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Abstract The community Noah land-surface model (Noah LSM) has been modified to
couple with a photosynthesis-transpiration scheme (GEM) to estimate the deposition veloc-
ity (Vd) for air quality studies. This new capability of the Noah-GEM model was tested
in a point version of the National Center for Atmospheric Research-High Resolution Land
Data Assimilation System (HRLDAS). Ozone Vd observations from June 1–30, 2002 over the
AmeriFlux forested site located at Niwot Ridge, Colorado, USA (40◦1′58′′N; 105◦32′47′′W)

were used. The model reasonably captures Vd variations for both dry and wet conditions but
has problems at nighttime. Experiments were performed to assess the sensitivity of Vd cal-
culations to surface characteristics related to vegetation and soil parameters. The results
indicated that Vd values are sensitive to accurate specifications of the leaf area index (LAI)
and a lesser extent to vegetation type, maximum stomatal resistance (Rsmax ) and soil texture
prescription. The model sensitivity to canopy resistance was noted for both daytime and
nighttime. For this forest site, neither soil textures nor soil moisture appeared to affect Vd

calculations significantly, though they affected the surface heat-flux estimation particularly
under low soil moisture conditions. Therefore, the Vd estimation in the Noah model can be
enhanced by either site-specific LAI or assimilating regional normal difference vegetation
index information for specific time periods. Results also highlighted the need to lower the
current constant Rsmax value used in Noah and other land-surface models.
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1 Introduction

Regional models such as the Weather Research and Forecasting (WRF) model are widely
applied for environmental and regional climate studies; WRF is also used for both operational
weather and air quality forecasting (Grell et al. 2005). Land-surface models (LSM) such as
the Noah LSM (Chen and Dudhia 2001; Ek et al. 2003) have been primarily used to develop
realistic surface energy and water fluxes as surface boundary conditions for the WRF model.
The land surface is also important as a sink for atmospheric pollutants through deposition
pathways (Garland et al. 1974; Niyogi et al. 2003). In this paper, we discuss the development
of a new capability for the Noah LSM, which will provide air-pollutant deposition velocity
(Vd) estimates by coupling the Noah LSM with a photosynthesis-based canopy resistance
formulation, referred to as the gas exchange evapotranspiration model (GEM).

Early understanding of Vd estimates was principally driven by field measurements and
the synthesis of aerodynamic resistance (Ra), the boundary-layer resistance (Rb), and can-
opy resistance (Rc) (Garland et al. 1974; Wesely and Hicks 1977). Hicks et al. (1985) and
Baldocchi et al. (1987) developed a resistance-based model to calculate Vd , and an enhance-
ment of that modelling approach was adopted to include a multilayer model (MLM, Meyers
et al. 1998; Cooter and Schwede 2000) to develop Vd estimates over the USA as part of the
Clean Air Status and Trends Network (CASTNet) established by the US Environmental Pro-
tection Agency (EPA). While a number of other Vd model options exist (e.g. Erisman et al.
1994; Pleim et al. 2001; Zhang et al. 2003; Niyogi et al. 2003; Wu et al. 2009), this addition is
used in developing a Vd module within Noah so as to use parts of these models to improve the
description of atmosphere/land-surface interactions and to allow for gas exchange (particu-
larly CO2) fluxes in the coupled WRF-Chem/Noah model. Thus, the broader objective is to
eventually develop capabilities for incorporating integrated environmental, hydrological, and
surface energy balance/CO2 flux studies using the Noah LSM as part of a land data assimila-
tion system (Chen et al. 2007) or coupled WRF-Chem model. The existing option, Jarvis-type
evapotranspiration schemes in the Noah LSM, does not have CO2 interaction terms, and is
heavily dependent on the minimum canopy resistance (Rcmin) specifications (Niyogi and
Raman 1997; Niyogi et al. 2009). The evolving framework is being developed within the US
National Science Foundation’s BEACHON (Bio-hydro-atmosphere interactions of energy,
aerosols, carbon, H2O, and organics and nitrogen) initiative. Under the BEACHON frame-
work, the Noah model is being modified to include the GEM canopy resistance scheme, which
will then be linked with the model of emissions of gases and aerosols from nature (MEGAN)
biogenic emission (Muller et al. 2008). These models will be fully integrated with the Noah
LSM within the regional High Resolution Land Data Assimilation System (HRLDAS, Chen
et al. 2007), WRF, and WRF-Chem. Thus, the ability of the Noah-GEM-HRLDAS framework
to estimate Vd is of broad interest, and is the focus of this study.

The GEM-HRLDAS coupling has been discussed in Kumar et al. (2008), and the proof
of concept tests for using GEM in air quality and land-surface studies has been reported in
Niyogi et al. (2003, 2006) and Niyogi et al. (2006). Niyogi et al. (2009) developed and coupled
the GEM to an atmospheric boundary-layer model and tested it over different landscapes.
The photosynthesis-transpiration/stomatal resistance scheme showed good performance over
different vegetation types. However, due to the big leaf approach used in the model, additional
tests over forest canopies and heterogeneous soil moisture conditions are desired. The main
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objectives of this study are, (i) to assess the performance of the Noah-GEM-HRLDAS model
framework in calculating Vd over a forest site, and (ii) to assess the sensitivity of surface
characteristics when calculating Vd .

In the following section, we discuss the experimental framework for the modelling exper-
iments and the observational set-up. Section 3 presents the model results. The discussion
first focuses on the performance of the modelling framework over the study site, while the
subsequent discussion focuses on the sensitivity analysis of the model results to surface
variables using different statistical approaches. Section 4 summarizes the conclusions.

2 Models and Site Description

2.1 Modelling Analysis

The Noah-GEM-HRLDAS was configured over the Niwot Ridge study site in Colorado, USA
and initialized with static land use and soil texture fields as well as time-varying meteorolog-
ical forcing fields. Single grid forcing data were created for the study period with 18 months
of spin up from 1 Jan 2001–30 June 2002. Hourly meteorological forcing fields such as air
temperature, surface mixing ratio, wind velocity components, and downward shortwave and
longwave radiation fluxes were developed from the tower observations as input to the Noah
model. For the 18-month period, precipitation fields were obtained from 4-km hourly NCEP
(National Center for Environmental Prediction) stage-IV rainfall analysis, which is based
on rain gage-calibrated WSR-88D radar (Weather Surveillance Radar 88 Doppler) rainfall
estimates (Fulton et al. 1998). These calibrated rainfall fields over the Niwot site were mor-
phed with onsite precipitation. The model was run as a single point HRLDAS system to
develop offline estimates of Vd . The model calculates Vd as the inverse of the sum of the
three resistance terms: Ra, Rb, and Rc. Different formulations can be used for estimating Ra ,
consequently we estimated Ra using onsite wind observations and the empirical approach
of Lui et al. (2007). The Rb and Rc terms are computed in Noah-GEM following the pho-
tosynthesis approach (Niyogi et al. 2003, 2006); details of these formulations are given as
Eqs. 8, 9, 10, and 11 in Appendix A. The model was run in a default mode with standard Noah
and GEM parameters values. To assess the sensitivity of vegetation and soil parameters in the
Vd estimation, 112 ensemble runs were performed (Table 1). Model results were analysed
for changes in mean and diurnal patterns using time series and descriptive statistics. Further-
more, results were analysed to assess the impact of surface parameters on the Vd estimates
using interaction explicit factorial analysis (Niyogi et al. 1999). The degree of agreement (d)
and fractional bias (FB) between observation and model results were calculated using
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where oi is the observation, mi is the model result, and n is the number of samples.
The periods of 7–12 June and 23–30 June 2002, which featured wet and subsequently dry

soil conditions, are the focus of this paper. For 7–12 June 2002, the average soil moisture con-
tent was 15% due to 35 mm of accumulated precipitation during 3–5 June 2002. For 23–30
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Table 1 Summary of experiments

Experiment Variable Values

Vegetation parameters

1–4 Vegetation types Deciduous needle leaf forest:12

Evergreen broad leaf forest:13

Evergreen needle leaf forest:14

Mixed forest:15

5–10 Leaf area index 1, 2, 3, 4, 5, 6

11–15 Green vegetation fraction 0.5, 0.6, 0.7,0.8, 0.9

16–20 Maximum stomatal resistance (s m−1) 1,000, 2,000, 3,000, 5,000, 7,500

Soil textures

21–32 Texture Sand, loamy sand, sandy loam, silt
loam, silt, loam, sandy clay loam,
silty clay loam, clay loam, sandy
clay, silty clay, and clay.

Soil properties

33–40 Hydraulic function ±10%,±25%,±50%,±100%

41–48 Saturated soil metric potential ±10%,±25%,±50%,±100%

49–56 Albedo ±10%,±25%,±50%,±100%

57–64 Roughness length ±10%,±25%,±50%,±100%

65–72 Dry soil moisture content ±10%,±25%,±50%,±100%

73–80 Maximum soil moisture content ±10%,±25%,±50%,±100%

81–88 Reference soil moisture content ±10%,±25%,±50%,±100%

89–96 Soil hydraulic conductivity ±10%,±25%,±50%,±100%

97–104 Saturated soil water diffusivity ±10%,±25%,±50%,±100%

103–112 Quartz content ±10%,±25%,±50%,±100%

June 2002, the accumulated precipitation was 6 mm with the average soil moisture content of
8.8%. Figure 1 shows the time series of observed precipitation, soil moisture, and Vd values
for June 2002. According to Turnipseed et al. (2009), the Vd values generally increased after
rainfall due to chemical reactions on the leaf surface.

2.2 The Niwot Ridge Site

The Niwot Ridge AmeriFlux site (40◦1′58′′N; 105◦32′47′′W) is located in the Roosevelt
National Forest in the Rocky Mountains of Colorado, USA and is dominated by a subalpine
forest with an abundance of Lodgepole pine, Engelmann spruce, and subalpine fir (Turnipseed
et al. 2009). The study period for the Vd analysis was June 2002 because of the higher sum-
mer time ozone concentrations over the study region. The site has peak ozone concentrations
when the upslope flow carries pollutants from the Denver metropolitan area, which typically
occurs during the late afternoon and early evening periods. Turnipseed et al. (2006, 2009)
characterized the Niwot Ridge site with a leaf area index (LAI) of 4.2 and roughness length
of 1.6 m; the typical canopy height is 11.4 m and displacement height is 7.8 m.

The Niwot Ridge site is an active AmeriFlux site and has a variety of instruments to esti-
mate surface atmosphere exchanges. Data are typically available at 15-min or 30-min inter-
vals; as a result, the deposition velocities (Vd) were estimated as a ratio of deposition flux and
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Evaluating a Deposition Velocity Module in the Noah Land-Surface Model 275

Fig. 1 Observed rainfall, percent of soil moisture at 0.01 m, and dry deposition velocity, Vd , during June
2002. The shaded boxes correspond to the “wet” and “dry” periods analysed in the study

gas concentration. The fluxes were calculated using the eddy-covariance technique, and gas
concentrations were measured by an ultraviolet absorption ozone monitor (Turnipseed et al.
2009). Other parametric values, particularly the resistance terms used for model comparison,
are calculated using onsite meteorological and Vd observations along with the back calcula-
tion of aerodynamic and boundary-layer resistances following Hicks et al. (1987). Addition-
ally, the canopy resistance was calculated using a Penman-Monteith resistance formulation
(Turnipseed et al. 2003; Alfieri et al. 2008 also see Lamaud et al. 2002). Other micromete-
orological quantities (radiation fluxes, surface meteorology, and soil parameters/variables)
required for driving the offline HRLDAS (Chen et al. 2007) were compiled from onsite
observations.

3 Results and Discussion

Study results are presented in five sections. First, the comparison of the Noah-GEM-HRLDAS
model results with field observations is discussed, which is followed by an ensemble analysis
of the sensitivity of Vd to different surface parameters. The sensitivity of Vd estimation is
further discussed using a factorial analysis and a two-factor interaction analysis approach.
The final discussion addresses the impact on the model’s performance when modifications
are made to significant variables identified by sensitivity analysis.

3.1 Evaluating Noah-GEM Vd Estimates

The model results shown in Figs. 2, 3, 4, and 5 were obtained from a simulation with the
default values of parameters in Noah-GEM-HRLDAS representative of a forest site. Figure 2
shows the observed and simulated ozone Vd values for 7–12 June 2002 (wet) and 23–30
June 2002 (dry) periods. The model slightly underestimated Vd for wet to moderate surface
conditions for 7–12 June 2002, though it captured the day-to-day variability well. The model
could not capture the high Vd values (14.2 and 11.7 mm s−1) in the afternoon after rain events
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Fig. 2 Dry deposition velocity, Vd , time series for LAI = 4. Solidline represents observations and dashedline
is the model estimates. a The period 7–12 June 2002 was relatively wet. b The period 23–30 June 2002
corresponds to a relatively dry period. The variable, d, is the index of agreement and FB is the fractional bias
(mm s−1)

Fig. 3 Average diurnal dry deposition velocity Vd for June 2002 over the Niwot Ridge study site. Solidline
indicates observations. Dashedlines correspond to model results. The index of agreement is d; FB is the
fractional bias (mm s−1) with the LAI of 4 and 5

on June 6, 2002 (not shown). Turnipseed et al. (2009) also noted this increase in Vd after rain
both as a possible impact of moist leaves leading to additional chemical interactions and as
possible meteorological and non-stomatal feedbacks. The chemical interactions are currently
not represented in the model. Under anomalously dry soil moisture conditions, the model is
able to realistically capture the midday peak values and the diurnal variations in Vd . This is
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Fig. 4 The average diurnal
aerodynamic resistance (Ra),
boundary-layer resistance (Rb),
and canopy resistance (Rc) for
June 2002 over the Niwot Ridge
study site. Open circles with
dashedline are observations.
Solidlines correspond to model
results. Model Rc values for
0000–6000 and 1800–2400 LT
have been set to maximum
stomatal resistance (Rsmax)

measured as 5, 000 s m−1

Fig. 5 a Latent heat flux (LE) and c sensible heat flux (H) plots for 7–30 June 2002 b and d average diurnal
LE and H for 7–30 June 2002 over the Niwot Ridge study site. Solidline represents observations; dashedline
represents model values. The period from 7–12 June 2002 was relatively wet while 23–30 June 2002 period
corresponds to a relatively dry period. The term d is the index of agreement while FB is the fractional bias
(W m−2) with LAI = 4 and 6

reflected in the model index of agreement (d) and bias (F B) statistics for the wet and dry
periods as 0.93 ± 0.37 and 0.93 ± 0.11 mm s−1, respectively (Fig. 2).

Figure 3 shows the average diurnal Vd variation for model simulations using different LAI
values. When using LAI = 4 (the default in Noah), the model underestimated the morning
and nighttime Vd values, but changing LAI values to 5 agreed better with daytime and early
afternoon observations. For nighttime conditions, the model’s Vd values quickly fell to near
zero while the observations showed values around 1.5–2 mm s−1. While the modelled Vd
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values were calculated as the sum of Ra, Rb and Rc, the mean diurnal variation of these
resistances was also analysed (Fig. 4). Consistent with prior observations, Rc was the domi-
nant term giving values one to two orders of magnitude higher than Ra and Rb. The model
produced slightly lower than observed Ra, Rb, and Rc values during daytime. The Noah LSM
estimated Rc value was notably different from the nighttime observations. In particular, the
late evening dip in the model Vd values appeared to be related to an increased Rc in the Noah
estimates. Rc increased in response to cooling after sunset, and the observed Rc was smaller
than the constant value (5,000 s m−1) assumed in the model, and may be due to sporadic night
transpiration in response to vapour pressure deficit and air temperature changes (Musselman
and Minnick 2000; Cavender-Bare et al. 2007; Kavanagh et al. 2007; Fisher et al. 2007).

Since Rc also affects the surface energy balance (Niyogi and Raman 1997), the modelled
and observed latent (LE) and sensible heat fluxes (H) were also evaluated. The model un-
derpredicted LE while H was in good agreement (Fig. 5). The model accurately identified
most of the peaks in LE but missed the late afternoon values particularly for the dry period
(Fig. 5a, b). Similar results were seen for the sensible heat flux (Fig. 5c, d). The diurnal
peaks of LE were also shifted as compared to the observations. However, there are high
uncertainties in both measuring and modelling latent heat fluxes. Because of the response of
canopy resistance and the latent heat flux feedback, it appears that the model results were
greatly affected by radiation. This may explain the underestimation of the high latent heat
flux in the morning and afternoon hours. Furthermore, a dew related feedback, which is not
accounted for in the model, may also be in action along with additional uncertainties in the
model parameters. Further LAI calibrations could not overcome these mismatches.

To further diagnose the impact of surface parameters on the model performance, an ensem-
ble sensitivity assessment was undertaken, which is discussed in the following sections.

3.2 Sensitivity of Vd to Soil and Vegetation Parameters

The Noah-GEM model parameters were systematically altered as documented in Table 1.
First, the vegetation parameters were changed one at time, involving changing the vegetation
type while maintaining other parameters in their default setting. Then, for the rest of the
experiments, the vegetation type was fixed to type 14 (evergreen needle leaf forest for the
study site) and the other variables were modified. For example, LAI was changed from 1
through to 6, after which LAI was set to the default value and the green vegetation fraction
was changed from 0.5 through to 0.9 in increments of 0.1. The green vegetation fraction was
then set back to default and the maximum stomatal resistance (Rsmax ) value was modified
from 1,000 to 7,500 s m−1, as shown in Table 1. The corresponding changes in the model sim-
ulated Vd were analysed. After assessing the sensitivity of the vegetation parameters, these
parameters were reset to default values and the soil texture parameters were then changed to
test the model’s sensitivity. For example, the vegetation type was changed from 14 (default)
to 13, then before changing the soil parameter, the vegetation type must be changed back to
the default value (14). For these cases, the model was run for every soil texture while other
values were retained at default. Following this, the sensitivity of individual soil properties
was considered while the soil texture was set to default. The values and the experiments are
listed in Table 1.

Figure 6a shows the Vd variation for the four different vegetation types. The Vd val-
ues increased when the vegetation type was changed from evergreen needle leaf forest to
deciduous needle leaf forest and mixed forest. Evergreen needle leaf forest also had the low-
est Vd variations. The Vd values over mixed and deciduous needle leaf forest ranged from
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Fig. 6 Box plots for June 2002 dry deposition velocity (Vd ) with different parameter changes: a vegetation
type, b leaf area index, c maximum stomatal resistance (Rsmax, s m−1), d soil texture, and e hydraulic function
over the Niwot Ridge study site. The solidline is observations. Dashedline corresponds to model results. Soil
types were classified as (1) sand, (2) loamy sand, (3) sandy loam, (4) silt loam, (5) silt, (6) loam, (7) sandy clay
loam, (8) silty clay loam, (9) clay loam, (10) sandy clay, (11) silty clay, and (12) clay. VEG 12 refers to the
deciduous needle leaf forest; VEG13 refers to the evergreen broadleaf forest; VEG14 refers to the evergreen
needle leaf forest; VEG15 refers to the mixed forest
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0.0–4.0 mm s−1 respectively. The Vd values were highly sensitive to leaf area index prescrip-
tion (Fig. 6b). Lower LAI values resulted in smaller Vd values, which were expected since
the Rc in the model was estimated by scaling it with LAI values of each vegetation type.
Therefore, higher LAI leads to lower total Rc values (not shown) and higher Vd values.

Figure 6c shows the sensitivity of Vd to Rsmax , which is currently an arbitrary constant
in the Noah model based on Noilhan and Planton (1989). The Rsmax value directly affects
the nighttime Rc and hence Vdvalues. Interestingly, the Rsmax specification also affects the
daytime Rc due to impacts on the maximum photosynthesis rate calculation in the GEM
model and the F1 term (a function of the amount of photosynthetically-active radiation in the
Jarvis type Rc scheme in the default Noah). The Vd (and Rc) values ranged from 1–4 mm s−1

to 2–7 mm s−1 (from 2,000–7,500 s m−1) as seen in Fig. 6c, consistent with previous studies
using other Vd models. For example, Walmsley and Wesely (1996); Finkelstein et al. (2000)
and Pleim et al. (2001) found a similar sensitivity to LAI and Rsmax in the Wesely deposition
scheme.

Uncertainties in the soil texture had little impact on Vd values (Fig. 6d), and even with the
extreme change in soil texture from clay to sand, there was little impact on the model results.
Examining the average diurnal plots (not shown) reveals that the effect was noticeable only
during the late afternoon. Modelled Vd values were somewhat sensitive to both the hydraulic
function (Fig. 6e) and maximum soil moisture content (particularly when it was reduced,
results not shown). However, many other parameters caused no significant changes in Vd

values (figures not shown): albedo, emissivity, surface roughness, green vegetation fraction,
dry soil moisture content, reference soil moisture content, saturated soil hydraulic conductiv-
ity, saturated soil water diffusivity, soil moisture wilting point at which transpiration ceases,
and quartz content.

A number of studies, e.g. Noilhan and Planton (1989); Pleim AND Xiu (1995); Chen
et al. (1996); Betts et al. (1997); Niyogi et al. (1999), identified LAI and vegetation frac-
tion as first-order parameters that affect the land-surface model performance, particularly
when reviewing surface energy fluxes. Our study also identified that both LAI and vegetation
fraction have a dominant impact on latent heat flux (figure not shown), but only LAI had a sig-
nificant impact on Vdvalues. Similarly, when considering the effect of soil texture, sand and
loamy sand caused the lowest latent heat fluxes. This was due to the corresponding changes
in soil parameters such as hydraulic function and saturated soil hydraulic conductivity. There
was, however, a limited impact on Vd values as discussed earlier.

The impact of soil moisture on Vd was examined next (figure not shown). Soil moisture
is a prognostic variable and the model system was run for several months to eliminate the
memory of the initial conditions. Therefore, it is impossible to see the effect of initial soil
moisture on the model results. Instead, we reviewed the relationships between coincident
soil moisture and Vd , (Fig. 7) and latent heat flux and Vd at 1400 LT each day for June 2002
(Figure not shown). Latent heat flux and Vd values only showed a better correlation under
low LAI conditions (cf. Pleim et al. 1999). The Vd value and soil moisture also correlated
well at the lower LAI values. As expected, Vd and Rc correlated well regardless of changes
in vegetation types, LAI, or Rsmax (Fig. 8). Reviewing these results, we concluded that the
major parameters affecting Vd (and Rc) are vegetation type, LAI, soil texture, and Rsmax .

3.3 Factorial Analysis

Building on the results of the one-at-time sensitivity testing, the impacts of multiple vari-
able changes and interactions were analysed next. For this we used a factorial based Pareto
analysis (Haaland 1989; Niyogi et al. 1999). Pareto plots are graphical representations of
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Fig. 7 Scatter plots of dry deposition velocity (Vd ) and soil moisture content for different LAI values from
1 to 6, for June 2002 at 1400 LT

the direct (main) effects and the interaction terms between the model variables or between
input parameters (e.g. Fig. 9). Pareto plots consist of bar graphs that display a percentage of
the sum of mean squares of the effect (Vd in this case), and a line graph that presents the
cumulative percentage for each category. Figure 9 shows a pareto plot for the model runs
corresponding to four variables: LAI, vegetation type, Rsmax , and soil texture (from Table 1).

In the plot, the bars for leaf area index and vegetation type (Veg) present the individual
effects while the bars corresponding to Veg:LAI represent the interaction effect between veg-
etation type and leaf area index. The size of the bar is an indication of the sensitivity of the
effect. For example in Fig. 9a, b, LAI is the dominant term affecting the simulation for both
wet (7–12 June 2002) and dry conditions (23–30 June 2002). Additionally the model Vd

results show a secondary dependence on vegetation types (Veg) and vegetation type interac-
tion with leaf area index (Veg:LAI). Interactions of maximum stomata resistance (Rsmax ) and
maximum stomata resistance with leaf area index (Rsmax : L AI ) were the next most impor-
tant factors affecting Vd sensitivity. After removing LAI as an independent factor, Rsmax

became the dominant variable affecting Vd variations. The pareto analysis, thus, highlights
the significance of LAI and Rsmax as the two most important terms affecting the model’s Vd

values.

123
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Fig. 8 Scatter plots of dry deposition velocity (Vd ) and canopy resistance (Rc) for different LAI, maximum
stomata resistance (Rsmax) and vegetation types for June 2002 at 1400 LT
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Fig. 9 Pareto plots of the sum of the square of the dry deposition velocity, Vd (%), for different values of leaf
area index, vegetation type (Veg), maximum stomatal resistance (Rsmax), and soil textures for a 7–12 June
2002 (relatively wet) and b 23–30 June 2002 (relatively dry) periods

3.4 Two-Factor Interaction Analysis

The two-factor interaction analysis (TFI) illustrates more explicitly the interactions identi-
fied in the Pareto analysis. TFI uses two-way analysis of variance (ANOVA) to calculate the
significance of the two factors and their interaction. In the TFI plot, the slopes of the lines
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Fig. 10 Interaction plots of dry deposition velocity (Vd ) with a maximum stomatal resistance (Rsmax) and
soil texture, b with Rsmax and vegetation type, c with Rsmax and leaf area index, d with LAI and vegetation
type, e with vegetation type and soil texture, and f with LAI and soil texture for 7–12 June 2002

for different variable settings provide information regarding the sensitivity of a variable in
the model (Niyogi et al. 1999). Thus, the interpretation of the results depends on the slope
of the interaction plots. Figure 10 shows the TFI plots for Rsmax , vegetation type, and soil
texture (cf. Fig. 9). In Fig. 10a, b, the Rsmax and vegetation type interaction, as well as the
Rsmax and soil texture interaction, results in parallel lines. This suggests a limited interaction
between the two parameters when estimating Vd values. On the other hand, Fig. 10c shows
that the two lines of Rsmax and LAI are not parallel and indicate a high degree of interaction.
In particular, as the two lines show a larger difference at lower LAI values, this indicates a
high sensitivity of Rsmax at lower LAI. Similarly, when reviewing the slopes for Rsmax lines,
the slope for higher Rsmax suggests that the sensitivity of LAI to Vd estimation is higher
for higher Rsmax slopes. The interaction terms also show higher sensitivity of vegetation
type for higher LAI. Similarly, Fig. 10d shows that the sensitivity and uncertainty of Vd are
more pronounced for deciduous needle leaf when compared to evergreen needle leaf forest,
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Fig. 11 Dry deposition velocity (Vd ) time series plots for a 7–12 June 2002 with the LAI = 4.2 and b 23–30
June 2002 with the LAI = 3.8. Observed Vd (solidline) and modelled Vd (dashedline) over evergreen needle
leaf forest (14) during wet period, 7–12 June 2002 and dry period, 23–30 June 2002. The variable, d, is the
index of agreement and FB is the fractional bias (mm s−1)

as the LAI increases (Fig. 10d). Figure 10e and f shows minor interaction effects between
vegetation type and LAI as a function of soil texture. The interactions between L AI, Rsmax ,
vegetation types, and soil textures impacting Vd were relatively insensitive to soil moisture
(figure not shown). Again, when compared to surface energy fluxes, the Vd results appear to
be, generally, only sensitive to L AI, Rsmax , and vegetation type specification.

3.5 Model Modifications

The sensitivity analysis indicates that LAI and Rsmax appear to be the critical variables
affecting Vd estimates. Therefore, the default LAI value was modified to reflect the canopy
phenological changes over the study site that have been observed when LAI = 4.2. The result-
ing model performance showed better agreement for the wet period when LAI = 4.2 and for
the dry period when LAI = 3.8 (Fig. 11). This outcome highlights a need for assimilating
variable LAI/normalized difference vegetation index (NDVI) or having dynamic LAI within
the model for future work. During the dry period, the decreased Vd may not be directly caused
by reduced LAI. Rather, it might have been due to soil moisture conditions, which control
maximum catalytic rubisco capacity (Vmax ) for calculating Rc. Consequently, another vari-
able, Rsmax , was tested by reducing the current default value. Tests with a range of observed
values suggested that a value of 1,250 s m−1 during the wet period and 1,700 s m−1 during the
dry period produced the best results, corresponding to increased Vd values during nighttime
(Fig. 12). Future efforts should be directed towards additional improvements for nighttime
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Fig. 12 Dry deposition velocity (Vd ) time series plots for a 7–12 June 2002 (relatively wet) period with the
LAI = 4.2 and the Rsmax of 1,250 s m−1 b for 23–30 June 2002 (relatively dry) period, with the LAI = 3.8
and the Rsmax of 1, 700 s m−1. Observed Vd (solidline) and modelled Vd (dashedline). The variable, d, is
the index of agreement and FB is the fractional bias (mm s−1)

Rc by considering radiation, hydraulic conductivity, vapour pressure deficit, leaf age, and
canopy turbulence (Snyder et al. 2003; Bucci et al. 2003; Daley and Phillips 2006; Kavanagh
et al. 2007; Mairgareth et al. 2007; Turnipseed et al. 2009).

3.6 Further Performance Test

To further demonstrate the positive impact of the changes recommended in LAI and Rsmax ,
we applied the model over two different sites: Bondville, Illinois (agriculture site) and Duke
Forest (needle leaf site). At both these locations, only energy flux observations were available
for verification. The model was run with four configurations: (i) default, (ii) change in leaf
area index with a higher value for the wet period and lower value for the dry period, (iii)
with lower Rsmax values, and (iv) by changing both the leaf area index and Rsmax . The LAI,
Rsmax changes were linked to the soil conditions (SMC in Eq. 4).

Corrected L AI = L AI

(0.95 + (0.1SMC))
, (3)

SMC = W2 − Wwilt

Wmax − Wwilt
, (4)

where LAI is leaf area index, W2 is the deep soil moisture content (m3 m−3), Wwilt is the
wilting point soil moisture (m3 m−3), and Wmax is the maximum soil moisture content
(m3 m−3).
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Table 2 Summary of the fractional bias (W m−2) of sensible heat flux (H) and latent heat flux (LE) over
Duke Forest and Bondville study sites

Runs Duke forest Bondville

H bias (W m−2) LE bias (W m−2) H bias (W m−2) LE bias (W m−2)

Default −0.304 0.206 −0.314 0.123

Obs-Both_correct −0.287 0.182 −0.294 0.105

Obs-corrected LAI −0.288 0.186 −0.300 0.112

Obs-corrected Rsmax −0.303 0.202 −0.308 0.116

Obs is observed data. Both_correct indicates LAI and Rsmax have been corrected; corrected LAI:LAI has been
corrected and corrected Rsmax:Rsmax has been corrected

The new parameter values were estimated using

L AI = L AI/L AIcorr , (5)

Corrected Rsmax = Rsmax

L AI/L AIcorr
, (6)

where L AIcorr is the corrected LAI. Using these equations, the leaf area index was set from
4 to 4.12 for the Duke Forest site and from 4 to 4.19 for the Bondville site. The Rsmax

ranged from 1,214 to 1,232 s m−1 for Duke Forest and from 1,194 to 1,218 s m−1 for
Bondville. Results showed small differences but overall positive improvements in the model
performance as summarized in Table 2.

4 Conclusions

The deposition velocity estimation capability of the Noah/HRLDAS model, based on a
photosynthesis-based canopy resistance model (GEM), was evaluated with observations
from a conifer forest at the Niwot Ridge AmeriFlux site, Colorado, USA. The observations
and model results were analysed and compared for two different periods, 7–12 June 2002
(relatively wet soil) and 23–30 June 2002 (relatively dry soil). Using the default L AI = 4, the
model performed well for wet to moderately wet soil conditions but slightly overestimated
Vd for the dry period. In general, the model simulates the daytime variation of Vd but has dif-
ficulty in treating the nighttime canopy and aerodynamic resistances. A large number (112)
of model experiments were conducted for testing the sensitivity of the model to different soil
and vegetation parameters, and showed that the Vd estimation was mostly sensitive to the
LAI and Rsmax prescription. Vegetation type had a modest impact as did soil moisture and
soil texture specifications. Soil and vegetation parameters such as soil texture and vegetation
fraction had a larger impact on the latent heat flux estimation than on Vd estimates. Our
results suggest that the Noah land-surface model performance can be improved by changing
both the specifications of LAI dynamics or phenology and the Rsmax prescription. Addi-
tional experiments were performed by changing LAI and Rsmax . Our results showed that
the GEM-Noah-HRLDAS model’s framework can be effectively applied to estimate depo-
sition velocity values for air quality/biogeochemical studies, particularly when land-surface
conditions are accurately prescribed.

We recommend that future improvements of the Noah LSM should focus on includ-
ing the assimilation of NDVI data and incorporating a dynamic LAI estimation into the
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deposition and canopy resistance model. Additionally, it was noted that the Rsmax specifi-
cation within the Noah model needs further evaluation based on recent studies that suggest
nighttime transpiration of each species (Synder et al. 2003).
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Appendix A: Deposition Velocity Algorithm

A simplified dry deposition velocity (Vd) module is considered in the HRLDAS. Vd is esti-
mated from the aerodynamic resistance (Ra), the laminar boundary-layer resistance (Rb)

and the canopy resistance (Rc) (Wesely 1989) as,

Vd = (Ra + Rb + Rc)
−1, (7)

while the aerodynamic resistance (Ra) is calculated as a function of wind speed (m s−1) (Lui
et al. 2007).

Ra = 94.909u−0.9036 (8)

The boundary-layer resistance (Rb) is derived following Nikolov et al. (1995), as used by
Niyogi et al. (2003) for free convection (Rbf c) and forced convection (Rbf r ) conditions,

1

Rbf c
= cT 0.56

[
(T + 120)

u

Pd

]0.5
, (9)

1

Rbf r
= cT 0.56

s

{
Ts + 120

P

}0.5 {
Tvs − Tva

d

}0.25

. (10)

In the above, T is the air temperature (in kelvin, K), Ts is the surface temperature, while Tvs

and Tva are virtual surface and virtual air temperatures (K); u is the wind speed (m s−1), P
is the pressure (Pa), and d is the leaf length scale (m); c is a scaling constant that equals
4.322 × 10−3 for broad leaves and 1.203 × 10−3 for conifers (Nikolov et al. 1995).

The canopy resistance (Rc) is considered the primary resistance term to estimate Vd and
is assumed to include both the stomatal and non-stomatal processes. The Rc term in the
Noah-GEM model is calculated from the Ball–Berry approach (Ball et al. 1987) as

1/Rc = m
An

Cs
hs + b, (11)

where An (mol m−2 s−1) is the photosynthesis rate, hs (%) is the relative humidity at the
canopy surface, and Cs (mol m−3)is the CO2 concentration at the canopy surface. The terms
m and b are the species-specific gas exchange constants. Details regarding the formula-
tions and constants can be found in Niyogi et al. (2003, 2006, 2009). The photosynthesis
rate (An) depends on three main factors: the rubisco limitation (Wc), the amount of pho-
tosynthetically-active radiation (We), and the capacity of the C3 vegetation to utilize the
photosynthesis products or the phophoenolpyruvate carboxylase limitation in C4 vegetation
(Ws). The terms Wc and Ws are a function of the maximum catalytic rubisco capacity for the
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leaf (Vm) derived from temperature and soil moisture. The We term is a function of radiation,
CO2 concentration, and the CO2 compensation point.
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