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ABSTRACT: The Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) is a state-of-the-science

atmospheric dispersionmodel that is developed andmaintained at the National OceanicAtmospheric Administration’s Air

Resources Laboratory. In the early 2000s, HYSPLIT served as the starting point for development of the Stochastic Time-

Inverted Lagrangian Transport (STILT) model that emphasizes backward-in-time dispersion simulations to determine

source regions of receptors. STILT continued its separate development and gained a wide user base. Since STILT was built

on a now outdated version of HYSPLIT and lacks long-term institutional support to maintain the model, incorporating

STILT features into HYSPLIT allows these features to stay up to date. This paper describes the STILT features incor-

porated into HYSPLIT, which include a new vertical interpolation algorithm forWRF-derived meteorological input files, a

detailed algorithm for estimating boundary layer height, a new turbulence parameterization, a vertical Lagrangian time

scale that varies in time and space, a complex dispersion algorithm, and two new convection schemes.An evaluation of these

new features was performed using tracer release data from the Cross Appalachian Tracer Experiment and theAcross North

America Tracer Experiment. Results show that the dispersionmodule from STILT, which takes up to double the amount of

time to run, is less dispersive in the vertical direction and is in better agreement with observations when compared with the

existing HYSPLIT option. The other new modeling features from STILT were not consistently statistically different than

existing HYSPLIT options. Forward-time simulations from the new model were also compared with backward-in-time

equivalents and were found to be statistically comparable to one another.
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1. Introduction

The Hybrid Single-Particle Lagrangian Integrated Trajectory

model (HYSPLIT; Stein et al. 2015) is an atmospheric dispersion

and trajectory model developed and maintained at the U.S.

National Oceanic Atmospheric Administration’s (NOAA) Air

Resources Laboratory (ARL). The HYSPLIT modeling system

contains a broad range of operational and research grade dis-

persion products (Stein et al. 2015). For instance, HYSPLIT is

used operationally by the U.S. National Weather Service

Forecast Offices to forecast transport and dispersion of haz-

ardous materials from industrial accidents to protect life and

property. In addition, NOAA ARL supports important opera-

tional applications using HYSPLIT in the event of nuclear ac-

cidents, wildfires, clandestine nuclear activities, and volcanic

eruptions. HYSPLIT is also used for quantitative source attri-

bution. By determining the relative importance of different

source regions and source types, decision makers can effectively

evaluate and prioritize measures that seek to improve human

and environmental health and security.

The HYSPLIT model has multiple user options to estimate

the stability of the atmosphere, calculate velocity variance

through a turbulence parameterization, determine mixed-

layer depth, and simulate turbulent particle motion (Draxler

and Hess 1997). The model can simulate emission, transport,

dispersion, deposition, and chemistry within a Lagrangian

framework with three dimensional particles by calculating

turbulent particle motion directly or as puffs by calculating a

statistical distribution (Draxler and Hess 1998). HYSPLIT

can also be run within an Eulerian framework or in a mixed-

mode approach where pollutants are emitted as puffs or

particles and then are converted downwind to particles, puffs

or onto an Eulerian framework.

The Stochastic Time-InvertedLagrangianTransport (STILT)

model (Lin et al. 2003) is a Lagrangian particle dispersion system

used to link receptors with upwind sources. STILT has been

widely used to interpret greenhouse gas observations and esti-

mate their emissions (Gerbig et al. 2003; Goc̈kede et al. 2010;

McKain et al. 2012; Miller et al. 2013; Lin et al. 2017; Sargent

et al. 2018). STILT consists of two parts: 1) an atmospheric

dispersion module to simulate particle transport, written in

Fortran, and 2) a higher-level module, written in R (R Core

Team 2020), that manages batches of simulations, provides

methods for single and multinode parallelization, and processes

the output from the Fortran executable to determine source–

receptor relationships and estimate emissions (Fasoli et al. 2018).

The atmospheric dispersion component of STILT was built

on what is now legacy Fortran code fromHYSPLIT in the early
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2000s (Lin et al. 2003). The Fortran code has evolved over time

to include additional complex modeling routines for handling

pollutant transport via advection, diffusion, and convection.

However, STILT lacks sufficient institutional infrastructure

and long-term support to maintain and update the Fortran

code. Therefore, we have incorporated the additional complex

modeling routines for the Fortran component of STILT into

HYSPLIT, version 5.0, enabling these STILT routines to be

maintained and updated within NOAAARL. Output from the

new merged model is compatible with the STILT model’s

higher-level R module, which enables STILT users to use the

same atmospheric dispersion options in the STILT dispersion

module with HYSPLIT. In addition to the traditional STILT

functionality, STILT users can also utilize other features of

HYSPLIT, which is continually updated and maintained by

NOAA ARL.

The next section describes the STILT features that have

been incorporated into HYSPLIT. The options from STILT as

well as the existing options from HYSPLIT are compared and

evaluated with tracer release experiments. The tracer release

experiments and the method for evaluation, including the

comparisons between the forward-time and backward-time

simulations, are described in section 3. Results and a discussion

of the model evaluation is presented in section 4, and an

evaluation of the reversibility of the code is presented in

section 5 followed by concluding remarks.

2. STILT features incorporated into HYSPLIT

Features within the atmospheric dispersion module of the

STILT model have been incorporated into HYSPLIT, ver-

sion 5.0. These include a new vertical interpolation algorithm

for meteorological input files that are derived from WRF

Model output, a more detailed algorithm for estimating

boundary layer height, a new turbulence parameterization, a

vertical Lagrangian time scale that varies in time and space, a

more complex dispersion algorithm, and two new convection

schemes. These new options are summarized in Table 1 and

described in more detail below. The STILT routines have

been incorporated into HYSPLIT as user-defined options

that can be mixed and matched with existing HYSPLIT op-

tions. For example, HYSPLIT can be configured with the

STILT dispersion routine and an existing HYSPLIT turbu-

lence parameterization.

a. WRF vertical interpolation scheme

HYSPLIT can read in multiple different meteorological

input files from varying sources and vertical coordinate sys-

tems. HYSPLIT interpolates the meteorological variables onto

the HYSPLIT vertical coordinate system. A new vertical inter-

polation scheme has been incorporated into HYSPLIT specifi-

cally for meteorological input files that originate from Weather

Research and Forecasting (WRF)Model (Skamarock et al. 2008)

output files. This scheme mimics the vertical coordinate trans-

formations within the WRF Model by using the same equations

within theWRFModel for calculating layer thicknesses, as part of

the close coupling implemented between STILT and WRF

(Nehrkorn et al. 2010). The vertical coordinate system inWRF is a

terrain-following dry hydrostatic pressure-sigma coordinate sys-

tem and defined as

s5
p
dh
2p

dht

m
d

, where m
d
5p

dhs
2p

dht
, (1)

where s is the sigma level and pdh, pdhs, and pdht are the dry

hydrostatic pressure at the location of interest, surface, and

model top, respectively.

The difference between this scheme and the default HYSPLIT

scheme for meteorological terrain-following pressure–sigma co-

ordinates is how the schemes estimate the change in height be-

tween different vertical levels. In the original HYSPLIT scheme,

the change in height Dz is calculated using the hypsometric

equation:

Dz5
[ln(P

bot
)2 ln(P

top
)]R

dry
0:5(T

vtop
1T

vbot
)

g
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wherePbot andPtop are the pressure at the bottom and top of the

layer, respectively; Rdry is the dry gas constant (287 JK
21 kg21);

TABLE 1. A list and brief description of the new HYSPLIT features incorporated from the STILT model.

New HYSPLIT Feature Description

WRF vertical interpolation Following same algorithm as in WRF

New mixed-layer calculation More detailed algorithm that uses excess temperature for convective cases as a

function of virtual potential temperature, u*, and w* following Holtslag and

Boville (1993).

Hanna boundary layer turbulence parameterization Computes vertical diffusivity following Hanna (1982) within the PBL and the

standard mixing-length theory above the PBL

Lagrangian vertical time scale varying in space

and time

Calculates vertical Lagrangian time scale from the standard deviation of vertical

velocity following Hanna (1982); can be used with all boundary layer

turbulence parameterizations (i.e., not just the Hanna scheme)

STILT dispersion A more complex turbulence module that includes the reflection/transmission

scheme for Gaussian turbulence that preserves well-mixed distributions of

particles moving across interfaces between step changes in turbulence

parameters

Extreme convection Extreme convection following Gerbig et al. (2003)

Grell convection Grell scheme utilizing WRF output convective fluxes
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Tvtop andTvbot are the virtual temperature at the top and bottom

of the layer, respectively; and g is gravity. The new option from

STILT estimates Dz as (Nehrkorn et al. 2010)

Dz5
m
d
(s

top
2s

bot
)a

d

g
, (3)

where md is the WRF dry mass (dry hydrostatic surface pres-

sure minus the WRF top pressure); stop and sbot are the top

and bottom sigma levels of the layer, respectively; and ad is

the WRF dry inverse density.

b. Mixed-layer depth calculation

The new method in HYSPLIT to estimate boundary layer

depth as adapted from STILT is calculated using a modified

Richardson number approach that includes excess tempera-

ture for convective cases as a function of virtual potential

temperature, friction velocity, and convective vertical velocity

following Vogelezang and Holtslag (1996) and summarized

here. In this method, mixing height is estimated by a modified

bulk Richardson number Ri:

R
i
5

gz(u
y
2 u

vsc
)

u
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z
2 u

s
)2 1 (y

z
2 y

s
)2]

, (4)

where uy and uvsc are the virtual potential temperature at

height z and excess temperature at the surface due to con-

vection, respectively. Under stable conditions uvsc 5 uvs (the

virtual potential temperature at the surface), and under un-

stable conditions uvsc includes parcel excess temperature:

u
vsc

5 u
vs
1

8:5u*T*(rsl/rz)

(u3

*
1 0:6w3

*
)
1/3
, (5)

where rsl and rz are the density at the top of the surface layer

and at height z, respectively; u* is the friction velocity; T* is

the friction temperature; and w* is the convective velocity

scale. The T* and w* are defined as

T*52H(rC
p
u*)

21 and (6)

w*5 gu*T*ziT
21

��� ���1/3 , (7)

whereH is the sensible heat flux,Cp is the heat constant for dry

air, and T is temperature. The mixing height is set to height z at

which Ri is equal to a critical Richardson number Ricr of 0.25.

Existing options for mixing-layer depth for use in HYSPLIT

include 1) using the mixed-layer depth directly from the me-

teorological input file, 2) estimating mixed-layer depth with

temperature profiles, and 3) estimating mixed-layer depth with

TKE profiles (Draxler and Hess 1997). HYSPLIT simulations

with these three options along with the modified Richardson

number approach from STILT will be described in section 4.

c. Hanna turbulence parameterization

The Hanna (1982) turbulence parameterization has been

incorporated into HYSPLIT. Vertical velocity variances cal-

culated using the Hanna scheme are derived from friction ve-

locity, convective velocity scale, and mixed-layer height. When

theObukhov stability length scaleL is greater or less than zero,

the vertical velocity variance w02 is defined as

w02 5
�
1:3u*

�
12

z

z
i

��2
. (8)

When the Obukhov length scale is less than zero the vertical

velocity variance is defined as follows: if z/zi , 0.3, then

w02 5

(
0:96w*

"�
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z

z
i

2
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z
i

�1/3
#)2

, (9)

if 0.3 # z/zi , 0.4, then

w02 5

(
w*3min

"
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z

z
i

2
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z
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, 0:763

�
z
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, (10)

if 0.4 # z/zi , 0.96, then

w02 5 0:722w*

�
1:02

z

z
i

�0:207
" #2

, (11)

and if z/zi $ 0.96, then

w02 5 0:37w2

* , (12)

where L is the Obukhov length. HYSPLIT does not differen-

tiate between the along-wind and crosswind velocity variances

and sets the u and y velocity variances to be the same.When the

Hanna scheme is used to calculate vertical velocity variance,

horizontal velocity variance is defined as

u02 5 y02 5 0:5w02 . (13)

HYSPLIT sets the u and y velocity variances to be the same for

all existing turbulence parameterizations within the model.

Existing turbulence parameterizations available in HYSPLIT

include 1) the Beljaars–Holtslag scheme, 2) theKantha–Clayson

scheme, and 3) a TKE scheme (Draxler and Hess 1997).

HYSPLIT simulations with these three simulations and the

Hanna turbulence scheme will be compared in section 4.

d. Hanna vertical Lagrangian time scale

The Hanna vertical Lagrangian time scale (Hanna 1982) has

been incorporated into HYSPLIT. This Lagrangian time scale

is calculated using the vertical velocity variances calculated

within HYSPLIT’s turbulence parameterizations. The Hanna

vertical Lagrangian time scale varies in space and time, unlike

the standard HYSPLIT vertical Lagrangian time scale that is a

user-defined constant. Since all of HYSPLIT’s turbulence pa-

rameterizations estimate vertical velocity variances, theHanna

vertical Lagrangian time scale can be used with all of HYSPLIT’s

turbulence parameterizations, not just the Hanna turbulence pa-

rameterization. The Hanna vertical Lagrangian time scale TLw is

defined for stable conditions as

T
Lw

5 0:1
z

w0

�
z

z
i

�0:8

. (14)
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For unstable conditions, TLw is defined as

if
z

z
i

, 0:1 and z2 z
0
.2L ,

T
Lw

5 0:1
z

w0

�
0:551 0:38

z2 z
0

L

�
, (15)

if
z

z
i

, 0:1 and z2 z
0
,2L , T

Lw
5 0:59

z

w0 , or (16)

otherwise, T
Lw

5 0:15
z
i

w0 [1:02 exp (25z/z
i
)] , (17)

where z0 is the aerodynamic roughness length.

e. STILT dispersion scheme

The STILT dispersion scheme (Lin et al. 2003; Lin and

Gerbig 2012) differs from the standard HYSPLIT dispersion

algorithm by utilizing a fractional time step, the Thomson et al.

(1997) transmission/reflection scheme and including a very thin

model layer above the mixed layer within the dispersion

scheme with the goal of preserving a well-mixed distribution of

particles and preventing particles from getting trapped just

above the mixed layer. Details can be found in Lin and Gerbig

(2012) and are summarized below.

A fractional time step is employed where the time step

stops and a new one begins every time a particle is trans-

ported upward or downward to a model level interface.

When a particle reaches an interface between model vertical

levels, the Thomson et al. (1997) transmission/reflection

scheme is used to preserve a well-mixed distribution of par-

ticles across the interface. For an upward-moving particle

that reaches a model interface with a vertical turbulent ve-

locityw0
i, it is transmitted with velocityw0

tup when the ratio aup

is greater than a random number from a uniform distribution

between 0 and 1 and otherwise is reflected from the interface

with vertical velocity 2w0
i, with

w0
tup 5w0

i

�
s
w
(z

i1
)

s
w
(z

i2
)

�
and a5

�
s
w
(z

i1
)r(z

i1
)

s
w
(z

i2
)r(z

i2
)

�
, (18)

where r is density and zi1 and zi2 represent the interface above

and below the current grid cell, respectively. For a downward-

moving particle that reaches a model interface, the particle is

transmitted with velocity w0
tdn if the ratio adp is greater than a

random number between 0 and 1 and otherwise is reflected

with a velocity 2w0
i, where

w0
tup 5w0

i

�
s
w
(z

i2
)

s
w
(z

i1
)

�
and a

dn
5

�
s
w
(z

i2
)r(z

i2
)

s
w
(z

i1
)r(z

i1
)

�
. (19)

f. Convection

Two new convection schemes have been adapted from

STILT and incorporated into HYSPLIT. The first scheme is an

extreme convection method that vertically mixes all particles

in grid cells with positive CAPE upward throughout the entire

unstable layer defined by the limit of convection (Gerbig et al.

2003). This scheme randomly assigns a vertical position be-

tween the surface and the limit of convection altitude ZLOC to

each particle with a vertical position below ZLOC. The random

redistribution is weighted by density. This scheme assumes that

updrafts and downdrafts are strong enough within the con-

vection to leave a perfectly well-mixed column behind each

convective event. This scheme is designed to provide an upper

limit of the impact of subgrid-scale vertical redistribution due

to convective cloud transport. A lower limit can be achieved by

running HYSPLIT with no convective parameterization.

The second convection scheme incorporated into HYSPLIT

is the Grell convection scheme. This scheme ingests convective

mass fluxes from the meteorological input files that were gen-

erated from WRF Model output files that were run with the

Grell et al. (1994) or Grell and Devenyi (2002) convection

schemes. These include vertical profiles of updrafts, down-

drafts, detrainment, and entrainment fluxes. Vertical profiles

of upward and downward vertical velocity are derived from the

flux profiles and gridcell fractional coverage of the updrafts and

downdrafts. The vertical profiles of the mass fluxes of updrafts,

downdrafts, entrainment, and detrainment are used to com-

pute the probability of particles being located within the up-

drafts, downdrafts, or outside of the convective system.

The existing convection option available in HYSPLIT is

based on the extreme convection scheme with a minimum

CAPE threshold. When CAPE exceeds a user-defined mini-

mum threshold, then rapid convective mixing is simulated.

3. HYSPLIT evaluation

HYSPLIT model simulations run with the new options from

the STILT model are evaluated with tracer release observa-

tions made during the Cross Appalachian Tracer Experiment

(CAPTEX; Ferber et al. 1986) and theAcross NorthAmerican

Experiment (ANATEX; Draxler and Heffter 1989). HYSPLIT

sampled tracer concentrations on a concentration grid with a

horizontal resolution of 0.258 3 0.258 between the surface and

100m above ground level (AGL). Particles were emitted from a

height of 10m. HYSPLIT simulations were run with 50 000

particles released for each tracer release cycle and each source.

Sensitivity HYSPLIT simulations for the first CAPTEX tracer

release experiment with 10 times more particles (500 000 parti-

cles released) are statistically equivalent (based on the differ-

ence in the rank as described below) to simulations with 50 000

particles, which shows that 50 000 particles are able to simulate

statistically robust results. In comparison, Hegarty et al. (2013)

performed forward in timeHYSPLIT dispersion simulations for

CAPTEX with 50 000 particles and ANATEX with 25 000 par-

ticles for each tracer release cycle and each source with the same

horizontal and vertical concentration grid resolution as used in

this study. Sensitivity simulations performed by Hegarty et al.

(2013) reveal little sensitivity in the results as the number of

particles increase beyond 25 000. In addition, Hegarty et al.

(2013) performed backward STILT dispersion simulations with

500 particles and sensitivity simulations with 5000 particles,

which show minimal changes in the results.

CAPTEX took place from mid-September to mid-October

1983 in the northeastern United States and southeastern Canada

to investigate the regional transport and diffusion of air pollution.

Inert tracers [perfluoromethylcyclohexane (PMCH); C7F14] were

released from Dayton, Ohio, for release experiments 1–4 and
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from Sudbury, Ontario, Canada, for release experiments 5 and

7. A network of ground sampling sites was deployed through-

out the northeastern United States and southeastern Canada.

Tracer release experiment 6, which was released in Dayton,

was not observed in the sampling network and is not used in

this study. Tracer releases from Dayton occurred in the after-

noon, when the boundary layer was well mixed. Tracer releases

at Sudbury occurred after midnight behind cold fronts with

northwesterly winds transporting the tracers southeasterly

across the sampling network. Observations made during the

CAPTEX experiment have been widely used in evaluating

atmospheric dispersion models (Stohl et al. 1998; Peltier et al.

2010; Lei et al. 2012; Hegarty et al. 2013; Ngan et al. 2015, 2019;

Stein et al. 2015; Forster et al. 2007).

ANATEX took place from early January 1987 to lateMarch

1987 with 33 tracer releases of perfluorotrimethylcyclohexane

(PTCH) inGlasgow,Montana, andperfluorodimethylcyclohexane

(PDCH) and PMCH in Saint Cloud, Minnesota. Tracers were

released in 2.5-day increments to allow for daytime and night-

time releases. Ground sampling sites were deployed throughout

the eastern United States and southeastern Canada. In our

analysis, we use the PTCH and PDCH data. PMCH was not

always released during the nighttime releases. ANATEX ob-

servations were used to evaluate dispersionmodel simulations in

past studies (Draxler 2003; Hegarty et al. 2013; Ngan and Stein

2017; Forster et al. 2007). Below, we call the PTCH tracer re-

lease experiment from Glasgow ANATEX 1 and the PDCH

tracer release experiment from Saint Cloud ANATEX 2.

The HYSPLIT simulations are evaluated using a statistical

rank, as described by Draxler (2006). Rank incorporates 1) the

square of the linear correlation coefficientR2; 2) fractional bias

(FB), which defines a normalized measure of bias; 3) figure of

merit in space (FMS), which defines the percentage of overlap

betweenmeasured and predicted areas; and 4) theKolmogorov–

Smirnov parameter (KS), which defines the maximum differ-

ence between two cumulative distributions. These four statistical

parameters are normalized to range between 0 and 1 and then

summed:

Rank5R2 1

�
12

����FB2
����
�
1
FMS

100
1

�
12

KS

100

�
. (20)

Thus, rank ranges from 0 (worst) to 4 (perfect agreement with

observations). As described in Stein et al. (2015), two simula-

tions are statistically significantly different if the rank differs by

about 0.1.

In addition to evaluating HYSPLIT simulations with the

new STILT options, the existing vertical interpolation, ver-

tical Lagrangian time scale, dispersion, turbulence parame-

terizations, and convection options are also evaluated to

investigate whether statistical differences exist between the

various model options. All HYSPLIT model simulations for

this study are driven with meteorological input files derived

from a 27-km-horizontal-resolution simulation of the WRF

Model (Skamarock et al. 2008). These meteorological files

are part of an ongoing long-term WRF meteorological ar-

chive that began in 1980. Details on the WRF Model config-

uration for this archive are found in Ngan and Stein (2017).

4. Evaluation results and discussion

HYSPLIT simulations were performed for the CAPTEX

and ANATEX tracer release experiments, varying the fol-

lowing options: 1) the standard HYSPLIT option of a fixed

vertical Lagrangian time scale of 200 s or the time- and space-

varying Hanna vertical Lagrangian time scale adopted from

STILT, 2) the standard HYSPLIT vertical interpolation

scheme or the WRF vertical interpolation algorithm from

STILT, and 3) the standard HYSPLIT dispersion algorithm

or the more complex STILT dispersion scheme.

Figure 1 shows the statistical rank of HYSPLIT simulations

varying the above three options. All simulations calculated

boundary layer stability using wind and temperature profiles,

the Kantha–Clayson turbulence parameterization, average

wind fields, and no convection. Shown in Fig. 1, changing the

vertical interpolation or the vertical Lagrangian time scale

schemes result in a rank that differs by less than 0.1 for all of the

CAPTEX and ANATEX 1 tracer release experiments, which

is statistically insignificant as described by Stein et al. (2015).

However, the improved model performance with the more

complex STILT dispersion scheme (Lin and Gerbig 2012) as

compared with the simulations with the HYSPLIT dispersion

scheme is statistically significant for CAPTEX and ANATEX

1. The STILT dispersion scheme results in an increase in rank

between 0.08 and 0.18 for CAPTEX and between 0.23 and 0.34

for ANATEX 1 (Table 2). The STILT dispersion scheme is

more complex (Lin and Gerbig 2012), requiring more com-

putational resources. HYSPLIT simulations with the STILT

dispersion scheme took up to double the amount of time to run

than a simulationwith the existingHYSPLITdispersion scheme.

However, the STILT dispersion scheme did not improve

results for ANATEX 2. The rank for the HYSPLIT simula-

tions with the STILT dispersion scheme were lower, but not

statistically significantly different than simulations with the

standard HYSPLIT dispersion scheme (Fig. 1 and Table 2).

There were frequent large model biases at two measurement

locations during nighttime releases. These measurement lo-

cations were 31 and 86 km from the tracer release location. The

plume may have stayed aloft and may not have mixed down to

the surface by the time the plume was transported over these

two measurement locations, resulting in the high model biases

at these sites. The statistics for ANATEX 2 were recalculated

without measurements included for these two sites and are called

ANATEX 2b for the remainder of this paper. Figure 1 and

Table 2 shows that HYSPLIT simulations with the STILT dis-

persion scheme outperforms theHYSPLIT dispersion scheme for

ANATEX 2b, with an increase in the rank between 0.19 and 0.35.

Tracer concentrations between the surface and 100m AGL

from eight HYSPLIT simulations of CAPTEX are shown in

Fig. 2. Concentrations are higher for all simulations that utilize

the STILT dispersion algorithm than the corresponding

simulation that uses the HYSPLIT dispersion algorithm.

This pattern is consistent for all of the tracer release ex-

periments. Table 3 shows the mean bias of HYSPLIT sim-

ulations. The average mean bias of the CAPTEX simulations

decreased from 261 pgm23 for the HYSPLIT dispersion

scheme to 215 pgm23 for the STILT dispersion scheme.
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Similarly, the negative biases with the HYSPLIT dispersion

scheme for ANATEX 1 and ANATEX 2b decreased in mag-

nitude with the STILT dispersion scheme. The increase in

tracer concentrations in the STILT scheme is due to the in-

clusion of the Thomson transmission/reflection scheme. As

described above, when a particle is transported upward or

downward to a model level interface within the STILT dis-

persion scheme, the particle will either be transmitted or re-

flected based on the ratio aup [Eq. (18)] or adn [Eq. (19)] and a

random number between 0 and 1. For theHYSPLIT dispersion

scheme, the particles that reach the model interface are always

transmitted (except when they reach the ground or model top).

This results in the HYSPLIT dispersion scheme being more

dispersive, with more transport between the boundary layer

and free troposphere in the vertical than the STILT dispersion

option. An increase in boundary layer venting resulted in lower

surface concentrations with the HYSPLIT dispersion scheme

than the STILT scheme for CAPTEX and ANATEX where

tracers were released in the boundary layer at 10m AGL.

Additional HYSPLIT simulations were performed to eval-

uate the Hanna turbulence parameterization, in comparison

with three existingHYSPLIT turbulence options: the Beljaars–

Holtslag, Kantha–Clayson, and TKE schemes. Four HYSPLIT

simulations were simulated for the CAPTEX and ANATEX

tracer release experiments with different turbulence parame-

terizations. All simulations are performed with no convection,

use the boundary layer depth from the meteorological input

file, calculate boundary layer stability from temperature and

relative humidity profiles, and utilize the new options from

STILT for vertical interpolation, vertical Lagrangian time

scale, and dispersion. Results do not reveal that one turbulence

parameterization provides consistent statistically significant

FIG. 1. Rank (numbers above bars) and the statistical measures that derive rank (colored bars) for CAPTEX,ANATEX1,ANATEX2,

and ANATEX 2b HYSPLIT simulations with varying vertical interpolation, vertical Lagrangian time scale, and dispersion schemes

between the standard HYSPLIT (H) options and the new options adopted from STILT (S). All simulations use the boundary layer depth

from themeteorological input file, calculate boundary layer stability from temperature and relative humidity profiles, and use theKantha–

Clayson turbulence parameterization and no convection.

804 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 60

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/18/22 01:56 PM UTC



improvements (Fig. 3). TheBeljaars–Holtslag, Kantha–Clayson,

and STILT schemes outperform the TKE scheme for CAPTEX,

Beljaars–Holtslag and STILT schemes perform best for

ANATEX 1, and all schemes show statistically similar re-

sults for ANATEX 2b.

A similar set of HYSPLIT simulations was performed for

testing the STILT algorithm for estimated mixed-layer

depth alongside the existing HYSPLIT options, which in-

clude using the boundary layer depth input from the mete-

orological input files, calculating the mixed-layer depth

from the temperature profile, and calculating the mixed-

layer depth from the TKE profile. This set of simulations

was performed with no convection, boundary layer stability

from temperature and relative humidity profiles, the Kantha–

Clayson turbulence parameterization, and the new options

from STILT for vertical interpolation, vertical Lagrangian

time scale, and dispersion. Similarly, there is no single option

for calculating the mixed-layer depth that statistically outper-

forms the other options on a consistent basis (Fig. 4).

The two new convection schemes imported from STILT,

the Grell and extreme schemes, are evaluated during the

CAPTEX and ANATEX tracer release experiments along-

side simulations with no convection and the HYSPLIT option

of rapid mixing if CAPE exceeds a threshold, which was set to

500 J kg21. All of these convection sensitivity experiments

were performed with HYSPLIT using the mixed-layer

FIG. 2. Average surface-to–100m AGL tracer concentrations between 0900 and 1200 UTC 19 Sep 1983 of eight HYSPLIT simulations

(contours) during CAPTEX. Eight HYSPLIT simulations are shown with varying vertical interpolation, vertical Lagrangian time scale,

and dispersion schemes between the standard HYSPLIT options and the new options adopted from STILT. All simulations use the

boundary layer depth from the meteorological input file, calculate boundary layer stability from temperature and relative humidity

profiles, and use the Kantha–Clayson turbulence parameterization and no convection.

TABLE 2. Rank of HYSPLIT simulations covering all CAPTEX experiments with varying vertical interpolation, vertical Lagrangian

time scale, and dispersion schemes between the standardHYSPLIT options and the new options adopted from STILT.All simulations use

the boundary layer depth from the meteorological input file, calculate boundary layer stability from temperature and relative humidity

profiles, and use the Kantha–Clayson turbulence parameterization and no convection.

Vertical interpolation HYSPLIT STILT HYSPLIT STILT

Lagrangian time scale HYSPLIT HYSPLIT STILT STILT

CAPTEX HYSPLIT dispersion 2.45 2.43 2.48 2.41

CAPTEX STILT dispersion 2.61 2.58 2.57 2.53

ANATEX 1 HYSPLIT dispersion 1.87 1.87 1.80 1.80

ANATEX 1 STILT dispersion 2.13 2.10 2.14 2.10

ANATEX 2 HYSPLIT dispersion 1.79 1.71 1.76 1.66

ANATEX 2 STILT dispersion 1.75 1.67 1.66 1.62

ANATEX 2b HYSPLIT dispersion 1.88 1.91 1.68 1.74

ANATEX 2b STILT dispersion 2.07 2.11 2.03 2.06
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height from the meteorological input files, boundary layer

stability calculated from temperature and relative humidity

profiles, the Kantha–Clayson turbulence parameterization,

and the new options from STILT for vertical interpolation,

vertical Lagrangian time scale, and dispersion. Results show

that the simulations with no convection, Grell convection,

and CAPE threshold of 500 J kg21 produce similar results

(Fig. 5). The extreme convection simulation underperformed as

comparedwith the other three convective options for CAPTEX,

ANATEX 1, and ANATEX 2b (Fig. 5). The no convection,

Grell convection, and CAPE threshold options are expected to

produce similar results in a nonconvective atmosphere where

simulated Grell convective fluxes are small and CAPE is less

than 500 J kg21. However, if CAPE is positive, rapid convective

mixing will take place with the extreme convection scheme. For

example, the extreme convection case during the fifth tracer

release experiment of CAPTEX simulated significantly lower

concentrations near the surface as compared with the other

three model configurations due to rapid convective mixing

(Fig. 6). However, the extreme convection scheme is not meant

to be used as a standalone simulation. The extreme convection

scheme was generated to produce an upper bound of how rapid

pollutants can mix due to convection. This scheme should be

used alongside a simulation with convection turned off as a

TABLE 3. Mean bias of HYSPLIT simulations varying the vertical interpolation, vertical Lagrangian time scale, and dispersion schemes

between the standardHYSPLIT options and the new options adopted from STILT.All simulations use the boundary layer depth from the

meteorological input file, calculate boundary layer stability from temperature and relative humidity profiles, and use the Kantha–Clayson

turbulence parameterization and no convection.

Vertical interpolation HYSPLIT STILT HYSPLIT STILT

Lagrangian time scale HYSPLIT HYSPLIT STILT STILT

CAPTEX HYSPLIT dispersion 261.45 258.33 263.98 261.28

CAPTEX STILT dispersion 0.39 1.12 232.13 231.17

ANATEX 1 HYSPLIT dispersion 26.75 26.65 27.92 27.57

ANATEX 1 STILT dispersion 23.46 23.30 24.30 24.21

ANATEX 2 HYSPLIT dispersion 8.35 12.45 9.13 14.21

ANATEX 2 STILT dispersion 12.12 16.87 17.33 20.70

ANATEX 2b HYSPLIT dispersion 23.52 23.08 25.36 24.78

ANATEX 2b STILT dispersion 21.26 20.59 22.1 21.54

FIG. 3. Rank (numbers above bars) and the statistical measures that derive rank (colored bars) for HYSPLIT simulations of CAPTEX,

ANATEX 1, and ANATEX 2b with varying turbulence parameterizations [Beljaars–Holtslag (B-H); Kantha–Clayson (K-C); TKE;

Hanna (STILT)]. All simulations use the boundary layer depth from the meteorological input file, calculate boundary layer stability from

temperature and relative humidity profiles, have no convection, and use the new options from STILT for vertical interpolation,

Lagrangian time scale, and dispersion.
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lower bound to convective mixing. Therefore, it is not surprising

that the extreme convection case simulates a low bias in surface

concentrations due to excessive convective mixing. Future work

evaluating the different convective parameterizations within

HYSPLIT during convective scenarios would be beneficial.

5. Time reversibility

The STILT model is primarily used to follow air parcels

backward in time, which identifies the upstream source region

influencing the tracer concentration at a receptor. We evalu-

ated the updated model’s ability to reproduce forward in time

simulations initialized at the CAPTEX tracer release locations

using backward in time simulations initialized at the CAPTEX

measurement locations.

When running HYSPLIT in STILT mode, the mass sum-

mation of particles is divided by density to output a mixing

ratio, the lowest concentration summation layer is optionally

permitted to vary with mixing-layer depth, and text files of

particle position information are output. HYSPLIT was run

with the STILT dispersion, WRF vertical interpolation, Hanna

turbulence and Lagrangian time scale, no convection, bound-

ary layer stability estimated from heat and momentum fluxes,

and mixed-layer depth calculated with the new STILT scheme

utilizing amodifiedRichardson number. RunningHYSPLIT in

STILT mode backward in time calculates a ‘‘footprint’’ field

that represents the sensitivity of a receptor to upwind sources

(Lin et al. 2003). For the CAPTEX experiments, the com-

putational expense of running multiple backward simulations

was significantly greater than using a single forward simula-

tion, since the number of sources from which the tracer was

released was small relative to the number of receptors.

However, conversely, backward simulations can yield sig-

nificant computational savings when potential sources out-

number receptors.

Receptors corresponding with the locations and times of

measurements were used to initialize each simulation. For both

the backward and forward simulations, we used an ensemble

with 50 000 particles averaged over a 0.258 3 0.258 grid from

the surface to 100m AGL. The backward footprints estimate

each receptor’s sensitivity to emissions originating from

elsewhere within the model domain. Convolving the foot-

prints with the known PMCH emission rate at the release

location estimates the contribution of the tracer release to the

observed mixing ratio.

The results show that the backward model has similar per-

formance characteristics to the forward model (Table 4). The

forward and backwardHYSPLIT simulations produced similar

PMCH concentrations at eachmeasurement location (R25 0.88).

These results agree with prior literature, in which backward sim-

ulations were able to recover most of the variance explained by

forward simulations (Lin et al. 2003). Differences in the model–

observation errors between the forward and backward ap-

proaches were found to be statistically insignificant within the

FIG. 4. Rank (numbers above bars) and the statistical measures that derive rank (colored bars) for HYSPLIT simulations of

CAPTEX, ANATEX 1, and ANATEX 2b with varying options for estimating the mixed-layer depth [directly from the meteo-

rological input file (Met); calculated from the temperature profile (T profile); calculated from the TKE profile (TKE profile); new

option from STILT (STILT)]. All simulations use the Kantha–Clayson turbulence parameterization, calculate boundary layer

stability from temperature and relative humidity profiles, and use the new options from STILT for vertical interpolation,

Lagrangian time scale, and dispersion.
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95% confidence interval (meanmodel error of234.45 pgm23 for

forward simulation and234.89 pgm23 for backward simulation).

6. Conclusions

Since the atmospheric dispersion module of STILT is built on

an outdated version of HYSPLIT, the incorporation of STILT

features into HYSPLIT, version 5.0, allows for these routines to

stay up to date. HYSPLIT is continually updated and maintained

at NOAA ARL. The new features in HYSPLIT incorporated

from STILT include a new vertical interpolation algorithm for

meteorological input files that are derived from WRF Model

output, a more detailed algorithm for estimating boundary layer

height, a new turbulence parameterization, a vertical Lagrangian

FIG. 5. Rank (numbers above bars) and the statistical measures that derive rank (colored bars) for HYSPLIT simulations of CAPTEX,

ANATEX 1, and ANATEX 2b with varying convection options [convection turned off (Off); the Grell convective scheme from STILT

(Grell); extreme convection from STILT (Extreme); and a CAPE threshold of 500 J kg21 (CAPE . 500 J/kg)]. All simulations use the

boundary layer depth from the meteorological input file, use the Kantha–Clayson turbulence parameterization, calculate boundary layer

stability from temperature and relative humidity profiles, and use the new options from STILT for vertical interpolation, Lagrangian time

scale, and dispersion.

FIG. 6. Average surface-to–100m AGL tracer concentrations between 2100 UTC 26 Oct 1983 and 0000 UTC 27 Oct 1983 of four

HYSPLIT simulations (contours) and observed surface concentrations (numbers) during the fifth tracer release of CAPTEX. Four

HYSPLIT simulations are shown with varying vertical interpolation: convection turned off, the Grell convection scheme from STILT, the

extreme convection scheme from STILT, and the scheme with a CAPE threshold of 500 J kg21. All simulations use the boundary layer

depth from the meteorological input file, use the Kantha–Clayson turbulence parameterization, calculate boundary layer stability from

temperature and relative humidity profiles, and use the new options from STILT for vertical interpolation, Lagrangian time scale, and

dispersion.
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time scale that varies in time and space, a more complex disper-

sion algorithm, and two new convection schemes.

An evaluation of these newoptions alongside existingHYSPLIT

options using a long-term 27-km-horizontal-resolution WRF me-

teorological archive (Ngan and Stein 2017) for the CAPTEX and

ANATEX tracer release experiments reveals that the new

dispersion scheme from STILT agrees better than simulations

with the HYSPLIT dispersion module. However, the STILT

dispersion scheme does require more computational re-

sources. The STILT dispersion scheme is less dispersive in the

vertical than the HYSPLIT scheme due to the inclusion of the

Thomson reflection/transmission scheme resulting in less

boundary layer venting. Therefore, HYSPLIT simulations of

tracers released within the boundary layer resulted in higher

simulated surface concentrations with the STILT scheme

than the HYSPLIT dispersion scheme. The extreme con-

vection scheme can simulate significantly more convective

mixing than reality. However, it is important to note that the

extreme convection scheme is not meant to be used alone, but

to be used alongside a simulation with convection turned off

to bound dispersion results due to convection. The WRF

vertical interpolation scheme, Hanna vertical Lagrangian

time scale, Hanna turbulence parameterization, STILT module

for estimating boundary layer height, and Grell convection

scheme were not found to be consistently statistically different

than other options available in HYSPLIT. Additional work

evaluating these schemes may result in determining ideal model

configurations for different atmospheric conditions. Reversibility

tests show that backward dispersion simulations have similar

performance characteristics than forward dispersion simulations.
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