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ARTICLE INFO ABSTRACT

Keywords: The carbon-nitrogen (CN) biogeochemistry and the prognostic canopy structure scheme used in the Community
ACASA Land Model version 4.5 (CLM4.5) are integrated into the multiple canopy layer higher order closure Advanced
ACASA-CN

Canopy-Atmosphere-Soil Algorithm (ACASA). The ACASA-CN model inherits the advantages from ACASA and
CLM4.5, and it is the first model that represents fully prognostic terrestrial feedbacks with a higher order closure
turbulence scheme and vertically resolved canopy structure. The simulations are evaluated in terms of ecolo-
gical, biogeophysical and biogeochemical aspects at six AmeriFlux eddy covariance sites encompassing a variety
of vegetation types and microclimatic conditions across the continental United States. Our model evaluation
shows that ACASA-CN reasonably simulates surface layer properties, such as vegetation structure and plant
phenology. Our results indicate that the use of a higher order closure turbulence scheme with multiple canopy
layer representation is critical to land carbon cycle simulation. Based on our simulations, water vapor exchange
between the land surface and the atmosphere is primarily through plant transpiration (78-88%), and canopy
evapotranspiration is enhanced with the use of CN biogeochemistry. Our results indicate that the ratio of
transpiration to evapotranspiration exhibits a two-stage variation pattern, and the transpiration fraction de-

ET partitioning
CN biogeochemistry
Land surface model

creases in dense canopies.

1. Introduction

The physical processes in land surface control the lower boundary
conditions for energy, water vapor and momentum in the lower at-
mosphere; therefore, a reasonable representation for these processes is
crucial to regional and global climate simulations (Fatichi et al., 2015).
Garratt (1993) reviewed the sensitivity of climate simulations to land
surface treatments in different Global Climate Models (GCMs), and
found that an appropriate land surface scheme is one major require-
ment for realistic global climate simulations. Such land surface schemes
are necessary to properly represent the effects of soils and vegetation
that are critical to terrestrial fluxes and climate simulations (Garratt,
1993; Sellers et al., 1997). In addition to biogeophysical impacts on
climate simulations, Cox et al. (2000) demonstrated the importance of
biogeochemical feedbacks on twenty-first century climate projections
by incorporating a carbon cycle model into a fully coupled GCM. Based
on their results, carbon cycle feedbacks could significantly accelerate
climate change because the direct effect of CO, on photosynthesis rate

saturates at higher CO, concentrations while a specific soil respiration
rate continues to increase with temperature. The atmospheric CO,
concentration was 250 ppmv higher in their fully coupled carbon si-
mulation than in their uncoupled carbon simulation, resultingina 1.5K
increase in global mean temperature when carbon cycle feedbacks were
activated. Similar results were obtained in Friedlingstein et al. (2006)
and Matthews et al. (2007).

However, the strength of carbon cycle feedbacks is regulated by the
amount of available nutrients such as nitrogen in ecosystems, and the
absence of an explicit treatment of nutrient dynamics in ecosystem si-
mulations increases model uncertainties in the predictions of future
atmospheric CO, concentration and the associated anthropogenic cli-
mate change (Thornton et al., 2009). Studies have shown that the in-
clusion of fully coupled carbon and nitrogen cycles in land surface
schemes can reduce the simulated global terrestrial carbon uptake re-
sponse to increasing atmospheric CO, concentration by 53-78%, re-
lative to a carbon cycle only counterpart model (Thornton et al., 2007;
Sokolov et al., 2008). Moreover, Thornton et al. (2007) concluded that
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the coupling of terrestrial carbon and nitrogen fundamentally impacts
climate carbon cycle feedbacks, and the reduction of direct CO, ferti-
lization effect cannot be reproduced by simple parameterizations of a
carbon only model. Bonan and Levis (2010) quantified the effects of
nitrogen dynamics on carbon exchange in the Community Land Model
version 4 (CLM4) over the period 1973-2004. Their results suggested
that the inclusion of nitrogen cycle would reduce both concentration-
carbon feedback and climate-carbon feedback, compared with carbon
only biogeochemistry. Several studies have also demonstrated the im-
portance of terrestrial nitrogen feedbacks on the land carbon cycle
(Sokolov et al., 2008; Thornton et al., 2009; Zaehle et al., 2010a;
2010b; Friedlingstein et al., 2014).

The effects of carbon-nitrogen (CN) biogeochemistry can also affect
vegetation structure that is largely controlled by the trend of the land
carbon cycle. Studies have found that changes in vegetation structures
can influence the partitioning of latent and sensible heat fluxes and thus
impact atmospheric boundary layer development (Foley et al., 2003;
Fatichi et al., 2015). For example, stomatal conductance declines when
atmospheric CO, concentration increases, leading to the reduction of
evapotranspiration. This alters surface energy and water vapor fluxes,
which in turn affects atmospheric circulation patterns and water cycle
over land (Foley et al., 2003; Levis, 2010).

Apart from the impacts by CN biogeochemistry, recent studies have
also found that the realism of model description of ecosystem structure
and function in surface layer exchange processes is as important as the
accuracy of other model physics (Weiss et al., 2012; Weiss et al., 2014;
Chang et al., 2018). This is because the type and the density of vege-
tation control the states of surface, subsurface and atmospheric prop-
erties (Douville 2003; Dirmeyer and Zhao 2004), which largely affect
ecosystem response and thus regulate local and regional scale climatic
conditions (Arora, 2002; Pielke et al., 2011). Weiss et al. (2012) and
Chang et al. (2018) have shown that a more realistic surface property
description is beneficial to biogeophysical and biogeochemical simu-
lations. However, their analyses did not consider the effects of CN
biogeochemistry on the nonlinear interactions between canopy struc-
ture and turbulence transports.

This study aims to determine the effects of CN biogeochemistry on
terrestrial fluxes, which are important to weather forecasts and climate
simulations. In particular, we are interested in effects of CN bio-
geochemistry on the partitioning of evapotranspiration (ET) into eva-
poration and transpiration. We use a coupled model that integrates a
prognostic canopy structure scheme based on CN biogeochemistry
processes into a multiple canopy layer land surface model. More spe-
cifically, the CN biogeochemistry submodel in the commonly studied
Community Land Model version 4.5 (CLM4.5) is coupled to the
Advanced Canopy-Atmosphere-Soil Algorithm (ACASA) that uses
carbon only biogeochemistry. ACASA simulates realistic turbulence
transports by its third order closure parameterization, and CLM4.5 re-
presents more advanced CN biogeochemistry with simpler turbulence
parameterization. The resulting ACASA-CN model simulates fully cou-
pled nonlinear terrestrial interactions with explicit plant traits re-
presentation, and it is the first model that uses a higher order closure
parameterization and a vertically resolved canopy to represent feed-
backs among vegetation structure, plant physiology, nutrient dynamics,
and turbulence processes. The model incorporates detailed vertical
canopy structural and functional representations, which is beneficial
when analyzing the source of fluxes contributed by different parts of the
simulated canopy, such as partitioning water vapor flux into evapora-
tion from soil and canopy surfaces and transpiration from plant sto-
mata.

Simulations across various types of ecosystem and microclimatic
conditions were compared with remote sensing datasets and in-situ
measurements in terms of canopy structure, energy, water vapor, and
carbon fluxes. The effects of CN biogeochemistry on terrestrial fluxes
simulation were investigated by conducting a series of offline simula-
tions with carbon only biogeochemistry. We hypothesize that stomata
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controlled transpiration is regulated by the use of biogeochemistry, and
the integration of realistic turbulence and advanced biogeochemistry
schemes is beneficial to accurate land surface simulation. Continuous
eddy covariance measurements were used to evaluate the energy, water
vapor and carbon fluxes simulated by ACASA-CN. The amounts of
evaporation and transpiration simulated by ACASA-CN using carbon
only versus CN biogeochemistry were analyzed to test our hypothesis.

This paper is organized as follows. Section 2 introduces the nu-
merical models and observational datasets used in this study. Simula-
tion results and some relevant discussions are given in section 3. Model
sensitivity and the effects of CN biogeochemistry are evaluated in sec-
tion 4. Concluding remarks are provided in section 5.

2. Methods
2.1. CLM 4.5

The Community Land Model (CLM), which is the land surface
component of the Community Earth System Model (CESM), is widely
applied in regional and global climate simulations. CLM features a
nested subgrid hierarchy, in which each grid cell can be composed of
multiple land units, soil columns, and plant functional types (Oleson
et al., 2013). This mosaic structure design enables it to efficiently re-
present complex land surface and subsurface patterns at a global scale.
The vegetation canopy is represented by two leaf classes, one sunlit and
the other shaded.

Major improvements were made to CLM version 4 (CLM4), in-
cluding updates to soil hydrology, soil thermodynamics, the snow
model, albedo parameters, the land surface types dataset, and the River
Transport Model (Lawrence et al., 2011). Moreover, a carbon and ni-
trogen cycle model that includes prognostic vegetation phenology de-
scribed in Thornton et al. (2002) and Thornton and Zimmermann
(2007) was added to CLM4 to improve the biogeochemical processes in
the model.

Several modifications were also applied to CLM version 4.5
(CLM4.5) to reduce the biases found in CLM4 and incorporate the latest
scientific understanding of land surface processes (Oleson et al., 2013).
The main canopy process modifications are as follows: (1) The use of a
revised canopy radiation scheme, co-limitations on the photosynthesis
rate, and revisions to the original photosynthetic parameters to fix the
gross primary production biases found in CLM4 (Bonan et al., 2011;
Bonan et al., 2012). (2) The application of temperature acclimation of
photosynthesis, and improved stability of the iterative solution in the
photosynthesis and stomatal conductance model (Sun et al., 2012).
More detailed descriptions of the CLM4.5 can be found in Oleson et al.
(2013).

2.2. ACASA-CN

The Advanced Canopy-Atmosphere-Soil Algorithm (ACASA) is a
multiple canopy layer turbulence land surface model based on the
diabatic third order closure method developed by Meyers and Paw U
(1986; 1987). The multiple canopy layer and third order closure fea-
tures enable ACASA to simulate realistic turbulent transports of energy,
water vapor, momentum and carbon flux within and above vegetation
canopies (Meyers and Paw U, 1986; Pyles et al., 2000; Pyles et al., 2004;
Chang et al., 2018). ACASA includes nine sunlit leaf angle classes based
on a spherical leaf distribution and one shaded leaf class, for each
vertical layer. The default ten vertical canopy layers therefore produce
100 different leaf classes to detail canopy structural and functional
properties. ACASA has been used to accurately simulate vertical mi-
croclimatic profiles within canopies and exchanges from land surfaces
in a variety of ecosystems as a stand-alone diagnostic model (Meyers
and Paw U et al., 1986; Pyles et al., 2000; Pyles et al., 2004; Staudt
et al., 2010; Chang et al., 2018). It has been coupled with regional scale
atmospheric models to realistically represent land surface
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characteristics (Pyles et al., 2003; Falk et al., 2014; Xu et al., 2014).

The ACASA-CN model used in this study is developed by coupling
the ACASA model described in Chang et al. (2018), and the biogeo-
chemical processes described in Oleson et al. (2013). The integration of
biogeophysical and biogeochemical processes in ACASA-CN is similar to
the coupling procedure applied in CLM4.5 (Oleson et al., 2013), except
solving the biogeophysical processes with ACASA. Energy fluxes and
turbulence characteristics are simulated within multiple canopy layers
by ACASA, which drive the biogeochemical modules adapted from
CLM4.5. Instead of applying a potential photosynthesis rate without
any stress, the rate of plant photosynthesis is downregulated by ni-
trogen availability based on the fully prognostic CN biogeochemistry
(Oleson et al., 2013). The simulated carbon cycle is then used to de-
termine time-dependent canopy structure (growth) based on plant al-
lometric principles (Thornton et al., 2002; Thornton and Zimmermann,
2007). Finally, the updated vegetation structure is used to provide plant
morphological conditions at the next model time step to incorporate the
interactions between vegetation structure and turbulence transport.

The coupling techniques described above enables ACASA-CN to
utilize most of the advantages featured in both ACASA and CLM4.5 and
thus in principle, ACASA-CN should be more suitable to represent ter-
restrial ecosystem interactions with climate and climate change. The
accelerated decomposition technique proposed by Thornton and
Rosenbloom (2005) is applied in ACASA-CN to reduce model spinup
time for the fully prognostic carbon and nitrogen cycles.

The ACASA-CN model is driven by seven meteorological variables
and carbon dioxide concentration above the canopy at half-hourly to
hourly time intervals. The meteorological variables are specific hu-
midity, precipitation, downwelling shortwave radiation, downwelling
longwave radiation, air temperature, air pressure, and wind speed. In
this study, these input variables were obtained from measurements
taken at six AmeriFlux sites (Table 1). A static atmospheric nitrogen
deposition, combining wet and dry deposition of NO, and NHys, is set at
0.1600056 (gN/mZyr) as given in WRF-CLM (Wang et al., 2015). The
biological nitrogen fixation is calculated as a function of net primary
production, as described in CLM 4.5 (Oleson et al., 2013).

2.3. AmeriFlux network

Data from the AmeriFlux network (Baldocchi et al., 2001) were used
to provide meteorological inputs for ACASA-CN, and evaluate the
performance of the ACASA-CN energy, water vapor and carbon flux
simulations.

We selected six AmeriFlux sites across the continental United States,
to represent a range of microclimatic conditions and vegetation types
(Table 1): (1) The evergreen needleleaf Blodgett Forest site (USBlo;
Goldstein et al., 2000) located in California, (2) The evergreen nee-
dleleaf Duke Forest Loblolly Pine site (USDk3; Lai and Katul, 2000)
located in North Carolina, (3) The deciduous broadleaf Harvard Forest
site (USHal; Moore et al., 1996) located in Massachusetts, (4) The
evergreen needleleaf Howland Forest site (USHol; Hollinger et al.,
1999) located in Maine, (5) The C3 grassland Vaira Ranch site (USVar;
Baldocchi et al., 2004) located in California, and (6) The evergreen
needleleaf Wind River Forest (USWrc; Falk et al., 2008) located in
Washington. These vegetation types cover the evergreen phenology,

Table 1
The AmeriFlux sites investigated in this study.
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seasonal-deciduous phenology and stress-deciduous phenology defined
in CLM4.5; therefore, they are representative for the purposes of model
evaluation. More detailed descriptions for these six AmeriFlux sites can
be found in Chang et al. (2018) and on the AmeriFlux website (http://
ameriflux.lbl.gov/). In this study, we used eddy covariance data from
2000 to 2006 because during this period both MODIS (MODerate-re-
solution Imaging Spectroradiometer) Leaf Area Index (LAI) products
(see section 2.4) and the AmeriFlux dataset were relatively complete.
However, only the data from 2001 to 2006 were used at USVar, because
much of the meteorological data required for model inputs were
missing in 2000.

Quality control was applied to eddy covariance data to avoid
comparing simulation results with inaccurate data (Pyles et al., 2000;
Chang et al., 2018). Observations that meet the following three criteria
were screened out: (1) data taken during and immediately following a
precipitation event, (2) data taken when turbulence strength was weak
as indicated by low friction velocity u* (0.1 m/s; Reichstein et al.,
2005), and (3) the measured turbulent energy fluxes did not meet the
energy budget closure criteria defined as within a 20 percent error of
the available energy. Our results suggested that most of the measure-
ments taken under weak turbulence were screened out by our energy
budget closure filter, so our results were not very sensitive to the choice
of u* value.

2.4. MODIS LAI product

The LAI derived from the MODIS instrument aboard the polar-or-
biting Terra satellite was used to represent the time variation of canopy
structures at the investigated sites. The MODIS LAI is reported to have
root mean square errors ranging from 0.7 to 1.5 m?/m? when compared
with field measured LAI (Yang et al., 2006; Fang et al., 2012). Studies
have shown that the MODIS LAI can be underestimated due to the sa-
turation of signals in dense forests (Anav et al., 2013; Murray-Tortarolo
et al., 2013). Note that although LAIs from field measurements at the
AmeriFlux sites were available for a limited time period (Baldocchi
et al., 2004; Thomas and Winner, 2000; Wilson et al., 2002; Sprintsin
et al., 2012), they were too sparse to represent detailed continuous time
evolution of canopy structure patterns over the investigated time
period.

We compared the temporal variations of LAI from ACASA-CN si-
mulations with MODIS Collection 5 LAI (MYD15A2) data during 2000
to 2006 at the six AmeriFlux sites, in addition to measured LAI reported
at each site. The MYD15A2 product is retrieved based on three di-
mensional radiation transfer theory (Myneni et al., 2002) to produce a
global 8-day composite LAI dataset with a 1-km resolution. Only LAI
data that passed the quality controls of excluding cloudy, saturation,
and large algorithm uncertainty conditions (Myneni et al., 2003), were
used. The time evolution of the MODIS LAI from 2000 to 2006 at the six
AmeriFlux sites can be found in Chang et al. (2018).

2.5. Experimental design

In order to evaluate the ACASA-CN performance and the effects of
CN biogeochemistry at a site-level scale, we conducted three sets of
experiments at the six AmeriFlux sites. For each site, the ecosystem type

Site name Vegetation type (IGBP)

Blodgett Forest (US-Blo)

Duke Forest Loblolly Pine (US-Dk3)
Harvard Forest (US-Hal)

Howland Forest Main (US-Ho1)
Vaira Ranch (US-Var)

Wind River Field Station (US-Wrc)

Evergreen needleleaf Forest
Evergreen needleleaf Forest
Deciduous broadleaf Forest
Evergreen needleleaf Forest
Grasslands

Evergreen needleleaf Forest

Climate condition (Képpen) Coordinates

38.8952°N, 120.6327 ‘W
35.9782°N, 79.0942 ‘W
42.5378°N, 72.1715°W
45.2041°N, 68.7402 "W
38.4067 °N, 120.9507 "W
45.8205°N, 121.9519 ‘"W

Mediterranean (Csa)

Humid Subtropical (Cfa)

Warm Summer Continental (Dfb)
Warm Summer Continental (Dfb)
Mediterranean (Csa)
Mediterranean (Csb)
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was specified by the plant functional type defined in CLM4.5 (Oleson
et al.,, 2013), and the meteorological drivers required by ACASA-CN
were provided by continuous AmeriFlux site measurements from 2000
to 2006 (2001 to 2006 for USVar).

The first set of simulations (experiment CN-ON), whose CN bio-
geochemistry was activated, was designed to evaluate the performance
of the fully prognostic ACASA-CN model. We ran ACASA-CN initially
from bare ground with CN biogeochemistry for 511 years (510 years for
USVar) to have the simulated ecosystem reach its quasi-steady state
under the given atmospheric nitrogen deposition (section 2.2). ACASA-
CN was driven recursively by continuous meteorological measurements
collected at the six AmeriFlux sites over the 7 years period 2000-2006
(6 years for USVar, 2001-2006), for the entire simulation period. The
simulation results in the last 7 years (6 years for USVar) thus represent
the quasi-steady state results for the climatology of these years, which
were evaluated by the vegetation structure and eddy covariance mea-
surements taken at the six AmeriFlux sites.

The second set of simulation experiments, CN-OFF, was designed to
investigate the effects of omitting CN biogeochemistry on land surface
simulation, by comparing with CN-ON experiments. Specifically, we
ran the ACASA-CN model with carbon only biogeochemistry from 2000
to 2006 (2001 to 2006 for USVar). The vegetation structure at each site
was prescribed by the quasi-steady state vegetation structure simulated
by experiment CN-ON, so experiments CN-ON and CN-OFF differ only
from the use of biogeochemistry.

The third set of simulations, experiment CN-OFF-RS, was designed
to evaluate the performance of the quasi-steady state vegetation
structure simulated by ACASA-CN. In these experiments, the ACASA-CN
model was run with carbon only biogeochemistry from 2000 to 2006
(2001 to 2006 for USVar), and the vegetation structure at each site was
prescribed by the remotely sensed MODIS LAI product (MYD15A2), in
contrast to experiment CN-OFF.

Filling missing input data was performed to allow continuous model
simulation throughout 2000 to 2006. For blocks of missing data shorter
than or equal to 2h, a linear interpolation from neighboring measure-
ments was used to fill in data gaps. For blocks of missing data longer
than 2 h, data were filled with values of the same time window aver-
aged 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 when we
performed model evaluation to avoid potential biases caused by gap-
filled model inputs.

The simulation results from all three sets of experiments were
evaluated by measurements of the energy, water vapor and carbon
fluxes at the six AmeriFlux sites. The quasi-steady state vegetation
structure simulated by CN-ON was evaluated by the LAI retrievals from
the MODIS MYD15A2 product and in-situ vegetation structure mea-
surements. The impacts of CN biogeochemistry on land surface water
vapor and carbon fluxes simulation was investigated by analyzing the
differences between experiments CN-ON and CN-OFF. The Net
Ecosystem Exchange (NEE) strengths with and without downregulation
to nitrogen availability were analyzed in experiment CN-ON. The NEE
with no nutrient limitations was defined as the potential NEE (pNEE),
which reflects potential carbon assimilation rate and can be used to
estimate the strength of nitrogen downregulation.

3. Results and discussion
3.1. Prognostic canopy structure evaluation

The time evolution of the maximum annual LAI simulated by ex-
periment CN-ON reaches a quasi-steady state after 100-200 years of the
model spinup time (Fig. 1), as suggested by Oleson et al. (2013). The
periodic oscillations shown in the simulated LAI curves are artifacts
caused by the 7 years (6 years for USVar) recursive cycle of input
meteorological variables. The quasi-steady state LAI at each site
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(hereafter ACASA-LAI) was defined as the half hourly LAI simulated by
ACASA-CN during the last 7 simulation years (last 6 simulation years
for USVar).

The ACASA-LAI simulated at the six AmeriFlux sites was evaluated
in terms of its magnitude and seasonal variability. The seasonal varia-
bility of ACASA-LAI was validated by the MODIS LAI product (hereafter
MODIS-LAI), because continuous local high frequency LAI measure-
ments at each site were not available for the study period. To unify the
temporal resolutions between ACASA-LAI and MODIS-LAI, both LAI
datasets were temporally smoothed and compared at the monthly scale
(Fig. 2). The LAI from direct measurements reported at each site
(Baldocchi et al., 2004; Thomas and Winner, 2000; Wilson et al., 2002;
Sprintsin et al., 2012) were plotted to serve as a reference for the LAI
magnitude (Fig. 2). During the growing season, the magnitude of
ACASA-LAI agrees reasonably well with site measurements, and it is
generally higher than MODIS-LAI. The amount of ACASA-LAI was
greater than that of the measured LAI at USBlo and USVar, and was
smaller than that at the other sites. Compared to ACASA-LAI, MODIS-
LAI was smaller than the measured LAI by an even greater amount for
all sites. The lower magnitude of LAI shown in MODIS-LAI during the
growing season could be caused by signal saturation (Anav et al., 2013;
Murray-Tortarolo et al., 2013), fine scale spatial heterogeneity, and the
signal retrieval algorithm (Chang et al., 2018). During the senescent
season, ACASA-LAI presents a complete leaf abscission structure (i.e.,
zero LAI) for ecosystems with deciduous phenology, while MODIS-LAI
exhibits non-zero background LAI at USHal and USVar. The reason for
this discrepancy is that the plant offset period simulated in ACASA-CN
would be initiated by (1) sustained period of dry soil, (2) sustained
period of cold temperature, or (3) less than a 6-h daytime length for
ecosystems with deciduous phenology, and the plant offset period
continues until the triggers of plant onset are satisfied (Oleson et al.,
2013). However, plant leaves might not fall off completely during the
senescent season, and background LAI could result from the presence of
evergreen species at these deciduous-dominated sites, as potentially
indicated by MODIS-LAI

ACASA-LAI simulates weak seasonality for ecosystems with ever-
green phenology, while MODIS-LAI shows distinct plant onset and
offset periods at some of the evergreen forests, such as USDk3 and
USHol. This discrepancy could result from the exaggerated seasonal
course of MODIS LAI (Heiskanen et al., 2012), and the presence of some
deciduous trees or understory species at these evergreen-dominated
sites. Nevertheless, it is also possible that an implementation of a
stronger seasonal cycle is necessary for evergreen phenology in ACASA-
CN. For ecosystems with deciduous phenology, the plant onset and
offset periods align reasonably well between ACASA-LAI and MODIS-
LAIL Nevertheless, we found that the soil water stress days originally
defined in CLM4.5 was too weak to support plant offset at the Medi-
terranean grassland USVar, resulting a prolonged growing season
(around 10 months). This model bias was corrected by increasing the
water stress days for the leaf onset trigger, which is 8 times stronger
than the parameter originally used in CLM4.5.

For evergreen forests, MODIS-LAI exhibits stronger variability and
weaker magnitude as compared to ACASA-LAI (Fig. 3), similar to the
monthly mean patterns shown in Fig. 2. For the deciduous forest
(USHal), the mean and variability of LAI are comparable between
MODIS-LAI and ACASA-LAI, although the distribution patterns are
quite different. The median of ACASA-LAI is cut off at zero, because the
simulated growing season and senescent season are approximately the
same duration at USHal. On the other hand, MODIS-LAI distributes
more evenly across the LAI range, because the non-zero background LAI
presents over the senescent season (Fig. 2). For the C3 grassland
(USVar), the simulated LAI variability is slightly greater than the re-
mote sensing counterpart mainly due to the overestimated LAI in the
growing season and underestimated LAI in senescent season (Fig. 2).
The impacts of different LAI variation patterns on biogeophysical and
biogeochemical simulations will be further examined in section 3.3.
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Fig. 1. Time evolution of maximum annual LAI simulated by ACASA-CN at the six AmeriFlux sites. Site names are indicated on the top of each plot and site details are

given in Table 1.
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The time evolution of the canopy height simulated by ACASA-CN in
experiment CN-ON reaches quasi-steady state after 100-200 years
model spinup time (Fig. 4), similar to the maximum LAI pattern (Fig. 1).
This is because the simulated canopy height is a function of the amount
plant tissue carbon storage, set by plant allometric parameters (Oleson

et al., 2013), which are related to the LAIL The simulated steady state
canopy height agrees reasonably with the measured canopy heights
recorded on the AmeriFlux website (http://ameriflux.lbl.gov/). How-
ever, one of the allometric parameters defined in CLM4.5, the height to
the diameter at breast height ratio (taper), is too low for the ancient
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Fig. 3. Boxplots for the LAI values remotely sensed by MODIS instrument (blue)
and those simulated by ACASA-CN (red) at the six AmeriFlux sites. On each box,
the central mark is the median, the cross is the mean, and the lower and upper
edges of the box are the 25th and 75th percentiles, respectively. The whiskers
extend to the extreme values at each LAI dataset. LAI site measurements at the
AmeriFlux sites (Table 1) are denoted as the black triangles (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Douglas-fir and western hemlock located at USWrc, which leads to an
underestimated canopy height at steady state. Instead, we used a
modified taper 4.5 times greater than the CLM4.5 default value, based
on the range of in-situ measured taper values reported in the Pacific
Northwest region for similar coniferous ecosystems (Eng et al., 2012;
Hann et al., 1999).

Overall, the simulation results show that the prognostic canopy
structure scheme used in ACASA-CN can reproduce reasonable
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vegetation structure such as canopy architecture and plant phenology at
a site-level scale. Based on the CN biogeochemistry formulated in
CLM4.5, the ACASA-CN developed here can simulate vertically resolved
canopy structure profiles that adjust with microclimatic conditions at
each model time step. The ACASA-CN model is thus beneficial to in-
vestigating the interactions between time varying vegetation structure,
plant physiology and turbulence processes. The multiple canopy layer
configuration used in ACASA-CN has advantages in resolving vertical
canopy radiation energy transfer processes, which is helpful in esti-
mating solar energy competition inside plant canopy and thus reduces
model uncertainty in vegetation structure simulation.

3.2. Energy and carbon fluxes with carbon-nitrogen biogeochemistry

The performance of the biogeophysical and biogeochemical pro-
cesses simulated by ACASA-CN (experiment CN-ON) was evaluated by
comparing simulated and measured sensible heat, latent heat, and
carbon fluxes. ACASA-CN simulates energy and carbon fluxes reason-
ably well, although the simulated NEE strength is underestimated under
the current model configuration (Table 2). The underestimated NEE
magnitude could be related to the relatively low maximum rate of
carboxylation by the photosynthetic enzyme Rubisco reported in CLM4
(Bonan et al., 2012), which was used in ACASA-CN. Similar bias for
NEE simulation was reported in Randerson et al. (2009).

The energy fluxes simulated in experiment CN-ON were also com-
pared with the results from experiment CN-OFF-RS (Table 2), where
ACASA-CN was driven by quality controlled MODIS-LAI with carbon
only biogeochemistry. The use of the fully prognostic CN bio-
geochemistry in ACASA-CN is as accurate as the use of properly pre-
scribed vegetation structure (e.g., MODIS-LAI) with carbon only bio-
geochemistry. These results are different from those reported in CLM4
(Lawrence et al., 2011), where the mean biogeophysical simulation is
degraded with the use of CN biogeochemistry primarily because the
uncertainty introduced in the prognostic vegetation structure scheme.
The multiple canopy layer representation and higher order closure
turbulence scheme used in ACASA-CN could be a major factor in the
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Fig. 4. Time evolution of maximum annual canopy height simulated by ACASA-CN at the six AmeriFlux sites. Red dash lines represent the measured canopy height at
each site (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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Simulated sensible heat flux (H), latent heat flux (LE) and NEE for the three sets of experiments conducted in this study, compared to eddy covariance measurements

at the six AmeriFlux sites detailed in Table 1. The slopes of the linear regression lines,

RMSE, respectively. Energy flux RMSE is in Wm ™2, and NEE RMSE is in g Cm-*s™.

R squared values, and root mean square errors are represented as Slope, R, and

Slope
USBlo
USDk3
USHal
USHol
USVar
USWrc
R2
USBlo
USDk3
USHal
USHol
USVar
USWrc

RMSE

USBlo

USDk3
USHal
USHol
USVar
USWrc

H LE NEE
CN-ON CN-OFF CN-OFF-RS CN-ON CN-OFF CN-OFF-RS CN-ON CN-OFF CN-OFF-RS
1.0801 1.0197 1.0647 0.7481 0.6227 0.5187 0.6988 0.9198 0.4811
1.2077 1.1085 1.3346 0.7350 0.6212 0.6454 0.2771 0.3475 0.2465
0.7465 0.7519 0.8003 0.8326 0.8092 0.6952 0.3803 0.5336 0.3836
1.0216 1. 0765 1.1090 0.8412 0.6816 0.7355 0.3301 0.4667 0.3677
0.8339 0.8481 0.9021 0.5992 0.5054 0.4547 0.5452 0.5200 0.4578
0.8063 0.7817 0.9327 0.8670 0.5029 0.6550 0.4359 0.5587 0.3381
0.8684 0.7732 0.7398 0.8261 0.7479 0.6592 0.6732 0.7421 0.7015
0.8466 0.7288 0.8509 0.8565 0.7676 0.8361 0.4683 0.4958 0.4928
0.6796 0.6725 0.6638 0.7779 0.7766 0.7394 0.6990 0.7727 0.6908
0.9055 0. 8484 0.9125 0.8038 0.7396 0.7881 0.6504 0.7767 0.7436
0.7532 0.7414 0.7591 0.4481 0.4323 0.5663 0.4341 0.5698 0.6388
0.8095 0.7579 0.8297 0.4877 0.2676 0.4710 0.4002 0.4557 0.4727
83.42 93.90 105.91 50.01 55.93 67.83 3.76E-05 3.42E-05 3.51E-05
86.67 106.55 105.40 64.22 78.17 78.44 1.01E-04 8.88E-05 9.87E-05
68.36 69.19 72.26 46.85 46.97 50.54 6.57E-05 5.21E-05 6.33E-05
50.99 63.15 59.83 38.34 44.23 41.38 5.46E-05 4.36E-05 4.96E-05
58.57 60.85 61.42 59.56 58.09 50.93 4.25E-05 3.75E-05 3.69E-05
78.48 88.33 84.81 73.43 70.80 64.85 6.70E-05 6.30E-05 6.34E-05

better fidelity with prognostic vegetation than with CLM4’s single ca-
nopy layer paradigm, since the biogeochemical modules are mostly
similar between ACASA-CN and CLM4.

ACASA-CN can reproduce reasonable energy and carbon fluxes, as
shown in scatter plots between measured and simulated half-hourly
energy and carbon fluxes for two selected sites, USBlo and USHal
(Fig. 5). ACASA-CN underestimates the maximum strengths of latent
heat flux and NEE, which could be caused by overestimated stomatal
resistance in the simulated canopy under extreme events corresponding
to the peak fluxes. Similar model bias was reported in Chang et al.
(2018) when ACASA was driven by different LAI descriptions at a site-

level scale. These results thus suggest that gross carbon uptake and leaf
surface humidity simulated by the canopy layer processes used in
ACASA may not be strong enough when the surrounding environment
tends to boost the strength of ET and carbon sequestration. Further
model evaluation studies are necessary to calibrate and improve the
bias found in ACASA under those environmental conditions.

3.3. Energy and carbon fluxes with carbon only biogeochemistry

Energy and carbon fluxes simulated by ACASA-CN with carbon only
biogeochemistry (experiments CN-OFF and CN-OFF-RS) reasonably

Fig. 5. Scatter plots between the observed and simu-
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Fig. 6. The same as Fig. 5, but for experiment CN-OFF.

match the observed energy fluxes and NEE (Table 2). The results show
that R squared values and root mean square errors are comparable
between experiments CN-OFF and CN-OFF-RS, suggesting that ACASA-
LAI is as accurate as MODIS-LAI during the study period.

Simulations and measurements agree reasonably when ACASA-CN
was run with carbon-only biogeochemistry, for both sets of prescribed
LAI at USBlo and USHal (Figs. 6 and 7). Underestimation bias for peak
latent heat flux and carbon sequestration strength was found in both
sets of the numerical experiments, similar to the results for experiment
CN-ON (Fig. 5). Therefore, the underestimation bias under extreme
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events probably results from overestimated stomatal resistance inside
the simulated canopy, rather than the newly introduced CN bio-
geochemistry or differences in the LAI used in each simulation.

Model sensitivity to different LAI descriptions (experiments CN-OFF
and CN-OFF-RS), with carbon only biogeochemistry show consistent
daytime behavior, as shown by results for all sites aggregated, in den-
sity scatter plots (Fig. 8). The simulated daytime latent heat flux and
carbon sequestration strengths were stronger for CN-OFF than for CN-
OFF-RS, probably because the amount of LAI described in ACASA-LAI is
greater than those in MODIS-LAI (Fig. 2). As indicated by a steeper
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Fig. 7. The same as Fig. 5, but for experiment CN-OFF-RS.
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slope shown on the density scatter plot, the simulated NEE exhibits
stronger change of magnitude than the latent heat fluxes, which agrees
with Chang et al. (2018) that biogeochemical processes are more sen-
sitive to vegetation structure descriptions than the ET processes. The
simulated sensible heat flux is generally weaker in experiment CN-OFF,
because a larger portion of available energy is converted to latent heat
flux (Fig. 8).

On the other hand, the nighttime energy budget simulations exhibit
only small differences between experiments CN-OFF and CN-OFF-RS,
because ecophysiological feedbacks (photosynthesis is a major feed-
back) become weaker without solar radiation (Fig. 8). The nighttime
NEE simulated in experiment CN-OFF is generally higher than those in
experiment CN-OFF-RS, because the simulated plant respiration in-
creases with the greater amount of LAI prescribed in ACASA-LAL The
simulation results from experiments CN-OFF and CN-OFF-RS were ex-
amined using the two tailed Student’s t-test, and the t-tests suggested
that the differences in energy, water vapor and carbon fluxes simula-
tions are statistically significant with p-values less than 0.05 (results not
shown).

4. Model sensitivity to biogeochemistry

4.1. The effects of including the nitrogen biogeochemistry on energy and
carbon fluxes

The simulated daytime NEE strength is moderately smaller with the
use of CN biogeochemistry (experiment CN-ON) than carbon only
biogeochemistry (experiment CN-OFF), for the six sites aggregated
(Fig. 9). In contrast, simulated daytime latent heat flux is greater when
including the nitrogen cycle in experiment CN-ON. Although this may
seem to contradict the NEE results, they do not because daytime NEE
(photosynthesis) is directly constrained by nitrogen limitations,
whereas ET is not greatly affected (Oleson et al., 2013; Ghimire et al.,
2016). Nighttime energy budgets are close to identical between the two
biogeochemical schemes, as there is little direct control by bio-
geochemistry to the nighttime energy budget. The simulated NEE from
the carbon only biogeochemistry is of lower magnitude than with ni-
trogen is included, indicating ecosystem respiration is greater when the
nitrogen cycle is included, consistent with Oleson et al. (2013)’s

CN-OFF-RS NEE (gC/m? s)
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findings.

Daytime potential NEE (pNEE), which omits photosynthetic down-
regulation due to nitrogen availability, aggregated over all sites, is of
greater magnitude with nitrogen biogeochemistry included (Fig. 10).
Because this is the opposite of the NEE comparison shown in Fig. 9, it
means that nitrogen downregulation is a major control of daytime NEE.
The bulk stomatal resistance calculated in the simulated canopies,
however, only presents limited variation between experiments CN-ON
and CN-OFF (Fig. 10), suggesting that the differences shown in water
vapor and carbon fluxes simulation may not directly result from sto-
matal resistance. Instead, leaf temperature drops with the use of CN
biogeochemistry, altering energy partitioning and water vapor pressure
at the leaf surface, which contributes to shifts shown in sensible heat,
latent heat and carbon fluxes. Therefore, the results show that bio-
geophysical processes in ACASA-CN support stronger daytime ET and
carbon uptake in experiment CN-ON, but biogeochemical processes in
ACASA-CN downregulate carbon uptake strength with no corre-
sponding alterations in stomatal resistance and thus ET strength. The
nocturnal pNEE simulation comparison is similar to those for NEE
(Figs. 9 and 10), indicating little effect of nitrogen downregulation
when photosynthesis is not involved.

The simulation results (i.e., energy, water vapor and carbon fluxes)
from experiments CN-ON and CN-OFF were examined using the two
tailed Student’s t-test, and the t-test suggested that the differences in
model outputs are statistically significant between these two experi-
ments with p-values less than 0.05 (results not shown).

4.2. Biogeochemical effects on diurnal cycles

The mean diurnal cycles of ET simulated by ACASA-CN with and
without nitrogen biogeochemistry (experiments CN-ON and CN-OFF)
qualitatively match AmeriFlux observations at the six sites, when
averaged over the study period (Fig. 11). The simulation results thus
suggest that ET is primarily determined by the robustness of model
biogeophysics, hence ACASA-CN can reasonably simulate ET with both
sets of biogeochemistry. Nevertheless, we found that the magnitude of
daily mean ET increases with the use of CN biogeochemistry (Table 3),
consistent with the aggregated latent heat flux shown in Fig. 9. The
midday ET simulated in experiment CN-ON is higher than those in
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experiment CN-OFF, and their magnitude deviates the most at the
temperate rainforest USWrc (Fig. 11).

The magnitude of simulated mean NEE diurnal cycles is weaker
with the use of CN biogeochemistry (Fig. 12), consistent with the half
hourly simulation results shown in Fig. 9. The diurnal transition pat-
terns of NEE are reasonably simulated for both sets of simulations, with
stronger carbon sequestration strength during midday. The mean NEE
diurnal cycles simulated by ACASA-CN in experiment CN-ON do not
show the unrealistic dip in daytime carbon uptake simulation reported
in Ghimire et al., (2016), who used the CN biogeochemistry and single
canopy layer in CLM4.5. This might suggest that ACASA-CN’s multiple
canopy layer representation and higher order closure turbulence
scheme improve carbon flux simulation by representing more realistic
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canopy radiation and plant physiology processes. However, as shown in
Fig. 12, the mean NEE diurnal cycles simulated in experiment CN-ON
are not necessarily superior to the CN-OFF counterparts, when com-
pared with the observed mean NEE diurnal cycles. The results suggest
that the CN biogeochemistry adapted from CLM4.5 may require further
calibration and adjustment to improve carbon cycle simulation under
the current model configuration.

Recent studies have shown that the instantaneous downregulation
applied in CLM4.5 biogeochemistry could be problematic, and models
that determine photosynthesis rate by foliar nitrogen content can pre-
sent more realistic biogeochemistry and improve model performance
(Zaehle and Friend, 2010; Zaehle et al., 2014; Ghimire et al., 2016). Our
results show that, when CN biogeochemistry is activated, the
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instantaneous downregulation is too rigorous in limiting the photo-
synthesis rate, resulting in an underestimation bias for NEE. This type of
instantaneous downregulation takes place at the end of each model
time step, and there are no signs to suggest direct effects of the
downregulated actual photosynthesis relate to stomatal resistance and
canopy ET (Figs. 9 and 10). Future study should aim to improve the
fidelity of the instantaneous downregulation approach and the coupling
between biogeophysical and biogeochemical processes.

4.3. Biogeochemical effects on the partition of evaporation and
transpiration

The results from experiments CN-ON and CN-OFF show that water
exchange between canopy and atmosphere is primarily through plant
transpiration instead of evaporation (Fig. 13), which agrees with pre-
vious studies using isotope measurements and model simulations
(Lawrence et al., 2007; Sutanto et al., 2012). The simulated transpira-
tion at the six AmeriFlux sites is greater with the use of CN bio-
geochemistry (Fig. 13), which is consistent with the trend shown in the
simulated ET (Fig. 11). The simulated evaporation, on the other hand,
does not exhibit a similar magnitude trend at the six AmeriFlux sites,
suggesting that the simulated evaporation is less sensitive to the use of
biogeochemistry than the simulated transpiration examined by the

Table 3

ACASA-CN model.

The daily mean evaporation, transpiration and ET simulated by
experiments CN-ON and CN-OFF show that plant transpiration con-
tributes 78-88% of the total ET when ACASA-CN is run with CN bio-
geochemistry, and its contribution becomes slightly less (77-88%) with
the use of carbon only biogeochemistry (Table 3). The ET partitioning
obtained in both sets of simulations agrees with recent isotope mea-
surements that suggest transpiration represents 80-90% of terrestrial
ET (Jasechko et al., 2013). The simulated evaporation, transpiration,
and ET increase 2-16%, 2-23% and 2-21%, respectively, when CN
biogeochemistry is used instead of carbon only biogeochemistry
(Table 3). Our results show that the response of ET to model bio-
geochemistry stems from the sensitivity of physiologically controlled
transpiration to biogeochemical processes, while evaporation from soil
and canopy surfaces is less sensitive to biogeochemical controls.

When the simulated daytime evaporation and transpiration are
averaged into individual LAI windows with 0.5 m?/m? increment, the
results aggregated from the six sites indicate that water vapor fluxes
generally increase with greater LAI regardless of the use of bio-
geochemistry (Fig. 14). The use of CN biogeochemistry generally en-
hances the daytime evaporation and transpiration averaged in each LAI
window, and its effect is more prominent with higher LAI. The coherent
relationship between water vapor flux and LAI exhibits in all of the

The daily mean evaporation (E), transpiration (T) and evapotranspiration (ET) simulated from experiments CN-ON and CN-OFF at the six AmeriFlux sites. The unit

for the water fluxes is mm/m? day.

ET E T E/ET T/ET

CN-ON CN-OFF CN-ON CN-OFF CN-ON CN-OFF CN-ON CN-OFF CN-ON CN-OFF
USBlo 1.9146 1.8524 0.2384 0.2313 1.6763 1.6210 12.45% 12.49% 87.55% 87.51%
USDk3 1.8430 1.7627 0.2748 0.2646 1.5682 1.4981 14.91% 15.01% 85.09% 84.99%
USHal 1.1972 1.1752 0.2032 0.2000 0.9940 0.9752 16.98% 17.02% 83.02% 82.98%
USHol 1.1910 1.1100 0.1881 0.1820 1.0029 0.9280 15.79% 16.40% 84.21% 83.60%
USVar 1.0909 1.0674 0.1394 0.1369 0.9515 0.9304 12.78% 12.83% 87.22% 87.17%
USWrc 1.6438 1.3558 0.3631 0.3143 1.2807 1.0416 22.09% 23.17% 77.91% 76.83%
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Fig. 12. The observed and simulated NEE diurnal cy-
cles at the six AmeriFlux sites. Black dashed lines are

Nm the observed diurnal cycles averaged over the period
E studied, blue lines are the simulation results from ex-
% periment CN-ON, and red lines are the simulation re-
E sults from experiment CN-OFF (For interpretation of
% the references to colour in this figure legend, the
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simulated ecosystem types, although its sensitivity slightly changes
with different ecosystems. It should be noted that the apparent LAI
effects are generally aligned with potential effects of seasonal and an-
nual climatic cycles, which cannot be ruled out as other drivers of the
fluxes.

Our results show that plant transpiration (T) is the main component
of total ET (54-90% of total ET) throughout the LAI domain (Fig. 14),
which agrees with the daily means and diurnal cycles shown above

(Fig. 13). The maximum T/ET was at intermediate LAI values (~ 3 m?/
m?), with lower values at low LAI, especially for the deciduous forest
(with no active leaves before leaf-out, so all ET was evaporation), re-
gardless of whether biogeochemistry was included (Fig. 14). The con-
tribution from transpiration starts decreasing with further increases in
LAI beyond ~3 m?/ m?, which may arise from reduced solar radiation
interception inside dense canopies because of increased self-shading,
that could limit transpiration increases linked to additional amounts of

— x10° USBIo — x10° USDkK3 Fig. 13. The simulated evaporation (E) and tran-
S o6 " " " o : " spiration (T) mean diurnal cycles at the six AmeriFlux
E E 6 sites during the study period. Blue dash and solid lines
E 4r E 4 are the simulated evaporation and transpiration from
VS vs experiment CN-ON, respectively. Red lines and crosses
E 27 § & are the simulated evaporation and transpiration from
3 s T 3 S experiment CN-OFF, respectively (For interpretation of
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u_; 0 5 10 15 20 u_; o 5 10 15 20 the ref.erences to colour in thlS‘ figure ?egen.d, the
. . reader is referred to the web version of this article).
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Fig. 14. Daytime evaporation (E), transpiration (T)

E (mm/m2 s)

and the ratio of transpiration to evapotranspiration (T/
ET) averaged in each LAI window. Simulation results
- at the six AmeriFlux sites from experiments CN-ON
and CN-OFF are plotted in blue and red, respectively.
The results simulated at evergreen forest, deciduous
forest and grassland are denoted in circle, triangle, and

cross, respectively (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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Our results suggest that the partitioning of evaporation and tran-
spiration is determined by biogeochemistry, LAI and radiation pro-
cesses inside canopy. Therefore, models that do not represent the in-
teraction of these processes with vertically resolved canopy profile may
be characterized by higher uncertainty in water vapor and energy fluxes
simulations.

5. Conclusions

The CN biogeochemistry and the prognostic canopy structure
scheme developed in CLM4.5 were integrated into the multiple canopy
layer higher order closure ACASA model. The resulting ACASA-CN
model accurately portrays canopy structure (height and LAI), NEE and
energy flux exchanges measured at six AmeriFlux sites, encompassing
evergreen forests, deciduous forests and C3 grasslands.

Our results indicate that multiple canopy layer representation and a
detailed turbulent transfer scheme are critical to ecosystem carbon
uptake simulation, as an unrealistic carbon uptake pattern was found in
a single canopy layer model using the same biogeochemistry (Ghimire
et al.,, 2016). Model performance of biogeophysical energy fluxes is
comparable between CN biogeochemistry with prognostic vegetation
structure and carbon only biogeochemistry with observationally pre-
scribed vegetation structure, under the ACASA-CN framework. This
research shows that plant transpiration dominates ET at the examined
ecosystems, representing 78% - 88% of the ET. In addition, plant
transpiration is sensitive to the biogeochemical description used in
models, and its magnitude generally enhanced with the use of CN
biogeochemistry.

Our results indicate that the ratio of transpiration to ET exhibits a
two-stage variation pattern with LAIL, and it decreases in dense ca-
nopies. We also found that the instantaneous downregulation of pho-
tosynthesis rate developed in CLM4.5 may overly suppress simulated
ecosystem photosynthesis. Future studies should aim to improve the
model parameterization of CN biogeochemistry, and develop a more
realistic functional dependency between biogeochemical and physio-
logical processes in the simulated canopy.
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