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A B S T R A C T

The canopy structural and functional impacts on land surface modeling of energy and carbon fluxes were in-
vestigated by a series of simulations conducted at AmeriFlux eddy covariance sites. Canopy structures were
described by different degrees of complexity of Leaf Area Index (LAI) datasets. The monthly climatological LAI
datasets applied in the Weather Research and Forecasting (WRF) Model and the Community Earth System Model
(CESM) were used to represent static ecological conditions. The LAI remotely sensed by the Moderate Resolution
Imaging Spectroradiometer (MODIS) was used to represent time-varying ecological conditions with natural
variability. To investigate the sensitivity of different canopy profile representations, all of these LAI datasets
were used to assign the necessary ecological information for single and multiple canopy layer land surface
models to simulate a seven-year period across a variety of vegetation covers. The results show that a more
realistic canopy profile representation (i.e., multiple layers), both in terms of structural and functional treat-
ments, improves biogeophysical and biogeochemical simulations. The root mean square errors for the simulated
evapotranspiration and Net Ecosystem Exchange are reduced by 10% and 15%, respectively when the ecological
information is represented by a more realistic time-varying LAI dataset instead of a static LAI dataset with no
geographical sensitivity. A land surface model with multiple canopy layers and a realistic ecological dataset,
which can better represent ecosystem structural and functional responses to microclimate conditions, is thus
recommended for long-term climate projections.

1. Introduction

The terrestrial carbon sink accounts for more than one third of the
annual global carbon sink in the atmosphere by plant photosynthetic
carbon assimilation (Farquhar et al., 1993; Ciais et al., 1997; Sitch
et al., 2003). Although the total terrestrial carbon sink is smaller than
the oceanic carbon sink, the terrestrial carbon sink exhibits more
variability in both space and time due to the more complex vegetation
distribution and more prominent seasonality. This type of variability
over land can be captured by implementing realistic vegetation type
distribution and seasonal leaf area variation in land surface models
(Bonan et al., 2002). Ecosystem response is dependent on ecophysio-
logical processes that are strongly plant type and leaf area dependent
(Gifford, 1974; Ball et al., 1987; Collatz et al., 1992, Mahowald et al.,
2016). The plant species communities and the leaf area are usually
represented by simplified representative ecosystems labeled as Plant
Functional Types (PFT) each with a characteristic Leaf Area Index (LAI)
(Bonan et al., 2002). Although PFTs are essential in determining

ecosystem response mechanisms (Bunn and Goetz, 2006), they are
usually assumed to be phenologically constant in surface vegetation
datasets, that is the PFTs do not exhibit regular seasonal variations for
the same geographical location. Seasonal variations in LAI is often
prescribed in surface vegetation datasets, and LAI has been suggested to
be one of the most important variables in global terrestrial carbon si-
mulation due to its significant impacts on plant physiological and
phenological processes (Murray-Tortarolo et al., 2013; Anav et al.,
2013; Hardwick et al., 2015). Previous works on Amazon’s deforesta-
tion highlighted the impacts from LAI changes on ecosystem responses
through shifting the energy partition from available energy into sen-
sible and latent heat fluxes and thus affecting atmospheric boundary
layer development and local and regional circulation patterns (Foley
et al., 2003; Knox et al., 2011; Fatichi et al., 2015). As a result, a more
realistic high-resolution surface vegetation LAI dataset, such as those
available from satellite observations (Carlson and Ripley, 1997; Yang
et al., 2006), is expected to improve global terrestrial carbon simulation
(Zhang et al., 2003 and Garrity et al., 2011).
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Global surface vegetation datasets based on remotely sensed ob-
servations have been applied in models such as the Weather Research
and Forecasting Model (WRF) and the Community Earth System Model
(CESM) to improve surface layer simulation (Myneni et al., 2002;
Myneni et al., 2003; Lawrence and Chase, 2007; Subin et al., 2011).
However, the default settings in these models, to increase computa-
tional efficiency, only employ the monthly climatology global surface
vegetation information to capture the general global vegetation dis-
tribution, and thus gloss over higher frequency LAI variations in space
and time. This relatively static vegetation distribution approach comes
with some uncertainties from inappropriate vegetation descriptions in
long-term climate simulations (Levis et al., 2000; Diffenbaugh, 2005;
Alo and Wang, 2010; Jeong et al., 2011; Yin et al., 2016). Recent stu-
dies, with single canopy layer models, have shown that more realistic
LAI datasets are able to improve surface flux simulation and the pre-
dictions of drought conditions (Leuning et al., 2008; Ford and Quiring,
2013; Kumar et al., 2014; Hardwick et al., 2015). The realism of LAI
datasets can have even stronger impacts in multiple canopy layer land
surface models because the more sophisticated schemes could be more
sensitive to real time canopy structure descriptions (Baldocchi and
Wilson 2001; Ryder et al., 2016).

So far, few studies have discussed the sensitivity of multiple vertical
canopy layer representations to turbulence fluxes simulation (Baldocchi
and Wilson 2001; Kucharik et al., 2006; Ryder et al., 2016), and none of
them employed higher order closure methods to accurately represent
non-local turbulent transport that occurs in vegetated canopies.

In this study, we used a multiple canopy layer, higher order closure
turbulent transfer model with detailed leaf physiology modules to in-
vestigate ecosystem response to natural canopy structural variations,
driven by AmeriFlux site data. The site level scale was chosen to allow
direct comparison between field measurements and model simulations.
We proposed two hypotheses: (1) the temporal realism of canopy
structural representation (mainly live LAI) is critical to land surface
simulation; and (2) the realism of canopy functional parameterization is
equally important. These hypotheses are linked to several different
questions: How important are accurate turbulent parameterizations to
overall fluxes? How important are multiple layers to fluxes? And, how
important are the vertical profiles of scalars, with their potential to
change ecophysiological response in each layer, to the overall fluxes?
To examine hypothesis (1), we conducted a series of simulations with
different descriptions of LAIs, e.g., more realistic time varying LAI
versus static LAI datasets, at six AmeriFlux eddy covariance sites en-
compassing grassland, evergreen needleleaf forest and deciduous
broadleaf forest across the continental United States. We examined
hypothesis (2) by comparing the simulation results from land surface
models with different levels of complexity in canopy process para-
meterization. These models ranged from a commonly used single layer
land surface model with flux-gradient turbulent transfer physics, to a
single layer canopy with higher order closure turbulence physics, to the
end point in complexity of a multiple layer model with higher order
closure turbulence physics. In all cases, the simulation results were then
compared with AmeriFlux eddy covariance field measurements to test
our hypotheses. The details of the models used in this study are given in
Section 2, and descriptions of the six AmeriFlux sites and the chosen LAI
datasets are given in Section 3. The simulation results and comparison

to eddy covariance measurements are shown in Section 4, followed by
discussion of results in Section 5, and ending in some concluding re-
marks.

2. Data

2.1. The AmeriFlux network, quality control and sites chosen

The AmeriFlux network was launched in 1996 to establish a dataset
for carbon, water and energy fluxes in major climate and ecological
biomes in North and South America based on eddy covariance mea-
surements, with quality control and standardized data formats
(Baldocchi et al., 2001). In this study, a range of microclimate and
vegetation types were sampled by selecting six AmeriFlux sites across
the continental United States, including four evergreen needleleaf forest
sites, one broadleaf forest site and one C3 grassland site (Sections
2.1.1–2.1.6; Table 1), for the years 2000–2006. This time period was
chosen to match the maximum available continuous data periods of the
remotely sensed LAI by the Moderate Resolution Imaging Spectro-
radiometer (MODIS), and the meteorological and biological datasets at
the six AmeriFlux sites.

Three quality control criteria were applied to the AmeriFlux net-
work data. Data were omitted when (1) there was a rainfall event be-
fore or during the data collection period, which could have adversely
affected sensor accuracy; (2) the observed frictional velocity was lower
than 0.1 m/s (Reichstein et al., 2005), suggesting weak turbulence
conditions in which two major problems could occur: (a) the eddy-
covariance method might not accurately measure energy and carbon
fluxes, and (b) fast response sonic anemometers could yield reduced
accuracy, partially because of spatial resolution in their averaging vo-
lumes; and (3) the measured energy fluxes did not meet the energy
balance closure criteria defined as the sum of sensible and latent energy
within 20 percent error of the observed available energy, suggesting
that there were potentially large errors associated with eddy covariance
and/or net radiation and heat storage measurements. The philosophi-
cally supported use of the turbulent kinetic energy velocity scale or the
standard deviation of the vertical wind velocity for indicating low
turbulence regimes (Wharton et al., 2009) was not used because these
measurements are not routinely available for the AmeriFlux sites. A
brief description for the six AmeriFlux sites (Blodgett Forest, Duke
Loblolly Pine Forest, Harvard Forest, Howland Forest, Wind River
Forest, and Vaira Ranch Grassland) is given in the following para-
graphs, and more detailed descriptions can be found on the AmeriFlux
website (http://ameriflux.lbl.gov/).

2.1.1. Blodgett forest (USBlo)
The Blodgett Forest site (Goldstein et al., 2000) is located in El

Dorado County, California, USA (38.8952°N, 120.6327°W). This site
consisted of a mixed evergreen needleleaf forest dominated by pon-
derosa pine in a Mediterranean climate. The canopy height was 4m
when established in May 1997 with a growth rate of approximately
0.5 m/yr. The tower height was 10.5m before February 2003 and
changed to 12.5 m after that.

Table 1
The AmeriFlux sites investigated in this study.

Site name Vegetation type (IGBP) Predominant species Coordinates

Blodgett Forest (US-Blo) Evergreen needleleaf Forest Ponderosa pine 38.8952°N, 120.6327°W
Duke Forest Loblolly Pine (US-Dk3) Evergreen needleleaf Forest Loblolly pine 35.9782°N, 79.0942°W
Harvard Forest (US-Ha1) Deciduous broadleaf Red oak, red maple, black birch, white pine, and hemlock 42.5378°N, 72.1715°W
Howland Forest Main (US-Ho1) Evergreen needleleaf Forest Red spruce, and eastern hemlock 45.2041°N, 68.7402°W
Vaira Ranch (US-Var) Grasslands Purple false brome, smooth cat's ear, and rose clover 38.4067°N, 120.9507°W
Wind River Field Station (US-Wrc) Evergreen needleleaf Forest Douglas fir, and western hemlock 45.8205°N, 121.9519°W
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2.1.2. Duke forest loblolly pine (USDk3)
The Duke forest site (Lai and Katul, 2000) is located within the

Blackwood Division near Durham, North Carolina, USA (35.9782°N,
79.0942°W). The uniform age overstorey at this site is almost solely
composed of loblolly pines with an understory of 26 different hardwood
species. The regional climate at this site is characterized by warm and
humid summers and mild winters with an evenly distributed annual
precipitation. The mean canopy height was 19mmeasured at 2006, and
the tower height was 22m.

2.1.3. Harvard forest (USHa1)
The Harvard forest site (Moore et al., 1996) is located in Massa-

chusetts, USA (42.5378°N, 72.1715°W). It is a deciduous broadleaf
forest with dominant species including red oak, red maple, black birch,
white pine and hemlock. The regional climate at the site is character-
ized by a cool and moist temperate climate with an annual precipitation
around 110 cm distributed evenly throughout the year. The mean ca-
nopy height was 23m, and the tower height was 30m.

2.1.4. Howland forest (USHo1)
The Howland forest site (Hollinger et al., 1999) is located in central

Maine, USA (45.2041°N, 68.7402°W). It is a needleleaf boreal-northern
hardwood transitional forest with dominant species including red
spruce (41%) and eastern hemlock (25%). The regional climate here is
characterized by a cold, humid and continental climate with a snow-
pack existing of up to 2m from December through the next March. The
mean canopy height was 20m and the tower height was 29m.

2.1.5. Vaira ranch (USVar)
The Vaira Ranch site (Baldocchi et al., 2004) is located in the lower

foothills of the Sierra Nevada Mountains in California, USA (38.4067°N,
120.9507°W). It is a grassland site dominated by C3 annual grasses. The
regional climate is characterized by Mediterranean, and the majority of
annual precipitation occurs from October to the next May corre-
sponding to the growing season. The canopy height here varies with the
maximum grass height that can reach up to 0.55m during the peak
growing season with a 0.12m annual variation, and the instrument
height was 2m.

2.1.6. Wind River field station (USWrc)
The Wind River forest site (Paw U et al., 2004) is an evergreen

needleleaf seasonal temperate rainforest located in south-central Wa-
shington state, USA (45.8205°N, 121.9519°W) representing the oldest
North American AmeriFlux forest site at 400–500 years old. It contains
fairly complex biomes, and the dominant overstorey species are Dou-
glas Fir, and western hemlock, with lesser amounts of Pacific yew and
Pacific silver fir. The regional climate is characterized by cold and moist
winters and warm and dry summers. The mean canopy height was
56.3 m with the maximum height at 64.6m, and the measurement
height was 70m.

2.2. The LAI datasets

In order to investigate canopy structural impacts on land surface
simulations, we conducted our simulations with 3 different LAI datasets
at the six AmeriFlux sites, to represent the effects of different descrip-
tions of LAIs. The LAI datasets can be divided by their degrees of
complexity into time-varying, climatology, and purely PFT dependent
categories. The time-varying LAI dataset exhibits the details of intra-
seasonal high frequency variations that are ignored in the coarse time
resolution climatology and purely PFT dependent LAI datasets gen-
erally used in land surface models. All of these datasets were originally
derived from the LAI products from the MODIS instrument mounted on
the polar-orbiting Terra satellite. When compared with LAI field mea-
surements, the root mean square error of the MODIS LAI products is
around 0.66–1.53m2/m2 (Yang et al., 2006; Fang et al., 2012).

The purely PFT dependent LAI dataset (hereafter referred to as
“WRF-LAI”) was adapted from the monthly LAI dataset in WRF-CLM
(Subin et al., 2011), which is a function of 16 different PFTs defined in
CLM 3.5 and does not vary geographically to match specific location
(i.e., each of the 16 PFTs always has the same LAI, irrespective of the
latitude and longitude), though it does vary seasonally.

The climatology LAI dataset (hereafter referred to as “CLM-LAI”)
was from the monthly LAI dataset used in CESM. Unlike the WRF-LAI,
the CLM-LAI varies with geographical location, so that the same PFT for
the same month, at two different latitudes and longitudes, can have
different LAIs. As a result, the differences between WRF-LAI and CLM-
LAI at the same geographical location will highlight the effects of
spatial biogeographical sensitivity for relatively static LAI datasets.
CLM-LAI was originally derived from the MODIS satellite measure-
ments based on Myneni et al. (2002) using the de-aggregation methods
described in Lawrence and Chase (2007). The MODIS LAI products
observed from 2000 to 2003 were used to determine the monthly LAI
patterns for the PFTs defined in CLM, and only the highest quality LAI
data (Myneni et al., 2003) were included in this process, except when a
month or longer duration of a data gap occurred, then the next highest
quality level data were used (Lawrence and Chase, 2007). A more de-
tailed description about the LAI mapping technique can be found in
Lawrence and Chase (2007).

For the time-varying LAI dataset (hereafter referred to as “MODIS-
LAI”), we used the MODIS Collection 5 LAI (MYD15A2) data at the
locations of the six AmeriFlux sites from 2000 to 2006, although similar
products can be found in LAI3g (Zhu et al., 2013), GLASS LAI (Xiao
et al., 2013), and VIIRS LAI (Xiao et al., 2016). This product
(MYD15A2) is derived from the MODIS LAI and a Fractional Photo-
synthetically Active Radiation (FPAR) algorithm based on a three di-
mensional radiation transfer theory (Myneni et al., 2002), and devel-
oped for inversion using a look-up table approach (Knyazikhin et al.,
1998a,b; Privette et al., 2002) to form the 8-day composite results that
covers a 7 km by 7 km area of the sites with 1 km resolution. The back-
up algorithm is triggered to estimate LAI and FPAR using vegetation
indices when the main algorithm fails (Myneni et al., 2003). The pro-
duct also includes extensive quality control information regarding
cloud, saturation and geometry conditions, and only the highest quality
LAI data (Myneni et al., 2003) derived from the main algorithm were
selected to represent the MODIS-LAI. In cases where the highest quality
LAI (Myneni et al., 2003) was not available for all the 7 km by 7 km
area of the sites, the MODIS-LAI was interpolated from the highest
quality LAI recorded before and after 2 time steps.

The effect of spatial heterogeneity within the 7 km by 7 km area of
the sites in the MODIS-LAI was examined by comparing the MODIS-LAI
series derived from the 7 km by 7 km area of the sites and the MODIS-
LAI series derived at the location of the sites (1 km by 1 km pixel)
(SM1). The results show that LAI directly derived at the location of the
sites generally agrees with the areal mean MODIS-LAI with the use of
the main algorithm (Myneni et al., 2003), but it deviates significantly
from the areal mean MODIS-LAI with the use of the back-up algorithm
(Myneni et al., 2003). This result suggests that the selection of signal
retrieval algorithm could be more sensitive in MODIS-LAI derivation
than spatial heterogeneity. Future studies should be aware of the sen-
sitivity of satellite signal retrieval algorithm, in addition to satellite
spatial resolution, when applying satellite-derived LAI to site level
scale.

3. Numerical models and experiment design

Two land surface models (LSMs) were used in this study to in-
vestigate canopy profile sensitivity, both structural and functional, to
biogeophysical and biogeochemical simulations. The first model is the
Advanced Canopy-Atmosphere-Soil Algorithm (ACASA), which is a
multiple canopy layer model. The ACASA model includes detailed plant
physiology and turbulence transport within and above vegetation
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canopies. The second model is the Noah Land Surface Model (Noah
LSM), which is a single canopy layer model. The Noah LSM applies
relatively simple parameterizations to estimate the bulk effects from a
series of canopy processes.

3.1. ACASA and its improvement

The ACASA model was developed at the University of California,
Davis (Pyles et al., 2000). Based on the diabatic, third order closure
method developed by Meyers and Paw U (1986; 1987), the standard
version of ACASA has 20 vertical canopy layers to represent the realistic
turbulent fluxes of momentum, heat, moisture and carbon dioxide
above and within the simulated canopy at half-hourly to hourly time
steps; the number of layers can be increased or decreased. The em-
ployment of the third order closure method enables ACASA to simulate
non-local and counter-gradient turbulent transports in the canopy air
space, and realistic simulation results for the vertical profiles in the
canopy were reported in Pyles et al. (2000; 2004). A near-exact quartic
energy balance formulation coupled with a spherical leaf distribution
assumption has been used to enable ACASA to calculate surface tem-
perature accurately especially in situations where surface temperatures
in the canopy differ significantly from ambient air temperature (Paw U
and Gao, 1988). The average leaf and stem temperatures within each
vertical layer are obtained by performing a weighted average of the
shaded and sunlit leaves and stem temperatures within a layer, al-
though the leaf and stem surface temperatures for each of the nine
sunlit leaf angle classes and one shaded leaf angle class are simulated
individually for each layer.

In addition to the biogeophysical processes listed above, ACASA can
also simulate plant physiological responses to changes in micro en-
vironmental conditions based on the coupled equation set formed by
the Ball-Berry stomatal conductance (Leuning 1990; Collatz et al.,
1991) and the Farquhar and von Caemmerer (1982) photosynthesis
equations described in Su et al. (1996). A schematic diagram for these
processes is shown in Fig. 1. Besides the stand-alone version of ACASA,
ACASA can also be coupled with regional scale atmospheric models like
the Fifth Generation PSU/NCAR Mesoscale Model (MM5) (Pyles et al.,
2003) and the Weather Research and Forecasting (WRF) model (Falk

et al., 2014; Xu et al., 2014).
The ACASA model used in this study differed from its predecessor

(Pyles et al., 2000) in multiple ways, including: (a) The evapo-
transpiration processes were improved through adjusting the amount of
canopy water based on the principle of mass conservation, and adapting
the soil water moisture effects on bare ground evaporation consistent
with version 4.5 of the Community Land Model (CLM 4.5) (Oleson
et al., 2013). (b) A more general plant root distribution formula that
accounts for 16 different PFTs adapted from CLM 4.5 (Oleson et al.,
2013) was applied in this version of ACASA. (c) The accuracy of up-
scaling carbon assimilation from sunlit and shaded leaf classes to the
entire canopy was improved by correcting the weighting factor for in-
dividual leaf angle classes.

The ACASA model is driven by time information and eight me-
teorological variables at half-hourly to hourly time intervals, which are
specific humidity, precipitation, downwelling shortwave radiation,
downwelling longwave radiation, air temperature, air pressure, wind
speed, and carbon dioxide concentration, above the canopy. These
model input variables were provided by site measurements directly
taken at the six AmeriFlux sites (Table 1) from years 2000 to 2006. The
ACASA model simulates steady state turbulence characteristics at half-
hourly to hourly time steps through the iterative approach described in
Pyles et al. (2000), and no initial spin-up time is required by the model.

3.2. Noah land surface model

The single canopy layer Noah land surface model (Noah LSM) was
developed through multi-institutional cooperation, and it has been
widely applied in operational weather and climate predictions sup-
ported by National Centers for Environmental Prediction (NCEP)
(Mitchell et al., 2005). A more detailed description of model heritage
and model parameterizations can be found in Chen and Dudhia (2001)
and Ek et al. (2003).

The offline one dimensional Noah LSM version 3.4.1 was used in
this study, which has four soil layers (with depths of 0.1m, 0.3 m,
0.6 m, and 1.0 m) and a single canopy layer (Mitchell et al., 2005). The
vegetation types and plant morphological parameters are defined based
on land-use categories assigned from U.S. Geological Survey (USGS)

Fig. 1. Schematic diagram for the ACASA model. The
necessary inputs can be obtained from observations
or atmospheric models. The multiple canopy layer
feature in ACASA enables it to realistically capture
local and non-local turbulence transport fluxes from
the surface layer and heat and water fluxes from the
soil layer.
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database. The soil types and parameters are defined by the Food and
Agriculture Organization (FAO) database. Model source code and
parameter tables can be downloaded from Noah LSM website (http://
www.ral.ucar.edu/research/land/technology/lsm.php).

The Noah LSM is driven by time information and eight meteor-
ological variables at half-hourly to hourly time intervals, which are
wind speed, wind direction, air temperature, downwelling shortwave
radiation, downwelling longwave radiation, precipitation, air pressure,
and relative humidity. These model input variables were provided by
site measurements directly taken at the six AmeriFlux sites (Table 1)
from years 2000 to 2006.

3.3. Experimental design

Two sets of simulations at six AmeriFlux sites from 1 January 2000
to 31 December 2006 were conducted using each of two LSMs (i.e.,
ACASA and Noah) to test our two hypotheses. All simulations at each
AmeriFlux site were driven by the meteorological conditions collected
from the AmeriFlux network with varying realism of ecological condi-
tions represented by three different LAIs: MODIS-LAI, WRF-LAI and
CLM-LAI. The inter-comparison between LAI datasets and land surface
models aims to (1) identify the most critical component in a LAI da-
taset, (2) evaluate model performance associated with simple and so-
phisticated model physics, and (3) diagnose the sensitivity of canopy
structural representation shown in different model configurations.

Two additional sets of simulations were conducted to examine and
evaluate the effects of different structural and functional treatments in
canopy profiles. The first set of simulations, ACASA_SL, was designed to
resemble single layer canopy representation under the model config-
uration used in ACASA, where all active leaves were placed at the top of
the canopy and all scalar profiles (air temperature, specific humidity
and CO2 concentration) were kept vertically invariant, set equal to
measurements given at the top of the simulated canopy (Section 3.1).
The ACASA_SL run was used to analyze model sensitivity to single and
multiple layer representation of canopy structure with the same plant
physiology and turbulence closure scheme. The second set of simula-
tions, ACASA_CP, was designed to examine the importance of another
aspect of ACASA. In ACASA_CP, everything was the same as ACASA
except the use of vertically invariant scalar profiles throughout the si-
mulated canopy. Thus, the ACASA_CP run was used to examine the
importance of vertical scalar profiles and the potential of the profiles to
cause physiological feedback to canopy carbon and water fluxes. Both
ACASA_SL and ACASA_CP were driven with the same MODIS-LAI and
meteorological conditions taken at the six AmeriFlux sites.

Filling missing data that were required for model inputs was per-
formed in order to conduct continuous model simulation throughout
the years 2000–2006. For blocks of less than 2 h of missing data, a
linear interpolation method was used to fill in gaps with neighboring
measurements. Larger blocks of missing data were filled with typical
values of the same time window calculated from the measurements
taken at that week (or month, if the measurements of the entire week
were missing). However, all of the simulation results driven by gap
filled data were excluded for the model evaluation presented here to
avoid potential biases caused by unreliable model inputs.

All of the simulation results were compared with field measure-
ments gathered at the six AmeriFlux sites after applying the quality
control criteria described in Section 2.1. The model outputs (i.e., energy
and carbon fluxes) from each set of simulations were examined using
the two tailed Student’s t-test, and the t-tests suggested that the dif-
ferences in model outputs are statistically significant between each of
the individual simulations with p-values less than 0.05 (results not
shown). The major differences among each set of simulations were
summarized in Table 2.

4. Results and discussion

4.1. Seasonal natural variability in LAI

To discuss canopy structural impacts on biogeophysical and bio-
geochemical simulations, we first compared the variation patterns
among different LAI datasets. The time evolution of the MODIS-LAI, the
CLM-LAI and the WRF-LAI at the six AmeriFlux sites from 2000 to 2006
are shown in Fig. 2. The corresponding ground-based LAI measure-
ments recorded in the AmeriFlux Biological, Ancillary, Disturbance and
Metadata (BADM) dataset (Law et al., 2008) were also plotted in Fig. 2
to represent the ground truth conditions. The length of the growing
season depicted by the MODIS-LAI can be roughly captured by the
WRF-LAI at the forest sites, although the monthly variation patterns
and values are significantly different between these two datasets except
for the deciduous broadleaf forest site (Fig. 2). Moreover, WRF-LAI
failed to capture both the growing season length and the monthly
variation patterns at the C3 grassland site, and most of the growing
seasons depicted in the MODIS-LAI were represented as senescent
periods in the WRF-LAI. On the other hand, the CLM-LAI varies co-
herently with the MODIS-LAI at all the six AmeriFlux sites, although the
CLM-LAI sometimes exhibits larger amount of LAI than those recorded
in the MODIS-LAI. Overall, the results show that the CLM-LAI can re-
present LAI variation features comparable to the MODIS-LAI over the
study period, suggesting that monthly LAI dataset with proper geo-
graphical (latitude and longitude) sensitivity can be as reliable as time
varying LAI dataset with finer temporal resolution.

In general, the WRF-LAI represents canopy leaf evolution reason-
ably well at the forest sites, where the mean LAI values are higher and
the seasonal LAI variations are relatively smaller as compared to the C3
grassland site. The correlation coefficient between the WRF-LAI and the
MODIS-LAI can reach up to 0.739 at the forest sites, but they are only
weakly anti-correlated to each other (−0.202) at the C3 grassland site.
In terms of the amount of LAI, the WRF-LAI presents higher LAI values
for all the evergreen needleleaf forest sites than the MODIS-LAI, which
could induce stronger evapotranspiration and carbon sequestration
with simulations driven by the WRF-LAI. This scenario reverses at the
C3 grassland site. Besides, there is a consistent time lag between the
growing seasons suggested by the WRF-LAI and those depicted by the
MODIS-LAI at USVar, which could contribute to a significant source of
simulation errors when applying to canopy structural description.

The CLM-LAI, on the other hand, exhibits similar LAI biases found in
the WRF-LAI for the forest sites except for the USBlo site. As a result,
land surface simulations over forests driven by the CLM-LAI dataset
should have similar behaviors to those generated by the WRF-LAI as
discussed above. However, the LAI variation patterns at the C3 grass-
land site are reasonably captured by the CLM-LAI, and the seasonal time
lag issues exhibited in the WRF-LAI can be significantly improved with
the inclusion of geographical variations (sensitive to latitude and
longitude). The correlation coefficients between the CLM-LAI and the
MODIS-LAI can reach up to 0.889 for the forest sites and 0.772 for the
C3 grassland site. Therefore, the results show that geographical varia-
tions are crucial to relatively static LAI datasets, and the purely PFT
dependent LAI dataset (WRF-LAI) may not be able to reasonably re-
present time-varying LAI phenology.

When compared with ground-based LAI measurements, our results
show that MODIS-LAI and CLM-LAI can reasonably capture the ob-
served seasonal LAI variations at USHa1 and USVar, suggesting that
phenological changes in LAI can be represented with temporal resolu-
tion no coarser than a month. Our results also indicate that MODIS-LAI
underestimates site level LAI due to satellite signal saturation (Anav
et al., 2013; Murray-Tortarolo et al., 2013) when ground-based LAI
measurements are higher than 4m2/m2 (Fig. 2). The minimum LAI
correction applied in CLM-LAI (Lawrence and Chase 2007) could im-
prove the low LAI bias found in MODIS-LAI at dense evergreen forests
(Fig. 2).
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4.2. Multiple canopy layer model sensitivity to LAI descriptions

To investigate the impacts of LAI descriptions on a higher order
closure multiple canopy layer model, we analyzed the sensitivity in the
simulated sensible heat flux, latent heat flux and Net Ecosystem
Exchange (NEE) when ACASA was driven by different LAI datasets.
Some of the statistical measures for the results simulated by ACASA
with the MODIS-LAI, CLM-LAI and WRF-LAI at the six AmeriFlux sites
are listed in Table 3. The R squared values and the root mean square
errors are generally improved after applying the more realistic MODIS-
LAI, and the use of CLM-LAI is able to reproduce reasonable land sur-
face simulations as accurately as the results driven by the MODIS-LAI.
The simulations driven by the WRF-LAI, on the other hand, usually
exhibit lower R squared values and larger root mean square errors. This
shows more realistic, biogeographically sensitive ecological datasets
improve the simulation accuracy, meaning that ecological datasets
based on static vegetation distributions must be used with caution.

The effects of different canopy structure descriptions on land surface
simulations were studied by comparing the differences in the simulated
biogeophysical and biogeochemical patterns when ACASA was driven
by WRF-LAI and MODIS-LAI, respectively. These two sets of simulations

were only different in vertical canopy structural description, as illu-
strated in Section 3.3. For the sake of brevity, we only present the si-
mulation results obtained at USBlo and USVar, since WRF-LAI and
MODIS-LAI deviate the most from each other at these sites (Fig. 2).

The scatter plots between the observed and the simulated energy
and carbon fluxes at USBlo show that the simulated latent heat flux
tends to be stronger when ACASA is driven by WRF-LAI instead of
MODIS-LAI (Fig. 3). This is because the amount of active leaves in WRF-
LAI is consistently higher than those in MODIS-LAI (Fig. 2), which
strengthens the simulated evapotranspiration and latent heat flux. The
simulated sensible heat flux, on the other hand, presents the opposite
behavior to the simulated latent heat flux, because energy conservation
is strictly guaranteed in ACASA. The simulated NEE tracks the simu-
lated latent heat flux, such that carbon sequestration strength would
also be enhanced by the higher LAI described in the WRF-LAI. The
results suggest that both LAI datasets can be used to simulate reason-
able sensible and latent heat fluxes at USBlo, and the NEE simulation is
more sensitive to vertical canopy structure than the energy fluxes si-
mulation. This asymmetric sensitivity can be caused by the non-linear
interactions between canopy structure, turbulent characteristics and
plant physiological processes in the multiple canopy layer higher order

Table 2
Description of different model configurations used in this study.

ACASA Noah LSM ACASA_SL ACASA_CP

Leaf angle class 9 sunlit and 1 shaded on each canopy
layer

single leaf class 9 sunlit and 1 shaded on each canopy
layer

9 sunlit and 1 shaded on each canopy
layer

Model canopy layer 10 layers (adjustable) single canopy 10 layers (adjustable) 10 layers (adjustable)
Canopy structural description total LAI interpolated to 10 canopy

layers
single layer total
LAI

single layer total LAI at the top of the
canopy

total LAI interpolated to 10 canopy
layers

Scalar fluxes treatment inside
canopy

realistic profiles (diagnosed) NA constant profiles throughout canopy constant profiles throughout canopy

Plant physiology Modified Farquhar and von Caemmerer
(Su et al., 1996)

NA Modified Farquhar and von
Caemmerer (Su et al., 1996)

Modified Farquhar and von Caemmere
(Su et al., 1996)

Fig. 2. The Leaf Area Index (LAI) variation from 2000
to 2006 for the six AmeriFlux eddy covariance sites.
The names of each site are shown in the abbreviations
on top of each figure. Blue lines are the time series for
the WRF-LAI, black dash lines are the time series for
the CLM-LAI, green lines are the time series for the
MODIS-LAI, red triangles are the LAI site measure-
ments, and red dash lines are the LAI suggested in the
AmeriFlux BADM dataset. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)
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closure ACASA model.
The effects of different canopy structure descriptions, driven by

different LAI datasets, on surface layer simulations shown at USBlo (and
all the other forest sites) are relatively straightforward because the
WRF-LAI can generally represent the broad picture of the LAI variations
at the forest sites (Fig. 2). On the other hand, the WRF-LAI failed to
represent reasonable LAI patterns at USVar, a C3 grassland site, in terms
of both the magnitude of LAI and the onset time of the growing seasons
(Fig. 2), so the simulation results there should reveal more insights of
the model sensitivity to canopy structural description. As shown in
Fig. 4, there is a bifurcation pattern in the simulated energy fluxes
driven by the WRF-LAI, which overestimates sensible and latent heat
fluxes when the observed values are relatively weak and vice versa.
This is because the actual growing seasons at USVar are spuriously
depicted by the WRF-LAI, causing underestimates of latent heat flux
during growing seasons and overestimates of latent heat flux during
senescent seasons. The simulated energy fluxes can be significantly
improved with the use of MODIS-LAI, highlighting the importance of
selecting a realistic ecological dataset in land surface simulation. For
the carbon flux simulations performed at USVar, it is clear that the si-
mulation driven by the WRF-LAI has difficulty representing reasonable
NEE patterns, and this issue can be resolved by applying the more
realistic MODIS-LAI to ACASA (Fig. 4). These results suggest that the
use of WRF-LAI would not only increase errors in energy and carbon
flux simulation, but also lead models to misinterpret land surface pro-
cesses even with correct model physics. Both types of errors can be
avoided by applying more realistic LAI datasets, such as the MODIS-LAI
and the CLM-LAI (Table 3), reinforcing that proper phenology and ve-
getation distribution patterns are necessary for reasonable land surface
simulation. Moreover, the results at USBlo and USVar both suggest that
NEE simulation is more sensitive to LAI description than sensible and
latent heat fluxes simulation, as shown by the use of multiple canopy
layer higher order closure ACASA model.

In addition to comparing the scatter patterns of the simulated en-
ergy and carbon fluxes at each half hourly interval, we also examined
the diurnal cycle patterns calculated from averaging the corresponding
half hourly simulation results from years 2000 to 2006. The results for a
sample site, USBlo, show that ACASA can simulate reasonable diurnal
cycles with all of the LAI datasets (Fig. 5), suggesting that

biogeophysical processes are the dominant factors in reproducing
diurnal cycles. However, it is clear that the simulated evapotranspira-
tion and carbon sequestration strengths in the simulated canopy are
systematically stronger when ACASA is driven by the WRF-LAI rather
than by the MODIS-LAI. These biases stem from the higher amount of
leaves described in the WRF-LAI, which enhances the simulated eva-
potranspiration and carbon sequestration strengths. Besides the biases
for the mean states, we also noticed that the magnitudes of the devia-
tion between the simulated fluxes driven by WRF-LAI and MODIS-LAI
vary significantly throughout a day, indicating that processes with
shorter time scales controlled by radiation and turbulence schemes are
as important as the reliability of the slowly varying ecological condi-
tions used in land surface models. Similar biases can be found between
the results driven by the CLM-LAI and the MODIS-LAI, although the
differences are much smaller than those discussed above.

4.3. Single canopy layer model sensitivity to LAI descriptions

The sensitivity to different canopy structure descriptions simulated
by a single canopy layer model was investigated by analyzing the si-
mulation results from Noah LSM driven by different LAI datasets. Some
of the statistical measures for the simulation results from Noah LSM
driven by the MODIS-LAI, CLM-LAI and WRF-LAI at the six AmeriFlux
sites are summarized in Table 4. The results show that, when driven by
the same LAI dataset, simulations done at evergreen forest sites, which
generally have more muted seasonal and intraseasonal variability,
usually agree reasonably with field measurements while simulations
done at sites with more prominent seasonal variations in LAI generally
exhibit lower R squared values and higher root mean square errors. The
Noah LSM results also poorly simulated the complex ancient temperate
rainforest (USWrc), which could be due to the strong seasonality of
precipitation at the site coupled with vertical complexity of the canopy.
The model performance could be improved by introducing model
parameters that better describe the investigated sites through a series of
model tuning experiments. The weakness found at sites with stronger
seasonality in canopy structural temporal variations may arise from the
fact that the single canopy layer representation used in Noah LSM is not
sufficient to represent the comprehensive processes between the soil
surface and vegetation canopy (Niu et al., 2011; Yin et al., 2016). This

Table 3
The slope of the linear regression lines (Slope), R squared values (R2) and root mean square errors (RMSE) for sensible heat (H), latent heat (LE) and NEE simulated by ACASA at the six
AmeriFlux sites. The RMSE units for sensible and latent heat fluxes are W m−2, and the RMSE units for NEE are g Cm−2 s−1.

H LE NEE

CLM-LAI WRF-LAI MODIS-LAI CLM-LAI WRF-LAI MODIS-LAI CLM-LAI WRF-LAI MODIS-LAI

(a) Slope
USBlo 0.9024 0.8250 0.9154 0.7837 0.8505 0.7596 1.0228 1.4291 1.0032
USDk3 0.8144 0.8142 0.9330 0.9553 0.9531 0.9044 0.4743 0.4975 0.3693
USHa1 0.9637 1.0162 0.7661 0.8617 0.8429 0.8073 0.6623 0.5355 0.4942
USHo1 0.8735 0.8699 0. 9342 1.0545 1.0479 1.0171 0.8852 0.9292 0.6738
USVar 0.8504 0.7212 0.8456 0.5621 0.1384 0.6037 0.7504 −0.0455 0.7420
USWrc 0.7181 0.7249 0.7514 1.0463 1.0339 1.0288 0.7881 0.8621 0.6499

(b) R2

USBlo 0.7520 0.7428 0.7483 0.6896 0.6833 0.6802 0.7027 0.6987 0.6974
USDk3 0.7508 0.7534 0.7590 0.7896 0.7909 0.7966 0.4562 0.4434 0.4748
USHa1 0.6056 0.6155 0.7023 0.6918 0.6644 0.7361 0.7111 0.6463 0.5581
USHo1 0.8118 0.8165 0.8116 0.7544 0.7564 0.7433 0.5962 0.5671 0.6325
USVar 0.7901 0.5980 0.8004 0.5893 0.0625 0.5936 0.5781 0.0184 0.6138
USWrc 0.7869 0.7887 0.7648 0.4988 0.4977 0.4782 0.4362 0.4392 0.4221

(c) RMSE
USBlo 60.56 57.77 62.18 54.66 60.84 54.31 4.77E-05 7.51E-05 4.69E-05
USDk3 47.78 47.60 69.32 59.86 59.33 55.53 9.06E-05 9.25E-05 8.99E-05
USHa1 92.75 95.50 66.29 58.14 61.13 51.15 5.19E-05 5.82E-05 6.53E-05
USHo1 56.96 56.23 56.93 66.62 65.68 61.41 6.38E-05 6.93E-05 4.95E-05
USVar 54.43 74.47 52.39 61.64 76.37 59.48 5.19E-05 6.02E-05 4.83E-05
USWrc 83.91 83.24 77.66 90.27 88.94 92.35 8.86E-05 9.49E-05 7.86E-05
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result thus suggests that Noah LSM can be a useful tool reproducing
general land surface patterns for large-scale climate simulations, but it
needs to be used with caution for fine scale terrestrial interaction si-
mulations. Similar to the results shown in Section 4.2, the root mean
square errors generally reduce with the use of the MODIS-LAI.

The scatter plots of the energy fluxes measured by the AmeriFlux
network and those simulated by Noah LSM driven by the WRF-LAI and
MODIS-LAI at USBlo and USVar are shown in Fig. 6. For USBlo, Noah
LSM successfully simulates reasonable sensible and latent heat fluxes
with both LAI datasets. Similar to the results simulated by ACASA
(Fig. 3), latent heat flux simulated by Noah LSM tends to be higher with

the use of the WRF-LAI, suggesting that canopy structural impacts are
consistent across different model configurations and levels of com-
plexity. For USVar, Noah LSM significantly underestimates sensible
heat flux and exhibits a clear bifurcation pattern for the simulated la-
tent heat flux with both LAI datasets. The reason for the unsatisfactory
latent heat flux simulation with the use of the WRF-LAI is primarily
driven by the inappropriate phenological and morphological descrip-
tions in the WRF-LAI (Section 4.1), which spuriously prescribes the
amount of active leaves performing evapotranspiration during senes-
cent seasons and vice versa. The simulation results can be slightly im-
proved with the use of MODIS-LAI, although the bifurcation pattern

Fig. 3. Scatter plots between half hourly observed
and simulated sensible heat flux (H), latent heat flux
(LE) and Net Ecosystem Exchange (NEE) at USBlo
from years 2000 to 2006. Red lines are linear re-
gression lines and black dashed lines show the one to
one relationship in each plot. The simulated results
are from ACASA driven by the WRF-LAI and the
MODIS-LAI.
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shown in the latent heat flux simulation remains. The main reason for
the limited improvement is that Noah LSM exaggerates plant tran-
spiration during the transition period from growing season to senescent
season, and this deficiency in plant transpiration modeling prevents
further improvements in the results, even with more reliable canopy
structural description.

4.4. Sensitivity to model complexity

As shown in Sections 4.2 and 4.3, simulation results from ACASA

and Noah LSM not only present differences in model performance, but
also exhibit contrasting sensitivity to canopy structural description.
When driven by the same LAI dataset, ACASA generally performs better
than Noah LSM with lower root mean square errors for the simulated
energy fluxes, suggesting that a more sophisticated multiple canopy
layer higher order closure model has advantages in land surface si-
mulation. When the same model is applied, the use of MODIS-LAI can
effectively improve latent heat flux simulation facilitated by its time-
varying dynamical variation feature, confirming that a more realistic
time-varying ecological dataset is critical to portraying ecosystem

Fig. 4. Same as Fig. 3, but for USVar.
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response. Nevertheless, ACASA generally exhibits stronger sensitivity to
changes in canopy structural description as compared to Noah LSM. For
example, root mean square errors for the latent heat flux simulated by
ACASA at USVar is reduced by 22.1% after switching from the WRF-LAI
to the MODIS-LAI, but the Noah LSM counterpart only shows a reduc-
tion of only 5.2%. The differences in canopy structural sensitivity be-
tween multiple and single canopy layer models could be further am-
plified in carbon flux simulations, since the results shown in Section 4.2
suggest that carbon dioxide exchange is more sensitive than other ex-
change processes. All of these results suggest that the validity of model
physics is equally important to the realistic time variation of canopy

structural LAI. Therefore, model inter-comparison studies should in-
clude the uncertainty in different canopy structure descriptions such as
LAI, in addition to analyzing biases entirely contributed by different
model turbulent transfer and layering physics.

4.5. Sensitivity to LAI uncertainty

The fidelity of applying MODIS-LAI at the spatial extent of flux
footprints of eddy covariance measurements is examined in this section.
Model sensitivity to the uncertainty embedded in MODIS-LAI was in-
vestigated at two sample sites, USBlo and USWrc, as the relatively
unchanged LAI measured at those sites was greatly underestimated by
MODIS-LAI (Fig. 2). The simulation results of ACASA and Noah LSM
using ground measured LAI were summarized in SM 2. When ACASA is
driven by ground measured LAI, the simulated latent heat flux does not
necessarily increase with the increase in LAI, although the simulated
carbon uptake does (SM 3). This is because LAI is not directly related to
the latent heat flux calculated in ACASA, as energy fluxes are simulated
through a set of canopy processes that can be non-linearly affected by
changes in LAI. On the other hand, Noah LSM exhibits a more linear
dependency with the use of LAI, and the simulated latent heat flux
increases with the use of higher LAI suggested by ground measurements
(SM 4). Our results show that the simulated fluxes correlate well be-
tween the use of MODIS-LAI and ground measured LAI, for both ACASA
(SM 3) and Noah LSM (SM 4). Therefore, MODIS-LAI could be a useful
tool representing canopy structure for land surface simulation con-
ducted at site level scale, although it may introduce biases due to its
underestimation of ground measured LAI.

Our results show that the lower LAI prescribed in MODIS-LAI can
lead to underestimation in the simulated NEE, and it has limited effects
on the simulated latent heat flux (SM 3). This pattern is consistent to
those shown in Section 4.2 that carbon dioxide exchange is more sen-
sitive than other terrestrial exchange processes. Our results thus suggest
that time-varying MODIS-LAI can be a useful proxy for ground mea-
sured LAI at site level scale, although it could contribute to weaker NEE
simulation due to its underestimation bias.

Fig. 5. Mean diurnal cycles for sensible heat flux (H),
latent heat flux (LE) and NEE at USBlo, averaged from
years 2000 to 2006. Red dots are the simulation re-
sults for the WRF-LAI, green squares are the simula-
tion results for the CLM-LAI, blue lines are the si-
mulation results for the MODIS-LAI, and the black
dashed lines are the observed diurnal cycles. The
error bars are the root mean square errors at each half
hour window associated with the simulation results
for the MODIS-LAI. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 4
The slope of the linear regression lines (Slope), R squared values (R2) and root mean
square errors (RMSE) for sensible heat (H) and latent heat (LE) simulated by Noah LSM at
the six AmeriFlux sites. The RMSE units for sensible and latent heat fluxes are Wm−2.

H LE

CLM-LAI WRF-LAI MODIS-LAI CLM-LAI WRF-LAI MODIS-LAI

(a) Slope
USBlo 0.7632 0.7298 0.7673 0.8984 1.0888 0.8717
USDk3 0.5696 0.5656 0.6028 0.9106 0.9173 0.8444
USHa1 0.2641 0.2680 0.2693 0.9008 0.8551 0.8372
USHo1 0.6942 0.6879 0.7328 0.9634 0.9741 0.8023
USVar 0.3379 0.3362 0.3399 0.2622 0.0655 0.2723
USWrc 0.4005 0.3816 0.4502 0.8617 0.8886 0.8035

(b) R2

USBlo 0.6510 0.6506 0.6499 0.6647 0.6887 0.6631
USDk3 0.6016 0.6008 0.5965 0.7662 0.7665 0.7626
USHa1 0.1889 0.1753 0.1801 0.7362 0.7064 0.7162
USHo1 0.7508 0.7465 0.7726 0.7002 0.7007 0.7077
USVar 0.3856 0.3155 0.3901 0.0422 0.0026 0.0457
USWrc 0.5111 0.4888 0.5826 0.2307 0.2294 0.2464

(c) RMSE
USBlo 89.26 98.08 88.44 58.22 67.28 57.39
USDk3 76.02 76.55 72.08 60.18 60.44 59.08
USHa1 169.05 166.85 167.09 58.24 58.29 56.91
USHo1 98.46 99.77 87.37 58.54 59.60 47.94
USVar 153.23 150.63 153.07 117.77 123.64 117.20
USWrc 169.18 173.87 157.57 134.59 140.53 119.06
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5. Sensitivity to model physics

The sensitivity of land surface simulation to different approaches in
model physics is investigated in this section. To simplify the analysis,
the following discussion only includes simulation results driven by the

‘best’ canopy structure dataset, the time-varying MODIS-LAI, to mini-
mize contributions from other controlling factors.

Fig. 6. Scatter plots between half hourly observed and simulated
sensible heat flux (H) and latent heat flux (LE) at USBlo and USVar
from years 2000 to 2006. Red lines are the linear regression lines
and black dashed lines are the one to one line. The simulated results
are from Noah LSM driven by the WRF-LAI and the MODIS-LAI.
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5.1. Noah LSM versus the single layer ACASA

Some of the statistical properties derived from the simulation results
from the single layered, but still with higher order closure turbulent
physics, ACASA_SL, are summarized in Table 5. The results show that
ACASA_SL generally outperforms Noah LSM with higher R squared
values and lower root mean square errors for the energy fluxes. The
major differences between ACASA_SL and Noah LSM are the use of a
higher order closure scheme and the inclusion of more advanced plant
physiology in the ACASA_SL model (Table 2). Therefore, the edge held
in ACASA_SL suggests that the use of more sophisticated ecophysiolo-
gical and turbulence transfer schemes can better represent ecosystem
response to changing micro environmental conditions.

5.2. ACASA_SL versus ACASA_CP

Some of the statistical properties for the energy and carbon fluxes
simulated by ACASA_CP, which includes multiple canopy layers but
artificially keeps the scalar profiles constant, are summarized in
Table 5. The inclusion of this model allows assessment of the im-
portance of multiple canopy layer representation, even when vertical
profiles which could result in differential physiological feedback in
different layers, are held constant. The results show that ACASA_CP
output usually exhibits higher R squared values and lower root mean
square errors than ACASA_SL output, suggesting that the inclusion of
realistic canopy architecture in model vertical layers (Table 2) improves
scalar flux simulations. Therefore, the use of multiple canopy layer
models that portray more realistic vertical structural profile is bene-
ficial to land surface simulation.

The mean profiles for daytime and nighttime energy and carbon
fluxes and the corresponding state variables at USBlo simulated by
ACASA_SL and ACASA_CP for years 2000–2006 are plotted in Figs. 7
and 8, respectively. During daytime, the results show that latent heat
flux and NEE simulated by ACASA_SL are significantly stronger than
those from ACASA_CP, although both of the models share the same
profiles for all the state variables. This difference is primarily driven by
the additional portion of leaves allocated at the top of the canopy in
ACASA_SL due to its single canopy representation, which increases the
amount of radiation energy absorbed and utilized by plant leaf tissues
to perform evapotranspiration and photosynthesis. The sensible heat
flux simulated by ACASA_SL, on the other hand, is significantly lower
than the ACASA_CP counterpart, balancing the higher latent heat flux

simulated with the same available energy. During nighttime, con-
densation warming is stronger with the use of ACASA_SL, resulting in
higher vegetation temperature (sensible heat flux) and higher NEE
(plant respiration) as compared to the ACASA_CP counterparts. These
results suggest that realistic canopy structural representation not only
produces reasonable scalar flux profiles (Figs. 7 and 8), but also reduces
simulation error caused by overly simplified canopy morphological
description (Table 5).

5.3. ACASA_CP versus ACASA

As shown in Tables 3 and 5, the model performance is comparable
when both ACASA_CP and ACASA were driven with the MODIS-LAI.
However, we found that the simulated sensible heat flux and NEE are
stronger (latent heat flux is weaker) with the use of ACASA_CP, which
indicates that the lack of realistic vertical profile representation for
biometeorological state variables (Table 2) creates systematic biases in
land surface simulation. This is because biometeorological state vari-
ables vary differently throughout the simulated canopy, and failure to
represent those vertical variations misrepresents the detailed ecophy-
siological response processes inside canopy. The mean vertical profiles
for daytime and nighttime energy and carbon fluxes and the corre-
sponding state variables at USBlo simulated by ACASA_CP and ACASA
for years 2000–2006 are shown in Figs. 7 and 8, respectively. During
daytime, air temperature and specific humidity increase with canopy
depth, resulting in weaker sensible heat flux and stronger latent heat
flux with the use of ACASA. On the other hand, daytime carbon dioxide
concentration decreases with canopy depth, due to the photosynthetic
sink inside canopy, resulting in weaker mean NEE simulation in ACASA
due to weaker carbon concentration feedbacks. During nighttime, air
temperature decreases with canopy depth, resulting in an opposite bias
for the simulated sensible heat flux when comparing ACASA and
ACASA_CP output. However, the differences between specific humidity
profiles are not strong enough to have significant impacts on latent heat
flux simulation during nighttime, and both sets of simulations produce
similar condensation warming effects inside the canopy. Our results
show that daytime energy and carbon fluxes simulated between ACASA
and ACASA_CP at USBlo can be quite different inside canopy (Fig. 9),
although their momentum fields are about the same, which is not
surprising given that ACASA_CP still allowed vertical profiles of wind
speed, while fixing only the temperature, humidity, and carbon dioxide
profiles. This shows the scalar profiles can vary significantly throughout

Table 5
The slope of the linear regression lines (Slope), R squared values (R2) and root mean square errors (RMSE) for simulated sensible heat (H), latent heat (LE) and NEE from ACASA_SL and
ACASA_CP at the six AmeriFlux sites. The RMSE units for sensible and latent heat fluxes are Wm−2, and the RMSE units for NEE are g Cm−2 s-1.

H LE NEE

ACASA_SL ACASA_CP ACASA_SL ACASA_CP ACASA_SL ACASA_CP

USBlo 1.0461 0.9696 0.6622 0.7287 1.6483 1.1032
USDk3 0.9664 0.9714 0.8241 0.8851 0.8846 0.4433
USHa1 0.7192 0.8023 0.6041 0.7499 1.2946 0.5434
USHo1 0.9446 0. 9768 0.8785 0. 9732 1.2975 0. 7299
USVar 0.7590 0.8672 0.5766 0.4967 1.0071 0.9001
USWrc 0.6413 0.7556 0.7745 0.9945 1.2968 0.6809

USBlo 0.7682 0.7569 0.6909 0.6894 0.6090 0.7041
USDk3 0.7494 0.7581 0.7809 0.7946 0.4285 0.5132
USHa1 0.6868 0.6891 0.6653 0.7273 0.5882 0.5759
USHo1 0.8045 0. 8204 0.6771 0.7398 0.6188 0. 6409
USVar 0.6598 0.7599 0.3374 0.5177 0.6402 0.6237
USWrc 0.6848 0.7901 0.2703 0.4944 0.3973 0.4130

USBlo 80.69 69.06 52.67 50.51 1.22E-04 5.32E-05
USDk3 89.29 80.85 64.24 57.26 1.49E-04 8.62E-05
USHa1 67.14 68.23 63.71 51.57 1.31E-04 6.44E-05
USHo1 57.60 55.58 53.76 55.99 1.04E-04 5.04E-05
USVar 71.98 57.70 86.99 58.28 6.18E-05 5.61E-05
USWrc 91.16 81.90 98.70 85.10 1.76E-04 8.27E-05
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Fig. 7. Solid lines are the mean vertical profiles
(bottom axes) for the simulated daytime sensible heat
flux (H), latent heat flux (LE) and NEE at USBlo for
years 2000–2006. The corresponding scalar profiles
(top axes) for the simulated daytime air temperature,
specific humidity and carbon dioxide concentration
are plotted in open circles (black crosses for
ACASA_SL). The results from ACASA, ACASA_SL and
ACASA_CP are colored by blue, black and red, re-
spectively. hc stands for canopy height, and z/hc is the
nondimensional height normalized by canopy height.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 8. Same as Fig. 7, but for nighttime.
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canopy, which cause plant physiological process feedback on energy
and carbon fluxes. We found that the mean daytime specific humidity
can be up to 12% greater, and mean daytime carbon dioxide con-
centration can to up to 14% lower, with the use of ACASA (Fig. 9).
When ACASA_CP is replaced by ACASA, our simulation results at the six
AmeriFlux sites indicate that there would be a −6%, 6% and −10%
shift in magnitudes for the simulated sensible heat flux, latent heat flux
and NEE, respectively. These results establish that the inclusion of
realistic treatments for vertical scalar profiles has advantages in prop-
erly representing the ecophysiological responses of land surfaces.

6. Conclusions

We conducted a series of LSM simulations for six AmeriFlux sites
using the single canopy layer Noah LSM and the multiple canopy layer
ACASA to study canopy profile sensitivity on land surface simulations.
Some of the concluding remarks are summarized as following:

• The application of a more realistic time-varying LAI dataset im-
proves land surface simulations, which confirms previous studies
that LAI is a major factor in land surface simulation. The root mean
square errors for the simulated evapotranspiration and NEE are re-
duced by 10%, and 15%, respectively when using the more realistic
time-varying MODIS-LAI instead of WRF-LAI in ACASA. Similar
patterns can be found for Noah LSM, although the simulation results
are less sensitive to different LAI datasets.

• The MODIS-LAI can be a useful tool representing LAI at site level
scale, although its underestimation bias may lead to weaker NEE
simulation. Our results indicate that the use of satellite signal re-
trieval algorithms has significant impacts on the performance of
MODIS Collection 5 LAI (MYD15A2), in addition to satellite signal
saturation effects documented in the current literature.

• The comparison between energy fluxes simulated by Noah LSM and
ACASA suggests that Noah LSM can be almost as accurate as ACASA
when seasonal variation in canopy structure is less prominent, but
ACASA generally exhibits higher R squared values and lower root
mean square errors. When seasonal variation in canopy structure is

significant, Noah LSM has difficulty in representing ecosystem re-
sponse during the transition period from growing season to senes-
cent season while ACASA is still relatively accurate.

• The comparison between ACASA_SL (total LAI placed at the top of
the canopy layer) and ACASA_CP (constant scalar profiles
throughout the simulated canopy) shows that realistic representa-
tion of vertical canopy architecture is beneficial to land surface si-
mulations. Therefore, multiple canopy layer representation should
be used to portray the structural profile of the simulated canopy.

All of these findings show that canopy profiles, both in terms of
structural and functional, can have significant impacts on land surface
simulations through direct effects from canopy structure representation
and indirect effects from model turbulence physics parameterization.
The use of a land surface model that reasonably represents ecosystem
structural and functional responses to microclimate conditions driven
by a realistic LAI dataset can thus properly represent surface layer ex-
change as driven by current and future climate drivers.
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