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ABSTRACT

The Urban Forest Effects-Deposition model (UFORE-D) was developed with a component-based modeling
approach. Functions of the model were separated into components that are responsible for user interface,
data input/output, and core model functions. Taking advantage of the component-based approach, three
UFORE-D applications were developed: a base application to estimate dry deposition at an hourly time step,
and two sensitivity analyses based on Monte Carlo simulations with a Latin hypercube sampling (LHS-MC)
and a Morris one-at-a-time (MOAT) sensitivity test. With the base application, dry deposition of CO, NO;, O3,
PM10, and SO; in the city of Baltimore was estimated for 2005. The sensitivity applications were performed
to examine UFORE-D model parameter sensitivity. In general, dry deposition velocity was sensitive to
temperature and leaf area index (LAI). Temperature had a non-linear effect on all pollutants, while LAl was
important to NO; deposition with a nearly linear effect. PAR and wind speed had limited effects on dry
deposition of all pollutants; dry deposition was affected by PAR and wind speed only up to their threshold
values. The component-based approach allows for seamless integration of new model elements, and
provides model developers with a platform to easily interchange model components.

© 2010 Elsevier Ltd. All rights reserved.

research groups develop models suited for their purposes within
their development platforms or modeling frameworks. Such
models typically allow users to access the model only through input
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When the models are released into the public domain these limi-
tations become an issue for users who wish to make changes to the
model. New applications are often built upon existing public
domain models, or existing models are integrated into larger
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1. Introduction

Environmental computer models are traditionally developed as
closed monolithic systems (Bian, 2000; He et al., 2002). Individual
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modeling frameworks. Such tasks often require users to learn and
modify the model source code, which can be hard due to differ-
ences in programming languages, software architecture, or mod-
eling frameworks. Data for the models are traditionally stored in
a text file; however, new data storage schemes have become
popular for improved handling of large amounts of data. To intro-
duce new data formats into existing models, the model typically
must be modified at the source code level. The lack of reusability
and flexibility in the closed monolithic models create duplicated
efforts, resulting in wasted time and energy.

The Urban Forest Effects-Deposition model (UFORE-D) is a public
domain computer program widely used to quantify dry deposition
(i.e. pollution removal during non-precipitation periods) to forest
canopies in urban areas in North America (Nowak et al., 1998, 2000,
2006; Nowak and Crane, 2000; Deutsch et al., 2005; Currie and Bass,
2008). Because UFORE-D is a closed system, implemented as a large
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Fig. 1. Component structure of UFORE-D applications.

code written in SAS (Statistical Analysis Software), it is difficult for
users to reuse UFORE-D for new applications. Furthermore, since the
data format of UFORE-D are limited to text or SAS binary formats,
employing different data formats such as a relational database
requires modifications in the source codes.

These modeling problems may be overcome by employing
Component-Based Software Engineering (CBSE) concepts. CBSE is
an emerging paradigm in software development and is seen as
a major new direction in the post object-oriented approach era
(Bian, 2000). CBSE breaks the executable model code into separate
pieces or components. A component comes packaged as a binary
code ready to perform certain tasks for the entire model. Compo-
nents connect to each other at run time to form a complete model.
CBSE requires a binary architecture standard to regulate how
components interact at run time (Argent, 2004). A widely used
standard is the Component Object Model (COM) that Microsoft
introduced for the Windows platform (Chappell, 1996). The use of
components allows component transplanting, or the so-called ‘plug
and play’ approach. While maintaining model integrity, a compo-
nent of the model can be easily replaced with a new component.
For instance, if data input/output functions are developed as
components, a format change of the data requires replacing only
these components. A component that performs model core func-
tionality can be easily reused in other model applications. Even
models developed in different frameworks can be readily merged if
the frameworks comply with a CBSE standard such as COM. Thus,
component-based approaches can drastically enhance the reus-
ability and interoperability of environmental computer models.

In this study, development of UFORE-D with COM technology is
reported. The developed components can collectively perform the
same dry deposition modeling functions the original UFORE-D
offers. As a case study, the dry deposition of five criteria air
pollutants (CAPs), carbon monoxide (CO), nitrogen dioxide (NOy),
ozone (03), particulate matter less than 10 microns (PM10), and
sulfur dioxide (SO;), are quantified in Baltimore, MD in 2005.

In environmental model building processes, examining sensitivity
of a model to changes in its parameters and inputs is an important
model evaluation exercise. Sensitivity analyses allow one to gain
knowledge of how the modeled system functions and to identify

parameters of the model whose values need to be specified more
accurately (Barnsley, 2007). Historically, sensitivity analyses have
been performed in the development of environmental models
(Liepmann and Stephanopoulos, 1985; MacKerron and Waister, 1985;
Caton et al., 1999; Hermann et al., 2002; Weiler, 2005; Pohlert et al.,
2007) including air pollutant models (Anfossi et al., 1996; Smith
et al,, 2000; Simpson et al., 2003; Wu et al., 2003; MacDougall
et al., 2005; Ziehn and Tomlin, 2008; Mészaros et al., 2009).
A variety of sensitivity analysis techniques have been proposed and
reviewed in the literature (Hamby, 1994; Campolongo and Saltelli,
1997; Saltelli et al., 2000; Ravalico et al., 2005; Norton, 2008).

In the current study, two sensitivity analysis applications of
COM-based UFORE-D are performed by reusing developed COM
components. Development of these two applications exemplifies
the components’ transplantability and reusability. Through this
exercise, the UFORE-D model is run for a wide range of model
parameters that are representative of many vegetation and weather
conditions observed throughout the United States, and the
parameters the model is most sensitive to are identified.

2. Component and application design

Information systems are conceptually designed around three
layers: presentation, logic, and data management (Alonso et al.,
2004). The presentation layer provides a user interface and an
overall control of applications. The logic layer controls a system’s
functionality by performing detailed processing. The data
management layer handles data access and management. This
architecture was adopted in this study to efficiently separate
functionalities of UFORE-D into components that are responsible
for specific tasks.

The developed components in the three layers are illustrated in
Fig. 1. The five components in the data management layer, the Dry
Deposition component in the logic layer, and the Base component in
the presentation layer are assembled to perform the same functions
as the original UFORE-D. Two more applications, Monte Carlo with
Latin hypercube sampling (LHS-MC) and Morris one-at-a-time
(MOAT) sensitivity analyses, which can perform a global sensitivity
analysis of UFORE-D, are also developed. For these applications,
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components in the logic and data management layers are all reused;
only components in the presentation layer are replaced.

COM components are generally developed with Microsoft Visual
Studio, an integrated development environment (IDE) that includes
features for editing, compiling, linking, deploying, and debugging
software. Visual Basic (VB) 6.0 is used in this study. Components in
the presentation layer are compiled into standard executables,
while components in the logic and data management layers are
compiled into ActiveX dynamic link libraries (DLLs). The standard
executables are COM clients that get a pointer to a COM server and
use its services by calling the methods of its interfaces. The DLLs are
COM server components that provide services to clients in the form
of COM interface implementations (MSDN, 2009). Design and
functions of each component are explained in the next sections.

2.1. Data read/write components

UFORE-D takes a variety of data as its input and quantifies dry
deposition of air pollutants in a city. Input data includes location
related information, urban forest information, hourly meteorology
and air pollutant concentration data. The location information
includes time zone, latitude, longitude, and leaf-on and leaf-off dates.
Urban forest characteristics include the maximum leaf area index
(LAI) during the leaf-on season, tree coverage, and evergreen canopy
percentages that can be used to approximate the minimum LAI
during the leaf-off season. LAI is defined as the total area of leaves
(one-sided) per unit ground surface area projected on the horizontal
datum (NASA, 2009). UFORE-D outputs hourly results as well as
summaries for longer periods. These data are stored in either text or
SAS binary files in the original UFORE-D, while all data are stored in
Microsoft Access databases in this study. With the relational database
management functions and the structured query language (SQL) that
Access offers, data extraction and summarization needed in the
applications of this study can be effectively and efficiently achieved.

Using the city name and code as keys, the Location Database
(DB) Reader and the Urban Forest DB Reader components issue an
SQL command to the corresponding Access database to extract
records for a specific city. Using SQL commands, the Meteorology
DB Reader and the Air Pollutant DB Reader components offer
flexibility for extracting records from the corresponding Access
databases. Hourly records extracted can be specified for a certain
period of hours in either a specific month or a period of Julian dates.
In addition, these components calculate statistics (mean, minimum,
maximum, and standard deviation) of data fields in the extracted
records. Similarly, the Output DB Writer component provides
several methods to output results, including hourly, daily, monthly,
leaf-on and leaf-off season results, and annual summaries, into the
corresponding Access databases.

2.2. Dry deposition component

The Dry Deposition component performs UFORE-D’s core func-
tion, in which hourly dry deposition of CO, NO;, O3, PM10 and SO is
estimated with hourly meteorological and pollutant measurements,
location information, and urban forest parameters. A brief model
description is included below. Readers are referred to Hirabayashi
et al. (2010) for a more complete description of the model.

Pollutant flux, F (g m~2s~"), is estimated as a product of the dry
deposition velocity, Vg4 (ms~1), and the air pollutant concentration,
C(gm™3):

F=VyC (1)

Vq is estimated as the inverse of the sum of resistances to pollutant
transport (Baldocchi et al., 1987):

Vg = (Ra+Ry+R)! (2)

where R, represents air movement resistance in the crown space
(aerodynamic resistance), Rp represents transfer resistance through
the boundary layer immediately adjacent to canopy surfaces
(quasi-laminar boundary layer resistance), and R. represents the
chemical and biological absorption capacity of the canopy surfaces
(canopy resistance). R, is calculated as (Killus et al., 1984):

_u(@

R =t ©

where u(z) is the mean wind speed at height z, and u. is the friction
velocity calculated as a function of u(z), roughness length,
displacement length, and temperature, depending upon atmo-
spheric stability (Venkatram, 1980; Dyer and Bradley, 1982; Killus
et al,, 1984; van Ulden and Holtslag, 1985; US EPA, 1995). Ry, is
calculated as (Pederson et al., 1995):

Ry = 2(S¢)?3(Pr)=2/3 (ku)™! (4)

where Sc is the Schmidt number, Pr is the Prandtl number, and k is
the von Karman constant (=0.41).

Hourly R. for NO3, O3, and SO;, is calculated based on a hybrid of
the big-leaf and multilayer canopy deposition models (Baldocchi
et al., 1987; Baldocchi, 1988; Norman, 1980). R. depends on four
components: stomatal resistance (rs), mesophyll resistance (ry),
cuticular resistance (r¢), and soil resistance (sj1):

! = 1 + L + L (5)

Re  rs+Tm Tt Tgj

'm Was set to 10sm~! for O3 (Hosker and Lindberg, 1982), and
0sm~! for SO, (Wesely, 1989). ry, for NO, was set to 100 sm™!
(Hosker and Lindberg, 1982) to account for the difference between
water vapor and NO» transport within mesophyll air spaces, and to
ensure the Vq calculated was in the typical range reported by Lovett
(1994). r; was set to 20,000 sm~! for NO, based upon Wesely
(1989) assuming mixed forest in midsummer, and calculated as
10,000 sm~! for O3, and 8000 sm™! for SO, to account for the
typical variation in r¢ exhibited among the pollutants (Taylor et al.,
1988; Lovett, 1994). rsi was set to 2000sm~! (Meyers and
Baldocchi, 1993). Derivation of stomatal conductance, g, the
inverse of rg, is based on its link to leaf photosynthesis. g5 can be
expressed as a function of net leaf photosynthesis (A), leaf surface
relative humidity (rh), and the leaf surface CO; concentration (Cs)
(Collatz et al., 1991; Leuning, 1990; Baldocchi, 1994):

+b (6)

The coefficient m is a dimensionless slope (=10) and b’ is the zero
intercept when A is equal to or less than zero (=0.02 molm~2s~1).
A can be expressed as (Farquhar et al., 1980; Harley et al., 1992):

A = Ve—05V, — Ry (7)

Ve and V, are the carboxylation and oxygenation rate of CO,
exchange between the leaf and the atmosphere, respectively. Ry is
the dark respiration rate of the CO; exchange. A is a function of PAR,
temperature, relative humidity, and wind speed. An analytical
solution of A is described in detail in Baldocchi (1994). While earlier
studies by Farquhar et al. (1980), Norman (1980), Leuning (1990),
Collatz et al. (1991), and Harley et al. (1992) related the photo-
synthesis (A) by C3 grasses to g, later studies by Harley and
Baldocchi (1995), Baldocchi and Harley (1995), Wilson et al.
(2001), and Baldocchi and Wilson (2001) parameterized the
model for C3 trees. UFORE-D was parameterized for trees based on
these later studies. Cs can be expressed as (Baldocchi, 1994):



S. Hirabayashi et al. / Environmental Modelling & Software 26 (2011) 804—816 807

Table 1
Summary statistics of the UFORE-D input parameters for LHC-MC analysis.
Parameter Minimum Mean Maximum SD
LAI 25 5.8 10 1.7
PAR (Wm~2) 38.6 296.8 503.8 132.2
Pressure (hPa) 984.6 10114 1037.1 8.1
Relative humidity (%) 15.6 53.2 100.0 184
Temperature (°C) -7.8 16.5 345 10.7
Wind speed (ms~!) 0.5 4.1 11.6 2.3
A
Cs=Ca—— (8)
&b

C, is atmosphere’s CO, concentration (set to the global annual
mean of 380 ppm in 2005 (NOAA, 2010)). Note that the CO,
concentration in the atmosphere is increasing continuously (NOAA,
2010) and urban areas tend to have higher CO; concentrations due
to human activities (Vitousek et al., 1997; Pataki et al., 2003). Higher
CO, concentrations may decrease gs, which leads to a decrease in
the air pollutant flux due to the dry deposition (Baldocchi, 1994;
Wau et al,, 2003). g, is conductance across the laminar boundary
layer of a leaf, and a reciprocal of the sum of R, and Ry, for CO,
exchange.

To represent 15 for the canopy level from r; for the individual leaf
level, Norman’s (1980) canopy radiation transfer/interception
model is employed. In this approach the canopy is divided into N
layers of equal leaf area index increments (ALAI) and each canopy
layer is divided into two classes of leaves: sunlit and shaded. In the
jth layer, stomatal conductances calculated separately for sunlit and
shaded leaves (gssunj and Zsshadej» Tespectively) and combined
according to the fraction of sunlit and shaded leaf area indices
(LAlsunj and LAlshadej, respectively) provide gsj. The summation of
gs,j for the N layers provides the g for the entire canopy.

a No,

Table 2
Annual estimates of air pollution removal by total tree canopy cover and per unit
tree canopy cover in Baltimore in 2005.

Air pollutant Total pollution removal Pollution removal per

(t) unit tree cover (gm2)
Total Range Total Range
Cco 7 na 0.2 na
NO, 61 23-81 14 0.5-1.9
O3 199 44-275 4.7 1.1-64
PM10 136 53-212 3.2 1.2-5.0
SO, 44 17-76 1.0 04-1.8
Total 447 137—-645 10.5 3.2—-15.1
N N
& = Z &sj = Z (gsﬁsunjLAlsunj + gs,shadejLA]shadej) 9)
j=1 j=1

Derivation of sunlit and shaded components of LAI in each layer
is based on Norman (1980).

LAlgyn; = (Tsj — TBJH)ZCOS 0 (10)

LAlshadej = ALAI - LAIsunj (11)
LAI;

Toj = exp( B 2cosJ 0) (12)

T, represents the direct solar beam transmittance below layer j.
LAI; is LAI below layer j. § is solar zenith angle.

To calculate gssunj and gsshadej, PAR components on sunlit and
shaded leaves in the jth layer (PARsyn; and PARshage,, respectively)
are used for the derivation of A in Eq. (6). PAR component is
calculated based on an assumption that shaded leaves receive only
diffused solar radiation and sunlit leaves receive both direct and
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0.8

0.8

0.6

0.4 o

V4 (ems™)

V4 (cms™)

0.2

0.0

0.8

0.6 e o

0.4 — ..

V4 (cm s™)

0.2

O | i

rrrrrrrrrr S NN

stanl 1{ I

0.0

Fig. 2. Hourly estimates of Vy for (a) NO,, (b) O3, and (c) SO, during leaf-on season in 2005.
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Fig. 3. Scatterplots of V4 for NO, and input parameters obtained from the LHS-MC sensitivity analysis.

diffused solar radiation. Norman (1980, 1982) and Baldocchi et al.
(1987) describe these processes and solutions in detail. In this
study, the scaling factor (S;) was added to their functions to scale
diffused PAR through the canopy layers.

PARgpade; = PARgirexp <—0.5LAI°'7) 5;

+ 0.07PARg; {1 1-01 (LAIJ- - %ﬂ

2
exp(—cos f) (13)
Cos a
PARsun,j = pARdirm + PARshadej (14)

PARgif, PARgir are the flux density of diffuse and direct PAR above
the canopy, respectively. LAl is leaf area index for the entire canopy,
and « is mean angle between leaves and the sun (=60°).

The divisions of solar irradiance into direct and diffuse compo-
nents as well as into PAR and near-infrared components are based
on the method described in Weiss and Norman (1985). PAR is
calculated as 46 percent of total solar irradiance (Norman, 1982;
Monteith and Unsworth, 1990) that is calculated based on the
National Renewable Energy Laboratory Meteorological/Statistical

Table 3
Pearson product moment correlation coefficient (PMCC) between V4 and each
parameter.

Air pollutant Parameters

LAl PAR Pressure Relative humidity Temperature Wind speed

NO, 0.60° 0.27¢ 0.001 0.45° 0.29% 0.34%
03 0.31° 0.33? —-0.004 0.54° 0.35% 0.40°
SO, 0.27% 0.33* —0.004 0.56% 0.36° 0.38%

@ Significantly different than zero at a 5% level.

Solar Radiation Model (METSTAT) with inputs from the meteoro-
logical data set (Maxwell, 1998).

As removals of CO and PM10 by vegetation are not directly related
to transpiration, R. for CO was set to a constant for the leaf-on season
(50,000 sm™~1) and the leaf-off season (1,000,000 s m~!) based on
data from Bidwell and Fraser (1972). For PM 10, the median deposition
velocity (Lovett, 1994) was set to 0.0064 m s~ ! based on a 50-percent
resuspension rate of particles back to the atmosphere (Zinke, 1967).
The base V4 was adjusted according to actual LAI and a surface-area
index for bark of 1.7 (m? of bark per m? of ground surface covered by
the tree crown) (Whittaker and Woodwell, 1967).

2.3. Base component

A single run of the original UFORE-D estimates dry deposition for
a single air pollutant on an hourly basis and creates a variety of
summary output tables. The base component implements exactly the
same functions and repeats it five times to process the five air
pollutants in a single run. Annual summaries created include total air
pollutant removal by dry deposition in the study area, total air
pollutant removal per unit tree cover area, and ranges of these values.
Monthly summaries include total air pollutant removal by dry
deposition for each month, which shows seasonal variation of urban
forest effects on air quality. Daily summaries show daily air pollution
removal by the entire study area and per unit tree cover area in leaf-
on and leaf-off seasons.

2.4. Monte Carlo with Latin hypercube sampling (LHS-MC)
component

In the Monte Carlo (MC) analysis, a large number of parameter
sets are generated according to the probability density functions of
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the parameters. The model is run with each of these parameter sets,
and the results are statistically analyzed. The key to this approach is
to apply efficient and unbiased methods for the parameter set
selection. In Latin hypercube sampling (LHS) (Saltelli et al., 2000;
Zador et al., 2005; Mészaros et al., 2009), the range of parameters
to be varied during the MC simulations is divided into N intervals of
equal marginal probability 1/N, and one sample of each parameter
is made at the midpoint of each interval. Thus N non-overlapping
values for each input parameter are generated. The parameter
values are then randomly grouped to generate N parameter sets.
This sampling method ensures that the parameter space is repre-
sented with a good approximation of full coverage. Note that this
method does not address the cross-correlation between parameter
values (i.e. it assumes model parameters are independent).

The LHS-MC component implements this algorithm to perform
a sensitivity analysis of Vy estimated by UFORE-D. In this study, hourly
meteorological data at noon throughout 2005 (i.e. 365 hourly data for
each meteorological parameter) were employed. Using the Meteo-
rology DB Reader, statistics of these 365 hourly meteorological values
were extracted (Table 1). Note that the minimum wind speed was set to
0.5(m s~ ') because extremely small values would mathematically lead
to extremely large R, and Ry in UFORE-D, resulting in an underesti-
mation of V. LAI statistics were taken from Breuer et al. (2003). The
probability density functions of these input data were assumed to have
a normal distribution. The simulation was performed 10,000 times in
this study.

In addition, the LHS-MC component supports local sensitivity
analyses, in which UFORE-D runs for specific times with only one
parameter varied within its possible range and other parameters
fixed at their averages. This technique can be used to isolate the
effect of the specific parameter on the model output. Hourly
meteorological data at noon throughout the year 2005 were used in
the local sensitivity analyses.

2.5. Morris one-at-a-time (MOAT) component

In the Morris one-at-a-time (MOAT) method (Morris, 1991;
Saltelli et al., 2000; Zador et al., 2005; van Griensven et al., 2006;
Mészaros et al, 2009), k+1 parameter sets (where k is the
number of parameters) are generated with the algorithm of Morris
(1991). In the parameter sets, a given parameter can take exactly
two values. In every run, only one parameter is randomly selected
and its value is changed compared to the previous run, and every

parameter is changed exactly once during the k + 1 runs. The values
of the parameter are selected from the entire range of the param-
eters by determining a small number of equidistant points. Four
equidistant points (minimum, maximum, and two intermediate
values) are often used (Morris, 1991; Saltelli et al., 2000; Zador
et al., 2005; Campolongo et al., 2007). The advantage of the
Morris method is its computational cheapness, while the parame-
ters are varied across their entire range.

The MOAT component implements this algorithm to perform
a sensitivity analysis of Vg estimated by UFORE-D. As with LHS-MS,
the analysis was performed with the data at noon throughout 2005,
and the minimum and maximum meteorology data were extracted
with the Meteorology DB Reader component. In this study, every
parameter could take four equidistant values and the procedure
was repeated 10 times (10 x (k + 1) runs in total).

The elementary effect (van Griensven et al., 2006; Mészaros
et al.,, 2009), d;, for the ith input parameter x; is defined as:

VX1, XA X)) =Y (XL Xiy . Xk)

}’<X1s~2<i,mxk) (15)

Xi

di =

where A is the parameter step size given by the algorithm, x; is the
parameter value to be changed, and y is the model output. The
means and standard deviations of d; give useful information about
the influence of the input parameters on the output. A high mean
indicates a parameter with an important overall influence on the
output. A high standard deviation indicates either a parameter
interacting with other parameters or a non-linear effect of the
parameter on the output; a low standard deviation indicates the
parameter has an approximately linear effect.

3. Study area and data employed

A case study using the three model applications was performed
in Baltimore, MD. The center coordinate of the city is 39.17°N and
76.37°W and the area of the city is 209.3 km?. Tree coverage in
Baltimore is 20.4% and the maximum LAI is 4.99. Hourly meteo-
rological data in 2005 was employed from the Baltimore Wash-
ington International Airport (BWI) weather station (NCDC, 2008).
Air pollution concentration data for 2005 was employed from the
United States Environmental Protection Agency’s Air Quality
System (AQS) (US EPA, 2009).
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4. Results and discussions
4.1. Air pollutant removal

Results obtained from the base application are presented in this
section. Table 2 presents annual removal statistics for 2005. Total
estimated pollution removal by trees in the study area was 447 metric
tons with O3 (199 t) removed the most and CO (7 t) removed the least.
Pollutant removal per unit tree cover area ranged from 0.2 g m~2 for
CO to 4.7 g m 2 for O3. Total pollutant removal per unit tree cover area
was 10.5 g m~2 for all five pollutants. These results are comparable to
those estimated by Nowak et al. (2006), in which the total pollutant
removal by trees was 477 metric tons and total pollutant removal per
unit tree cover was 12.1 g m~2 for 1994 in Baltimore.

Vq during daytime in the leaf-on seasons for NO, typically
ranges from 0.1 to 0.5 cms~! (Lovett, 1994). Daytime V{4 for O3 in
the literature normally ranges from 0.3 to 1 cms~! and averages
around 0.7 cms~! (Greenhut, 1983; Colbeck and Harrison, 1985;
Davidson and Wu, 1990). Average daytime leaf-on Vg for SO, for
forests and trees in the literature typically ranges from 0.2 to
2cms! and averages around 1.0 cms~! (Garland and Branson,
1977; McMahon and Denison, 1979; Fowler and Cape, 1983;
Lovett and Lindberg, 1984; Fowler, 1985; Lorenz and Murphy,
1985; Murphy and Sigmon, 1990). Daytime deposition velocities
estimated for the leaf-on season showed good agreements with
these values (Fig. 2).

4.2. LHS-MC analysis

The LHS-MC analysis provides a good estimate of the attainable
minimum and maximum values of the model outputs (Zador et al.,

2005; Mészaros et al., 2009), while the input parameters change
across their possible ranges. This comprehensive approach is the
main advantage of this method. One weakness of the method is
that it treats the parameters as independent variables, despite the
fact that many inputs are highly correlated. For example, relative
humidity, temperature, and solar radiation are all highly correlated
and have a strong diurnal cycle. However, a wide range of
temperature can occur for a given relative humidity and vice versa,
and this analysis covers the whole range of realistic values of
meteorological parameters in the specific period. Nevertheless, as
this sensitivity test is simple and realistic it has been used in various
model developments.

A scatterplot between model parameter values and model
output is one of the most intuitive and straightforward techniques
to provide a qualitative measure of sensitivity (Saltelli et al., 2000).
It may reveal relationships between model inputs and outputs,
such as non-linear relationships and thresholds (Helton, 1993).
Pearson product moment correlation coefficient (PMCC) is another
simple measure of sensitivity, which is a measure of the linear
relationship between input and output values (Saltelli et al., 2000).
Here PMCC is employed to explore the strength of the linear rela-
tionship between input and output values.

Since UFORE-D calculates CO and PM10 removals based on
constants R¢ and Vjq, respectively, the results for these pollutants
are less affected by meteorological and vegetation parameters.
Thus, the analysis presented here is limited to NO,, O3, and SO,.
The input parameters analyzed are LAI, PAR, pressure, relative
humidity, temperature, and wind speed. Fig. 3 presents scatter-
plots of V4 for NO, and the given input parameter, and Table 3
presents PMCC between Vyq and the parameters calculated for
NOz, 03, and 502.
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LAI is a major parameter governing the computations of ry, 1y,
and rs. Based on the scatterplot and the PMCC, LAI has a near linear
relationship with V4 for NO,. PMCCs indicate a smaller linear effect
of LAl on V4 for O3 and SO,. Employing the same LAI statistics as this
study, Mészaros et al. (2009) reported that the deposition velocity
of O3 increased as the LAI increased until a maximum V4 was

reached (when LAl is around 6), and a further increase of LAI caused
a decrease of Vj. Contrary to this result, the LAl in this study didn’t
cause a decrease in Vq4. To isolate the effect of LAI on the model
output, a local sensitivity analysis was performed. In this technique,
UFORE-D was run 100 times with only LAl varied within its possible
range and other parameters fixed at their averages. Fig. 4(a) shows
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Fig. 8. Mean and standard deviation of elementary effects of each parameter on V.
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the result for NO,, O3, and SO, in which Vg4 increases as LAI
increases. This difference was caused due to different calculations
of rg in this study and Mészaros et al.’s (2009). Mészaros et al.
(2009) treated the entire canopy as one “big-leaf” and g for the
entire canopy was represented as a function of average sunlit/
shaded LAI and PAR throughout the canopy.

LAlsun LAlshade
_ 4 16
& T's(PARsun) = 1's(PARgpade) (16)

As noted in Mészaros et al. (2009), insufficient parameterization of
PAR in their study caused a rapid decrease in both PARg,, and
PARshade as LAl increased. For both sunlit and shaded leaves, rs was
determined based solely on PAR and constant values. Therefore,
a decrease in PAR directly affected an increase in rg. In Eq. (16), the
magnitude of LAI increase may have been greater than that of r;
increase up to LAI's threshold value of 6, and as a result g5 and Vq4
increased. When the LAI passed its threshold, however, the
magnitude of rg increase may have become greater than that of LAI
increase, and thus gs and V4 became smaller.

Here we divided the canopy into sublayers and g for the canopy
was estimated based on values for each layer. Fig. 5(a)—(f) presents
vertical profiles of PAR, LAI, and gs for sunlit and shaded leaves
commonly calculated for NO;, O3, and SO, by our model when
LAI=2.5, 5, 7.5, and 10. The vertical axis, LAL/LAI, represents
vertical layers of the canopy with 1.0 and near 0.0 representing the
bottom and the top of the canopy, respectively. As shown in Fig. 5(a)
and (b), both PARgyy and PARghage in each layer decreased as LAI
increased, but in much smaller magnitude than Mészaros et al.’s
(2009). LAlsyn was larger near the top of the canopy for larger LAI,
though near the canopy bottom LAlg,, became smaller (Fig. 5(c))
since fewer leaves receive direct sunlight due to denser upper
leaves; LAlshade increased as LAl increased, especially at the bottom
of the layer (Fig. 5(d)). gssun Was estimated as constant for sunlit
leaves (Fig. 5(e)) regardless of LAI and canopy layers, whereas
Zsshade decreased for larger LAI (Fig. 5(f)). With Eq. (9), gs was
weighted with LAI for sunlit/shaded leaves in each layer and
summed up throughout the layers to estimate gs for the entire
canopy. As a result, s for the entire canopy was estimated as shown
in Fig. 4(b). Although the magnitude of rs decrease got smaller with
larger LAI, rs never increased. Similarly, the magnitude of V4
increase became smaller as LAI increased, though a decrease in Vy4
did not occur (Fig. 4(a)).

PAR has an important role in determining Vqy by influencing the
opening and closing of leaf stomata (Brook et al., 1999). PAR on the
top of the canopy is divided into PARgy, and PARghaqe in each layer to
estimate rs. The scatterplot (Fig. 3(b)) indicates a non-linear effect of
the PAR on Vjy for NO,. O3 and SO, exhibited similar results (not
shown here). The local sensitivity analysis of PAR for NO, showed
that Vy increased as PAR increased until around 300—400 W m 2
(Fig. 6 (a)). This result agrees with the study by Brook et al. (1999),
which reported that once the stomata were open the magnitude of
PAR became less important for V4 (i.e. stomatal opening peaked with
relatively low levels of PAR). Wu et al. (2003) estimated that plants
reach their light saturation point at about 800 W m~2 of global solar
radiation. As PAR is calculated as 46 percent of the global solar
radiation (Norman, 1982; Monteith and Unsworth, 1990), this
threshold is equivalent to a PAR of 368 Wm™2, and is in good
agreement with the result presented here.

As can be seen in Fig. 3(c), (d), and Table 3, pressure, which
affects rg through the computation of solar radiation components,
PARyir and PARg;sr appeared to have no relationship with Vq4. Rela-
tive humidity, which influences rs through the derivation of gs, had
a near linear effect on V4. Wu et al. (2003) analyzed the effects of
relative humidity ranging from 0 to 100% on the flux of O3 and SO,.

The flux increased non-linearly with larger relative humidity until
it reached a maximum at a relative humidity of 100%. As shown in
Fig. 6(b), a similar behavior as reported by Wu et al. (2003) was
observed in our local sensitivity analysis.

Temperature appeared to have a non-linear effect on V4 based
on the scatterplot in Fig. 3(e). Temperature is used to calculate all
three resistances in Eq. (2). To examine the effect of temperature on
each resistance, resistances calculated in the LHS-MC analysis were
plotted in Fig. 6(d) and (e). R, and Ry, appeared to vary independent
of temperature, and the magnitude of variability was smaller than
that of R.. Rc had larger variability, and seemed to decrease as
temperature rose up to around 20 (°C) and increased afterwards.
Fig. 6(c) shows the change in V4 against the change in temperature
obtained by the local sensitivity analysis. Vy increased as temper-
ature increased until about 20°C, and further increases in
temperature caused decreases in Vq. This result indicates that the
maximum Vg occurs at an optimal temperature where the stomatal
conductance is not limited (Wu et al., 2003; Mészaros et al., 2009).

Fig. 3(f) suggested that the relationship between V4 and wind
speed was not linear. In this figure, the distribution can be divided
into plots for the minimum to 2ms~' of wind speed, where
Vq rapidly increased, and plots for wind speed larger than 2 ms~,
where Vy gradually increased. Wind speed primarily affects R, and
Rp; the increase in turbulence that accompanies increasing wind
speeds resulted in decreased R,, whereas the increase in friction
velocity due to the increase in wind speed resulted in decreased Ry,
Fig. 6(f) presents scatterplots between wind speed and R;, R, and
Rc. When the wind speed was less than 2 m s large R, and Ry
were dominant in determining the small Vg4 values shown in Fig. 3
(f), and these resistances rapidly decreased as wind speed
increased. R didn’t appear to be affected by wind.

In several models, rmy, 1, and rgj are parameterized with
a constant value. The range of r, for the three air pollutants is
typically from O to 100sm~! (Hosker and Lindberg, 1982;
Baldocchi, 1988; Wesely, 1989; Zhang et al., 2002). r¢ is typically
set to much larger values, and ranges from 20,000 to 40,000 sm™!
for NOy (Wesely, 1989; Mészaros et al., 2009), from 2000 to
10,000 sm~! for O3 (Wesely, 1989; Zhang et al., 2003), and from
2000 to 8000 s m™! for SO, (Baldocchi, 1988; Wesely, 1989; Zhang
et al., 2003). Typical rsj for the three air pollutants is from 20 to
2000 sm~! (Hosker and Lindberg, 1982; Baldocchi, 1988; Meyers
and Baldocchi, 1993; Zhang et al., 2003). UFORE-D also employed
constant values for ry, 1, and rsj.. To explore the effects of these
resistances on Vyq, local sensitivity analyses were performed, in
which only one resistance value varied across its possible range, the
other resistances remained at their constant value, and other
parameters fixed at their average values presented in Table 1. ry, r¢,
and rsj determine R¢ (Eq. (5)), which in turn determines Vg (Eq.
(2)). Fig. 7 presents the results for NO,, O3, and SO». In general, the
constant values set to each resistance had a large effect on deter-
mining the typical value of Vy. For example in Fig. 7(a), ry for NO,,
03, and SO, was set to 100 sm~1,10 sm~!, and 0 s m~, respectively.
Corresponding Vg is 0.48 cms™!, 0.75cms™!, and 0.72cms™',
respectively, which are close to the hourly average V4 at noon for
the leaf-on season (Fig. 2). Choosing different values for the resis-
tances will impact Vg; however, each resistance has a varied impact.
Within the possible range of ry,, decrease in Vg for NO», O3, and SO,
was relatively large (39%, 37%, and 34%, respectively). Contrarily,
changes in r; caused very small changes in V4 because its value is
much larger than ryy,, and thus, the effect of r on the model output
was minimal. Over the possible range of rsoj, V4 decreased rapidly
as 1y increased up to about 1000 sm~!, then after this value
decreases in Vq became much smaller. Overall, the decrease in Vg
for NOy, O3, and SO, (69%, 55%, and 55%, respectively) was largest
among the three resistances. While the constant values for rsj
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employed in UFORE-D (2000 s m~! for the three air pollutants) is at
the high end of the rs,j range, other models have employed smaller
values such as 20-200sm~! (Hosker and Lindberg, 1982),
300 sm~! (Baldocchi, 1988), and 50—500 s m~! (Zhang et al., 2003)
depending on soil moisture and vegetation. As 7 plays an
important role in the model, further investigation of this model
parameter is necessary to improve the quality of UFORE-D.

4.3. MOAT analysis

While the LHS-MC analysis presents accurate and unbiased
information about the sensitivity of model outputs to changes in
model inputs, it does not quantify the variability of the output
based on the variability of individual parameters. The Morris
method, on the other hand, provides individual effects of the
parameters on the modeled Vg. Two sensitivity measures for each
input parameter can be obtained: mean of the elementary effect,
indicating the overall impact of input variability on output vari-
ability, and standard deviation of the elementary effect, indicating
non-linearity or interaction effects.

Fig. 8 presents results from the Morris method, in which the
means and the standard deviations of the elementary effect of each
parameter are plotted against each other (note that both scales are
logarithmic). A higher mean indicates a greater effect of the
parameter on Vq. A lower standard deviation denotes a linear effect.
Temperature had the greatest mean and standard deviation, indi-
cating its large impact on model output and the non-linear rela-
tionship between temperature and Vy for all pollutants. LAI was
among the second most important parameters for the three air
pollutants. The linearity of LAI and V4 is stronger for NO; than for
the other two pollutants. Mean of wind speed and PAR was found
among the smallest mean, indicating the smallest impact on the
model output.

5. Conclusions

In this study, UFORE-D was redeveloped into a set of COM
components. Reusing the developed components, two applications
were developed to examine the sensitivity of UFORE-D to its input
parameters. Based on the component-based model development
and results from the sensitivity analyses, the following conclusions
can be drawn:

1. Building new applications upon UFORE-D could be efficiently
achieved if UFORE-D consisted of reusable components. It was
not necessary to learn and modify the source codes; instead,
newly developed components only needed to communicate
with existing components through appropriate interfaces
(class, methods, and parameters).

2. Component-based UFORE-D readily accepted new data formats.
Employing new data formats only required replacing the old
components with ones that handle the new data formats.

3. UFORE-D output revealed different sensitivity to input
parameters depending on the specific air pollutants. However,
temperature was commonly important for the modeling
process and its effect was non-linear. Dry deposition velocity
(Vq) increased as temperature increased until it reached its
maximum value at a threshold temperature (here ~20 °C).
Above the threshold V4 decreased as temperature increased.

4. Among the three resistances used to determine Vy, the effect of
temperature appeared to be greater on canopy resistance (Rc)
than on aerodynamic resistance (R;) and quasi-laminar
boundary layer resistance (Rp).

5. Among the parameters affecting R., LAl was important for dry
deposition of NO3, O3, and SO,. The linear effect of LAl on Vq is

stronger for NO, than O3 and SO». PAR was only influential up
to its threshold (here 300—400 W m~2) at which the stomata
were fully open. Pressure and relative humidity were less
important in the dry deposition process.

6. Wind speed was influential to the computation of R; and Ry;
however, the effect was dominant only when the wind speed
was less than its threshold (here 2 ms~!). Larger wind speed
had smaller effects on the dry deposition process.

7. Soil (rsi1) and mesophyll resistances (rp) exhibited a large
effect on the dry deposition process. The effect of cuticular
resistance (r¢) on the dry deposition process was very limited
due to its large magnitude.

The component design of this study allows users to reuse core
functions of UFORE-D, in which submodels to estimate resistances
for pollutant transfer are implemented and Vg is estimated by
combining these results. If users need to extend the core functions
of UFORE-D, it is required for them to learn and modify source
codes of the Dry Deposition component. Therefore, one potential
future work is to further separate the Dry Deposition component
into smaller components, such as ones for calculating R,, Rp, and .
Depending on component designs, component-based modeling
can provide more flexibility and extendability to models, which can
lead to more efficient and effective model developments.

UFORE-D is composed of a large number of relations among
meteorological as well as vegetation parameters (see Hirabayashi
et al. (2010) for the full description of the model). To explore the
sensitivity of such complex models, Monte Carlo and Morris
sensitivity analyses employed in this study are a good preliminary
technique (Norman, 2008). One future direction of the model study
includes further investigation of the most important relations
identified by this study using the algebraic sensitivity analysis
(Norman, 2008).
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