In a turboshaft engine, the propeller is driven by a gas turbine. The
air passing through the propeller is not heated. So, the hot exhaust from
the turbine constitutes the primary source of buoyancy. The heat ejected
by the turbine can be estimated if the compression ratio of the
compressor in the turbine, CR, is specified. The compression ratio is the
ratio of the stagnation pressures at the outlet and inlet of the
COmpressor.

For an ideal turbine, CR, determines the thermal efficiency of the
turbine, which is given by

n=1-— (28)

a) = C‘R%7 (29)

where k = % = 1.4 is the ratio of the specific heats of air at constant
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pressure and volume.
The alternate way to determine the thermal efficiency of the turbine
is as

_pb
g Hy’

n (30)

where p; is the power setting and P; is the rated power.
Then, the power transferred to the propeller is W = mi¢Hyz, and the
heat rejected is

g Hy

Q. =iyt (1 =) =" 31
where Hy is the heating value of the fuel, and m is the fuel rate.
The temperature of the exhaust is seen to be
(1 — ”z)Hf
T.=T,+—+ 2
e=Tq + CAF (32)

where AF is the air-fuel ratio.
This temperature is used to compute the density assuming that the
pressure is ambient, pg,

_ P

SR (33)

Pe

This density is used in the formula for the buoyancy parameter
Equation (25).

4. Impact of plume dynamics on ground-level concentrations

We first provide estimates of plume rise associated with aircraft
emissions as a function of aircraft speed and ambient velocity. We then
estimate of the impact of the plume rise formulation on ground-level
concentrations of SO using data from the Los Angeles Source Appor-
tionment Study (LAX AQSAS Phase III).

The final plume rise in an unstable boundary layer is proportional to
Fp/((Ues + va)o2) and the distance to final rise is proportional to

(%) (U;ifvﬂ) if we neglect the initial radius Ry in Equation (17). These
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results reflect the impact of the aircraft speed, v,, in determining plume
rise through its role in governing the energy imparted to unit length of
the line thermal laid down by the moving aircraft.

Fig. 5 shows that that the magnitudes of total plume rise corre-
sponding to engine characteristics of a typical aircraft, which is oper-
ating in LAX during take-off and taxiing. The buoyancy parameter
during take-off is 1864 m* /s3, reflecting full power, is about 38 times the
49 m*/s® during taxiing. The thrust of 88242 N is about 15 times that
during taxiing. These differences in engine parameters are reflected the
variations of plume rise with effective wind speed and aircraft speed
shown in Figs. 5 and 6. The meteorological variables correspond to
daytime when the planetary boundary layer height (PBL) as 960 m, and
the standard deviation of the vertical velocity fluctuations, o, is 0.71
m/s.

The top panel of Fig. 5 shows that the final plume rise and the dis-
tance to final rise are sensitive to aircraft speed when the effective wind
speed is 2 m/s. The final plume rise increases from about 150 m to 350 m
when the aircraft speed decreases from 60 m/s to 20 m/s. The final
plume rise decreases as the wind speed increases as seen in the middle
panel of Fig. 5, and the distance at which the plume reaches its final
height increases with wind speed, as expected. This effect is seen clearly
in the bottom panel when the wind speed increases to 8 m/s.

Fig. 6 shows similar effects of aircraft speed and effective wind speed
on plume rise during taxiing. The smaller buoyancy of 49 m*/s® is re-
flected in the much smaller buoyancy-induced plume rise of less than 20
m; this is compensated to some extent by a decrease in aircraft speed
resulting in net decrease of about a factor of 10 even though the buoy-
ancy decreases by a factor of 30. We see that the momentum-induced
plume rise is much more important during taxiing and can exceed that
induced by buoyancy as seen in the top panel of Fig. 6. Recall that the

1/2
maximum momentum-induced plume rise is proportional to (U”%) .
oV

So, the decrease in thrust accompanied by an aircraft speed factor from
take-off to taxiing translates into a reduction by half in momentum
plume rise when the effective wind speed is 2 m/s; compare the top
panels of Figs. 5 and 6.

We see that an increase in wind speed and aircraft decreases plume
rise at a fixed distance from a stationary point in the area source used to
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Fig. 5. Variation of momentum and buoyancy induced plume rise with aircraft and ambient velocities for a typical aircraft during take-off. Thrust = 88242 N,

Buoyancy parameter = 1863 m*/s°.
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Fig. 6. Variation of momentum and buoyancy induced plume rise with aircraft and ambient velocities for a typical aircraft during taxiing. Thrust = 5741 N,

Buoyancy parameter = 49 m*/s3,

model emissions from aircraft moving within an area. The concentration
at a receptor decreases with the transporting wind speed but increases
when the plume rise decreases as the wind speed increases. Thus, the
concentration at a receptor should be relatively insensitive to wind
speed if these two effects compensate for each other. To see this effect on

modeled concentrations, we implement this plume rise approach into
AERMOD (v22112). We next search for this behavior by comparing
model results with measurements made at Los Angeles airport in 2012.

The Los Angeles Source Apportionment Study was conducted in 2012
in two different monitoring seasons, the “winter measurement season”

California (USA)

Fig. 7. Locations of core, gradient, and satellite monitoring stations at LAX during AQSAS Phase III (Adapted from (Arunachalam et al., 2017; Pandey et al., 2022),

ACRP Report 179).
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from 1/31/12 to 3/13/12 and the “summer measurement season” from
7/18/12 to 8/28/12 at the four core sites, the Air Quality (AQ) site, the
Community North (CN) site, the Community South (CS) site, and the
Community East (CE) site (Fig. 7).

Here, we focus on data at two core sites, CN and CE, which are
downwind of the airport. The CN core monitoring site is located at
Westchester about 1.5 km east of the North Airfield. The monitoring site
CE is located at Lennox about 1.5 km east of the South Airfield and
approximately half km east of the I-405 Freeway in Fig. 6 (Tetra Tech,
2013; Arunachalam et al., 2017).

The parameters for turbofan and shaft-based engines required to
compute plume rise were generated using the Aviation Environmental
Design Tool (AEDT) (FAA, 2014) in the form of AERMOD ready input
files (e.g., INP and.HRE files) by Federal Aviation Administration’s
(FAA) contractor, Volpe Center for Los Angeles airport during both the
seasons of 2012.

The meteorological inputs for both seasons of 2012 were generated
with AERMET using the KLAX (Los Angeles Airport) surface observa-
tions (WBAN 722950), and KNKX (San Diego Marine Corps Air Station)
upper air soundings (WBAN 722930).

Fig. 8 shows the average SO2 hourly concentrations at CN and CE
respectively filtered by wind direction in the two seasons. The modeled
(with and without plume rise) and observed concentrations only
correspond to westerly winds (>180°) to capture the maximum impact
of airport sources. Each point in the plot is the average over the con-
centrations measured during a wind speed interval shown on the x-axis.

We see that the measured SO; concentration varies by less than 4 ug/
m® over a wide range of wind speeds, ranging from 1 to 13 m/s both at
CN and CE in the winter, and in the summer period it varies by less than
4 ug/m® over 0 — 8 m/s. Without plume rise, the AERMOD modeled
values follow the expected behavior of concentrations associated with
surface releases: high concentrations at low wind speeds and concen-
trations decreasing as the wind speed increases at both CN and CE

Atmospheric Environment 314 (2023) 120106

(Fig. 8). On the other hand, with plume rise, the concentrations are
relatively insensitive to wind speed. Although the SO; concentrations
are underestimated by AERMOD, this insensitivity of modeled concen-
trations to wind speed is consistent with that observed by (Carslaw et al.,
2006) at Heathrow airport. The gap between measured and modeled
concentrations is likely associated with emissions from non-aircraft
sources in the airport study region that were not modeled in this
exercise.

We demonstrate the impact on model performance of implementing
the plume rise algorithm in AERMOD v22112 through a quantile-
quantile (Q-Q) distribution analysis, which is used by the USEPA for
regulatory applications (Perry et al., 2005). Fig. 9 compares the distri-
bution of model-estimated hourly SO5 concentrations with that of
hourly SO; concentrations measured at the CN and CE sites during the
winter and summer field studies. In this analysis, the modeled concen-
trations include modeled background sources in addition to aircraft
sources, which incorporate plume rise in one of the two distributions
shown in Fig. 9. We see that the mid to high modeled concentrations at
CN and CE are reduced by including plume rise in AERMOD, and the
distribution of modeled concentrations is drawn closer to that of the
measured concentrations. This is tentative support for the benefit of
incorporating plume rise in modeling the impact of aircraft sources.

5. Conclusions

The objective of this paper is to suggest an approach to the modeling
of plume rise of aircraft emissions that can be incorporated into AER-
MOD. This will extend the applicability of AERMOD to estimating the
impact of airport emissions on air quality at receptors of regulatory in-
terest. The proposed approach accounts for plume rise associated with
buoyancy and horizontal momentum of exhaust emissions from aircraft
engines. The emissions are assumed to originate from line thermals
created by an aircraft as they move over the airport. The plume rise
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Fig. 9. Distribution of modeled SO, concentrations compared with that of observed concentrations measured at CN and CE during winter (02/01/2012 - 02/29/

2012) and summer studies (07/18/2012 — 08/28/2012) of 2012.

model treats momentum-induced and buoyancy-induced plume rises as
independent processes but incorporates interaction between these two
processes. The variables used to compute plume rise are related to en-
gine parameters that are routinely logged during aircraft operations.
These parameters include fuel burn rate, thrust, aircraft velocity, bypass
ratio, rated power, air-fuel ratio, and aircraft angle.

We find that the final plume rise associated with exhaust emissions
from aircraft operating in LAX (an airport similar to large airports in the
US, as well as in emerging global markets), is of the order of hundred
meters at 1000 m from the source when an aircraft is taking off. It is
much smaller when the aircraft is idling or taxiing. The proposed model
for plume rise improves upon the constant value of initial spread of 16.1
m used to simulate aircraft emissions in AERMOD.

We evaluated the impact of incorporating plume rise in AERMOD by
comparing AERMOD estimates, with and without plume rise, to mea-
surements of SO, concentrations measured at two sites within LAX
during a field study conducted in 2012. The measured SO concentra-
tions showed relatively small variation with wind speed when the flow
was westerly, which is similar to the expected behavior seen by (Carslaw
et al., 2006) in their analysis of data from Heathrow airport. The cor-
responding model estimates from AERMOD showed this type of
behavior only when plume rise was incorporated into the model. We
also show that the inclusion of plume rise in AERMOD improves the
comparison between modeled and measured SO, concentrations at LAX.

These results presented in this paper suggest the importance of
incorporating plume rise in AERMOD in estimating the impact of aircraft

emissions on air quality in areas downwind of airports. More detailed
evaluation with measurements of plume rise at a large airport is needed
to further improve the formulation described in this paper. We plan to
apply and evaluate the algorithm with additional airport air quality
studies in an extension of this study in multiple airports, both within and
outside the U.S.
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