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A 1-dimensional multi-layer, multi-species soil-vegetation-atmosphere transfer model APES
(Atmosphere-Plant Exchange Simulator) with a separate moss layer at the forest floor was devel-
oped and evaluated for a boreal Scots pine forest situated in Hyytidld, Southern Finland. The APES is
based on biophysical principles for up-scaling CO,, H,0, heat and momentum exchange from canopy
element level to a stand scale. The functional descriptions of sub-models were parametrized by literature
values, previous model approaches and leaf and moss gas exchange measurements, and stand structural
characteristics derived from multi-scale measurements. The model was independently tested against
eddy-covariance fluxes of CO,, H,0 and sensible heat measured above and within the canopy, and against
soil heat flux and temperature and moisture profiles. The model was shown to well reproduce fluxes
and resulting scalar gradients at diurnal and seasonal timescales. Also predictions for moss moisture
content and soil moisture and temperature dynamics were acceptable considering the heterogeneity in
soil hydraulic and thermal properties and uncertainties in boundary conditions.

The model framework allows for (1) coupling above-ground with the soil domains through the feed-
backs between soil water and vegetation mediated by the moss layer, (2) several vascular plant species
or cohorts in a multi-species canopy, and (3) explicit treatment of bryophyte layer energy and water
balance and bottom layer - atmosphere exchange. These features make APES well-suited for explor-
ing feedbacks between boreal forest structure, site conditions and vegetation processes controlling
ecosystem-atmosphere exchange.
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1. Introduction associated with gradients in the climate and site type, which in turn,

affect species composition and stand structure. Also, forest man-

Being the largest biome globally, boreal forests have direct
effects on regional and global climate through absorption of solar
radiation and momentum, and partitioning of the net radiation into
sensible H and latent heat LE (Bonan, 2008; Chapin et al., 2000; Law
etal., 2002; Baldocchi, 2008; Baldocchi et al., 2000). Their apprecia-
ble carbon dioxide uptake from the atmosphere and influence on
biogenic aerosol formation are now rarely disputed (Malhi et al.,
1999; Makeld et al., 1997; Spracklen et al., 2008). Temporal varia-
tions in the structure and function of boreal forests occur at multiple
scales, from seconds (e.g. radiation regime inside the canopy, leaf
gas exchange, turbulent flow) to seasonal (phenology, annual cycle
of functional substances) and longer (stand age, species composi-
tion, management). Spatial variability among stands is commonly
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agement does have major impacts on such forests thereby drawing
significant research interest in the interplay between silviculture
and the role of boreal forests in climate regulation (Esseen et al.,
1997; Bengtsson et al., 2000).

Plant carbon uptake, water use and energy exchange with the
atmosphere in response to environmental variations remains com-
plex and governed by multiple interactions and feedbacks. Changes
in structure and function of boreal forests affect within-canopy and
soil micro-environment that then impact the rates of carbon diox-
ide (CO;), water (H,0), heat and momentum exchanges occurring
within and between canopy elements as well as soil layers. When
spatially integrated, these alter the bulk exchange rates between
the forest ecosystem and the atmosphere as well as water, carbon
and nutrient flows in catchments. Considering water and carbon
fluxes in the forest stand for instance, increase of overstory leaf area
leads to greater amount of precipitation being intercepted, result-
ing in a decreased throughfall and soil infiltration. Simultaneously,
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absorption of radiation is enhanced and carbon uptake and transpi-
ration rates from the overstory are expected to increase leading to
more rapid depletion of soil water within the root zone. In coarse-
textured sites, this depletion increases the probability of ‘ecological
drought’, i.e. water deficits in the root zone, that can then modify
a plethora of processes related to tree responses to climate varia-
tion, forest floor fluxes and soil processes (Skre and Oechel, 1981;
Vargas et al., 2010; Williams et al., 2012; Katul et al., 2012; Zhou
et al, 2013).

Delineating the causes and projecting the responses of forest
ecosystems to changing environmental conditions and manage-
ment requires mathematical models that describe the interplay
between forest structure, micro-climate and site conditions. In
canvassing available methods for representing the soil-plant-
atmosphere system, the level of details within and across various
compartments can be daunting and often un-balanced. For exam-
ple, 3-D models of water flow in the soil-root system have been
used for quite some time to describe water uptake where root-
distribution and morphology is known at different resolution
(Couvreur et al., 2012; Doussan et al., 2006; Siqueira et al., 2008;
Simunek and Hopmans, 2009; Manoli et al., 2014). Often, such
models remain primitive in their treatment of above-ground pro-
cesses. Likewise, 3-D radiation models have been developed and
linked to photosynthesis when spatial heterogeneity in the light
environment is large (Cescatti and Zorer, 2003; Cescatti, 1997),
but again, these models commonly ignore below ground-processes
altogether. Other approaches that seek maximum simplicity rep-
resent the entire canopy as a single layer (big-leaf) and the entire
soil-root system in a lumped layer (Porporato et al., 2004). This
approach clearly misses potentially significant gradients in the
micro-environment (both above and below ground) that non-
linearly interact with layer-wise sources and sinks (Juang et al.,
2008).

Due to absorption of solar radiation and momentum, the
largest micro-climatic gradient in vegetation canopies occurs
vertically, necessitating, at minimum, 1-D multi-layer soil-
vegetation-atmosphere transfer models (SVAT’s). Common to the
multi-layer models is that they assume the planar gradients in
mass, heat, and energy fluxes and micro-climatic state variables
small when compared to vertical inhomogeneities across the entire
canopy height. By combining canopy radiation schemes and eco-
physiological principles with turbulent transport representation,
they enable predictions and independent verification of stomatal
and other pathways by which CO,, water vapor, and other scalars
are exchanged between leaves, canopy elements and the atmo-
sphere across various levels within the canopy volume (Meyers and
Baldocchi, 1988; Harley and Baldocchi, 1995; Leuning et al., 1995;
Baldocchi and Meyers, 1998; Ogée et al., 2003; Juang et al., 2008;
Olchev et al., 2008).

The utility of such model framework is that relying on quantita-
tive biophysical representation of canopy and soil processes, most
of which can be independently parametrized and verified, enables
direct up-scaling from element to stand scale (and beyond). How-
ever, significant challenges still remain when describing feedbacks
between the above-ground and soil domains and resolving the
vegetation functioning and root water and nutrient uptake under
non-optimal soil water conditions (Simunek and Hopmans, 2009;
Manzoni et al.,2010; Markewitz et al.,2010; Katul etal.,2012; Zhou
etal,, 2013; Volpe etal., 2013). Neither are the moss layer processes
in boreal ecosystems sufficiently described (Stoy et al., 2012). This
layer has a fast response time scale associated with radiation fluc-
tuations at the forest floor, an intermediate time scale response
associated with drying of the soil, and a slow response time scale
associated with the dynamics of stand leaf area. Addressing the
above challenges require models that enable species-specificrepre-
sentation of atmosphere-plant exchange (Ogée et al., 2003; Olchev

et al., 2008; Flerchinger et al., 2009) that is becoming possible
through leaf-scale data collected to plant trait databases such as
TRY (Kattge et al., 2011).

In this work, a parsimonious treatment of below and above
ground processes using a 1-D multi-layer, multi-species forest
canopy - soil model labeled APES (Atmosphere-Plant Exchange
Simulator) that accounts for the vertical structure and functional
diversity of boreal forests is proposed. The APES describes the main
structural and functional compartments of a boreal forest ecosys-
tems accommodating the effects of vascular plant species and the
bryophyte layer at the forest floor as well as their interactions with
the forest soil and canopy microclimate. Formulations in each layer
(soil, plant or canopy air space) reflect a trade off between desirable
traits of realism and simplicity. We first describe the model theory
along with how its parameters are estimated. Then, we evaluate
the APES predictions against ecosystem-scale CO,, H,0 and energy
fluxes and environmental data measured in a Scots pine stand at the
Hyytidld SMEARII -station in Southern Finland. Finally, we consider
the soil controls on leaf gas-exchange and bottom layer processes.
In future studies, the APES is used to disentangle the leaf-area,
species, soil and silvicultural controls of boreal forest H,0, CO, and
energy exchange.

2. Model framework

In APES, the main compartments of the forest stand are
described as objects that include the governing conservation equa-
tions and contain structural and functional description of the
respective part of the ecosystem (Fig. 1). The independent objects
and sub-models are then linked by physical transport processes,
formulated using gradient-diffusion approximations

fi=- <i%
that links flux f;s to local gradient of s (ds/0z) using an exchange
coefficient or conductivity Kj, or bulk conductance g;.

The above-ground airflow sub-model represents the canopy as a
horizontally homogenous porous medium, where canopy elements
are randomly distributed in horizontal space. The canopy structure
is primarily accounted through a vertical leaf-area density distri-
bution A;(z) (m? m~3) satisfying the normalizing condition LAl =

= giAs, (1)

foh A (z)dz, where LAl is the leaf area index and h is the canopy
height. The transfer and absorption of shortwave and longwave
radiation, transport of scalars and momentum and partitioning of
rainfall between interception and throughfall also occurs in these
canopy layers, impacted by A, (z).

The forest Canopy object consists of one or several PlantTypes,
which may be vascular plant species, functional groups or age
cohorts distinguished by their structural properties, such as leaf
or root area densities, height and leaf size, and/or by physiologi-
cal characteristics such as phenology, photosynthetic capacity and
stomatal conductance. Leaf gas and energy exchange is calculated
separately for sunlit and shaded leaves using well-established iter-
ative solution of coupled photosynthesis-stomatal conductance
theories (Farquhar et al., 1980, 2001; Katul et al., 2010; Medlyn
etal,2012)and leaf energy balance. Solutions of soil water and heat
transfer in the SoilProfile object are linked to physiological controls
at the leaf level, and root water uptake is described by a macro-
scopic multi-layered root model (Volpe et al., 2013). A separate
BottomLayer object describes water, energy and CO, dynamics in
the bryophyte layer at the forest floor.

As time-dependent forcing variables, APES uses time-averaged
(usually 1/2 hourly) meteorological variables at a reference level
above the canopy. These variables include direct and diffuse pho-
tosynthetically active (Qp) and near-infrared (Qy) radiation, mean
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Fig. 1. Conceptual diagram of APES, and leaf-area density profiles A; used for the SMEAR II-site.

wind speed U (or friction velocity u-+), precipitation rate P, mean
air temperature T,, and mixing ratios of H,O and CO,. In addi-
tion, appropriate lower boundary conditions for soil water and heat
flow below the rooting zone need to be specified. The APES cap-
tures many of the non-equilibrium thermodynamic aspects of the
soil-plant-atmosphere system (i.e. the soil-leaf-atmosphere tem-
perature gradients, radiation and heat are exchanged within and
among components). However, APES assumes stationary condi-
tions for the fast above ground processes associated with turbulent
transport and radiation attenuation. Any temporal variability in
those processes originates from variability in meteorological vari-
ables (i.e. boundary conditions). However, for the slowly evolving
forest floor and soil processes, the continuity equations describing
heat and mass transport are treated as unsteady.

Toresolve the interaction between canopy processes and micro-
climate, the solution of mass and energy exchanged during a
timestep At consists of three iteration loops summarized as (Fig. 1):

(1) Within-canopy profiles of U(z), eddy diffusivity K; and incident
and absorbed shortwave radiation are calculated.

(2) Initializing T4, H,0 and CO,, profiles in the canopy air space by
setting them equal to their forcing values at the highest grid-
point (vertically uniform conditions within the canopy). This
assumption amounts to assuming turbulence levels are suffi-
ciently large so that the air within and near the canopy top is
sufficiently well mixed yielding constant Ty, H,0 and CO, with
z but not time (as a first guess).

(3) Calculating scalar sink/source term XSs; within the canopy
(Iteration II). This includes (i) net isothermal radiation; (ii)
interception of precipitation and subsequent evaporation from
wet parts of a canopy layer; (iii) dry leaf energy balance and
gas exchange, computed separately for each PlantType and each
layer; (iv) calculation of BottomLayer energy, H,O and CO-,
exchange.

(4) Updating mean scalar concentration profiles in the canopy air
space and repeating steps (2) and (3) until convergence of all
scalars and layers (Iteration ). During Iterations I and II, values
of the slowly evolving soil state variables are taken from the
previous time step.

(5) Solving soil water and heat flow (Iteration IlI) and updating vol-
umetric water content 8, soil temperature T and soil respiration
R;.

A general description of the model is presented next while the
specific parametrization for boreal coniferous forest is described in
Section 3.

2.1. Canopy microclimate and upscaling

2.1.1. Short and longwave radiation

Above the canopy, the downward solar radiation consists of a
direct beam Qp incident at a zenith angle W and a downward dif-
fuse Qg radiation originating from the whole hemisphere with
equal intensity. The probability that direct radiation penetrates a
canopy layer i (numbered from top of the canopy) without being
intercepted is

Tp,i = €XP [—Kb(‘l’) Y Al,t(zi)dz] , (2)

where Aj(z) (m? m~3) is the one-sided (hemisurface) leaf area
density of all PlantTypes in the layer i and €2 A;¢(z;) determines
‘effective’ leaf area in terms of radiation transfer through a com-
bined shoot- and tree-scale clumping-factor 2 (-). The beam
extinction coefficient Kj, (-) represents the mean leaf projection per
unit leaf area in the direction of the radiation, calculated based on
ellipsoidal leaf-angle distribution (Campbell and Norman, 1998).
The intercepted part (1 — 73;) of Qp is either absorbed, transmitted
through the plant elements and segregated to downward hemi-
spherical (diffuse) flux Qy, or reflected upwards to become upward
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radiation Qy. In the canopy layers, the diffuse components behave
similarly to Q, but the probability 74; for passing without being
intercepted through layer i is obtained by integrating Eq. (2) over
the hemisphere. Inside canopies, Qq; consists of two parts: the part
of Qg from the sky that has penetrated to layer i without being
intercepted, and the part that has resulted from series of multiple
reflections and transmissions between the canopy layers and the
forest floor. Multiple scattering processes also contribute to Q,. At
the canopy top, the ratio of Q, to incoming radiation (Qpo +Qq0)
defines the canopy albedo (Zhao and Qualls, 2005).

The profiles of incident Qp, Q4 and Q, (Wm~2 (ground)) within
the canopy are computed separately for photosynthetically active
(PAR) and near-infrared (NIR) wavebands using a multi-layer radi-
ation transfer model including multiple scattering among the
vegetation layers and between the canopy and forest floor (Zhao
and Qualls, 2005), and only modifications for clumped coniferous
canopies are presented. Following Ni-Meister et al. (2010), a sin-
gle conifer shoot is considered as the basic scattering element, and
a shoot albedo is related to needle single-scattering albedo «; via

— 4STAR__ where STAR is the shoot silhouette to total area
1—o(1-4STAR)

ratio (0.1-0.2 for Scots pine, Smolander et al., 1994). For simplicity
the 2 and o (within a given waveband) are taken constant neglect-
ing their vertical variations in the canopy or between PlantTypes.
Also contribution of woody plant parts on radiation interception are
neglected, a fair assumption for the coniferous ecosystem consid-
ered here. The relative probabilities of forward and back-scattering
are set to 0.4 and 0.6, respectively (Zhao and Qualls, 2005).

Ateach canopy layer, the absorbed radiation Qg is the difference
between radiation entering and leaving the layer. When the leaves
are separated into sunlit sl and shaded sh fractions, Q4 must satisfy
a normalizing condition

Qa¢ = [64Qs + (1 — £1)Qsn] Aydz, (3)

where the fraction of sunlit foliage &;; is smaller than t;, due non-
random distribution of the canopy elements in clumped canopies
(Myneni et al., 1989)

&s,i = Q2 exp[-Kp(W) Q1L ], (4)

o ~o

where L;; = fzh A ¢(z;)dz is the total leaf area above layer i. The
s

shaded leaves receive only diffuse radiation while the sunlit leaves
are exposed also to direct sunlight. In this case, the amount of radi-
ation absorbed per unit (un-clumped) leaf area (Wm~2 (leaf)) is
obtained from the radiation profiles as

Qq,sh,i = (1 — ) Ky 2[Qq i + Qu il
Qqs1,i = (1 — ) Kp(W) Qp,0 + Q51 i»

where the extinction coefficients K,(\W) and K; account for the
mean leaf orientation with respect to direct beam and hemispher-
ical radiation, and scaling the diffuse components by €2 is required
for energy conservation (Eq. (3)). Computation of longwave radia-
tion is simplified by neglecting multiple scattering and assuming
the canopy elements are in thermodynamic equilibrium with ambi-
ent air, i.e. their T is equal to T,(z). In layer i, the net isothermal
longwave radiation of a canopy element is LW} = LW ; + LW, ; —
2€0T, ;, where downward and upward components are

(5)

Wy =14ilWq; 1 —(1-14;)€0Tq i1 6)
LWy =714ilWy i1 — (1 = 74)€0Tg 41

At the canopy top LW, o = €armoT2 and the atmospheric emissivity
€qem is estimated from measured Tg, vapor pressure eq and cloudi-
ness (Niemeld et al., 2001; Maykut and Church, 1973) (Suppl. 2).
The lower boundary condition for LW, is determined by the emis-
sivity and temperature of the forest floor. The absorbed isothermal

net radiation (Leuning et al., 1995) used in the solution of the
leaf energy balance (Eq. (16)) is RY ; = > Qqi +LW;, where > Qg
includes both absorbed PAR and NIR.

2.1.2. Rainfall interception and throughfall

Rainfall interception and the wet leaf energy balance sub-
model provide profiles of water storage per unit plant area w(z)
(kg m—2), throughfall rate P(z) (kgm~2s~! = mms~') and evapora-
tion/condensation rate fe,w(z) and sensible heat flux f;, ,(z) from the
wet plant parts. The multi-layer interception model is adopted from
Watanabe and Mizutani (1996) and Tanaka (2002), and considers
canopy elements as shallow tanks filled with intercepted precipita-
tion and condensation, and depleted by evaporation and drainage of
excess water. Canopy elements in a layer are considered either fully
wet or fully dry, and intercepted precipitation can be retained only
on dry fraction of plant area df = 1 — w/wmax (-), where wmax(z)
(kg m~2) is the water storage capacity per unit leaf area. Intercep-
tion on wet fraction (1-df) of the canopy layer is instantaneously
drained and contributes to P(z).

When evaporation (fe,w > 0) from wet fraction occurs, the
change in w(z) and P(z) are (Watanabe and Mizutani, 1996)

aw_(]_ w )P—Wlfe,w

W B Wmax max
(7)
oP

w
%A (1 - ) P,
0z Le Wmax

where precipitation is assumed to fall vertically. The water storage
of a canopy layeris W =w A, ; Az (kg m~—2 (ground)), where Az is
a layer thickness and A, Az the leaf area index (m? m~2) in the
layer. If condensation (fe,w < 0) occurs within a canopy layer, Eq.
(7) is modified to account for the additional moisture input as in
Watanabe and Mizutani (1996).

2.1.3. Upscaling from leaf to canopy scale

In a planar homogenous canopy and in the absence of subsi-
dence, the stationary mean continuity equation of a scalar s emitted
or absorbed by the canopy reduces to (Juang et al., 2008)
% s, (8)

z

where F; is the total flux assumed to be primarily due to turbulence
(i.e. ignoring molecular fluxes and stresses) and XS is sink/source
density in a canopy layer. In APES, the scalar transfer is first solved
per unit sunlit and shaded leaf area of each PlantType and canopy
layer (Section 2.2), and then upscaled to provide XSs(z). Upscaling
of heat (f,), water vapor (fe) and CO; (f;) fluxes assumes that both
dry and wet leaves can simultaneously co-exist in a canopy layer
but transpiration and photosynthesis can occur only from the dry
parts. The sink sink/source distributions of heat, water vapor and
CO,, of a single PlantType become

Sn(2) = Ailfn i85t + fn,sn(1 = E)) df + Afy(1 — df ) (9)

dry leaves wet plant parts
Se(z) = Al[fe,slssl "‘fe,sh(‘1 - é/-:sl)] df + ALfe,w(1 - df)7 (10)
Sc(2) = Al[fc,slgsl +fc,sh(1 — &)+ Awrw, (11)

where r,(z) (wmolm~2 (plant) s—1) is the respiration rate of woody
biomass. In case of condensation (fe,w < 0) to a canopy layer, the
term (1 —df) is replaced by df in Eq. (10). The total XSs(z) is com-
puted as the sum of contributions from all PlantTypes in a canopy
layer.

Eq. (8) is solved using 1st-order turbulence closure (Suppl. 3),
where the bottom layer and soil fluxes are included as boundary
conditions and described in Sections 2.3 and 2.4. The stand scale
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fluxes of sensible heat (H, W m~2), water vapor (E, mmolm2s-1)
and CO, (F., pmolm~2s~1) are obtained by depth-integrating Eq.
(8) over the canopy height.

2.2. Processes of vascular plants

2.2.1. Transfer of heat, H,0 and CO, between leaves and air
The air-leaf exchange of heat, H,O and CO, are given by bulk (or
path-length integrated) gradient-diffusion formulations (Eq. (1)) as

S = cp8p,n(Ty — Ta) (12)
fe=2g;(ei —ea)/pa = &,Di/Pa (13)
fe =gi(ca — i), (14)

where T; is leaf temperature, g, ;, leaf boundary layer conductance
for heat (mol m—2(leaf) and ¢, is the specific heat heat capacity
of air at constant pressure (Jkg=!K-1); ¢, and ¢; (molmol-1) are
ambient and internal CO, mixing ratios, respectively; e, is ambient
vapor pressure; D;=[es(T;) — eq]/pq is the vapor pressure deficit at
leaf temperature (mol mol~'), where substomatal vapor pressure
e; is set at its saturation vapor pressure es(T;) determined by leaf
temperature, and p, is the atmospheric pressure (all in kPa). For
low wind speeds occuring within a canopy layer, the effective con-
ductances for COy, g¥, and H,0, g (mol m~2 (leaf)s~1) include both
stomatal g; and leaf boundary layer g, ; conductances in series

« _ 8s.c8b,c
€7 gc+8he (15)
g = acgt,

where a.~ 1.6 is the ratio of molecular diffusivity of H,O to that
of CO; in air. The gj; are computed assuming leaves are flat plates
and forced and free convection occur in parallel (Schuepp, 1993)
(Suppl. 4), and gs is linked with the economics of leaf gas exchange
(Katul et al., 2010; Medlyn et al., 2012). In case of evaporation of
intercepted precipitation or condensation of dew to leaf surfaces
8y = 8bv-

Egs. (12)-(15) are coupled through T; necessitating an iterative
solution to photosynthesis, stomatal conductance and leaf energy
balance

aqT,
at
where L is the latent heat of vaporization. Assuming the leaf heat
capacity C; and energy associated with metabolic processes Xf, are
negligible, linearising the net radiation as Rp = R}; — cpgr(T; — Ta),
where gr = 4/cp€s0T2 (molm~2s~1) is the radiative conductance

(Leuning et al., 1995), and substituting f;, and fe from Eqs. (12) and
(13), T; can be solved as (Campbell and Norman, 1998)

R;, —Lg;D
Cp(gb,h +8)

= Rn —fy~ If e — Sfm, (16)

Ty =Ta+ (17)

2.2.2. Leaf photosynthesis, respiration and stomatal conductance

The biochemical demand for CO, at a leaf scale is described by
the Farquhar model (Farquhar et al., 1980) giving f- (umol m—2s~1)
as

fe =min[Ay, Aj] -1y, (18)

where A, the Rubisco-limited and A; the light-limited assimilation
rate and r; the leaf dark respiration rate. The potential sucrose
transport limitation of photosynthesis (Campbell and Norman,
1998) are not considered but can be implemented if necessary. For
the specific formulation of the model that of Medlyn et al. (2002)
(Suppl. 5) is adopted. In the absence of water stress the maxi-
mum electron transport rate J;,qx25 and dark respiration rate ryys,
at a reference temperature 25°C, are made linearly proportional

to maximum carboxylation rate (Vgpaxas, Table 1) (Medlyn et al.,
1999). Within a given PlantType V max25 varies with position in the
canopy f(z), seasonal cycle f{Sy4) (Suppl. 6) and pre-dawn leaf water
potential f{Y,4) as

Vemaxas = chaXZS,WWf(Z)f(Wpd)f(sd)v (19)

where Venaxosww 1S the value at the canopy top in well-watered
conditions at 25°C. The f(z) is proportional to vertical gradient of
leaf nitrogen, described via attenuation coefficient ky and cumula-
tive leaf area L; above z (Leuning et al., 1995; Kellomdki and Wang,
1997)

f(2) = exp[—kn Li(2)]. (20)

During drought-stressed periods, non-stomatal limitations of
photosynthesis may occur via decreased mesophyll conductance
or biochemical reductions related to decreasing Rubisco activity or
electron transport capacity (Kellomdki and Wang, 1996; Keenan
et al,, 2010; Egea et al., 2011; Zhou et al., 2013). The biochemical
limitations of Viaxo5 and Jmaxos are accounted for as (Kellomdki
and Wang, 1996)

1
f(pa) = ————-, (21)
1t (Wl 0)
and that for ryy5 as
w_ d 30
frd(]/’pd) =1+ (%) > (22)

where pre-dawn leaf water potential 1,4 is assumed hydrostati-
cally connected to effective soil water potential in the root zone
Yr (computed from Eq. (26)) as ¥pq(z)=v¥r —z and Yo and By are
empirical parameters.

Stomatal conductance gs (molm—2s~1) is based on a variant of
the optimal stomatal control hypothesis (Katul et al., 2010; Medlyn
etal., 2012).The ‘unified stomatal model’ is selected here due to fre-
quent light limitations within the canopy, given for CO, as (Medlyn
etal., 2012)

A
&¢=go+<1+&>” (23)

Vo) e

where ¢s is the CO, mixing ratio at leaf surface, go (mol m—2 s~1)
is residual (cuticular) conductance and g; (kPa%°) an empirical
parameter that is proportional to species-specific marginal water
use efficiency A = df/0f, (mol (H,0)mol (CO,)~!) as g1 o 1/Tx/A,
where I'« is CO, compensation point. The value of A in well-
watered conditions and its (exponential) increase with decreasing
Ypq during water stress have been shown to reflect plant water use
strategies (Manzoni et al., 2010, 2013).

The functional dependency of g1 on ¥4 is given as (Zhou et al.,
2013)

g1(¥pq) = min[0.2, g1 ww eXp(B1Vpa)l, (24)

where g1.w refers to well-watered conditions, 87 indicates the
steepness of the decrease with increasing v/,4 and gy is restricted
to values above 0.2 to ensure numerical stability.

The woody biomass respiration ry, is computed as (Kolari et al.,
2009)

w = R10Q1(€”7]0)/10, (25)

where Rjq is the base respiration rate (wmol m~2(wood)s~1) at
10°C, Qq¢ is the temperature sensitivity (-) and the wood temper-
ature is approximated by T, since the heat transfer within trunks
are not explicitly considered.
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2.2.3. Root water uptake

To couple leaf level processes and soil water dynamics (Eq.
(32)), a recently proposed macroscopic root uptake model (Volpe
et al.,, 2013), with some simplifying assumptions, is used to esti-
mate water potential in root xylem v, and root uptake profile R; of
each PlantType. When neglecting storage changes within the plant
hydraulic system (roots, trunk, branches, and leaves), the plant
transpiration rate Tr must be set to the total root-water uptake rate
so that

T, = ZRi = ngr,i(ws,i - wr)v (26)

where V; is the soil water potential in layer i, and v, assumed
uniform throughout the root system. The conductance g, ; (s~!) for
water movement from bulk soil to root xylem is computed from
the local soil hydraulic conductivity K; ;, fine root area density A,
characteristic fine root radius and root membrane conductivity as
in Volpe et al. (2013). The ¥ can be directly solved from Eq. (26)
provided the T, is known. When T, ~ 0 as in predawn, ¥/ gives ‘effec-
tive’ s sensed by the root system, which is here used to compute
¥pq to model temporal variation of biochemical parameters (Eqs.
(21)-(22)) and g7 (Eq. (24)). For the soil model, Eq. (26) provides
root water uptake profile that dynamically adjust to changes in ¥
and K; within the limits set by A(z). When T, ~ 0 it also gives a sim-
plified representation of hydraulic redistribution that was shown
(Volpe et al., 2013) to be commensurate in magnitude with more
detailed 2 or 3-D root models (Siqueira et al., 2008; Manoli et al.,
2014).

2.3. Bottom layer processes

2.3.1. Bryophyte energy and H,0 exchange

Contrary to vascular plant species whose stomata effectively
regulate the leaf-air exchange, the energy, H,0 and CO, exchange
rate of mosses and lichens with the atmosphere subjected to given
environmental conditions are passively controlled by their canopy
structure and hydration status (Kellomdki and Hari, 1976; Oechel
and Cleve, 1986; Williams and Flanagan, 1996, 1998; Lange et al.,
2001; Riceetal.,2001; Rice and Schneider, 2004). In APES, the living
parts of bryophytes are described as a BottomLayer object uniformly
distributed along the forest floor. The dead moss parts are lumped
within the soil profile.

The rate of change of bryophyte layer heat content (Wm~2) is

0CTm
ot

where Ty, is the bryophyte layer temperature, and the heat capac-
ity Gy is computed as a sum of heat capacities of water and dry
organic matter. Heat advection is Iy = pwcwl;Tp, where py, and Tp
are density and temperature of intercepted precipitation Ir. Heat
conduction between the living bryophytes and the topmost soil
layer is

=Ry — Hm — LEm — Gm + I, (27)

Tm - Ts,l

Gm =)\hm, (28)

where Az, is the height of the bryophyte layer, Azg; and Tg;
are depth and temperature of the topmost soil node, and the
thermal conductivity A, (Wm~1K~1) is calculated as the geomet-
ric mean (Ogée and Brunet, 2002). The A, of organic matter is
a function of volumetric water content # (m>m~3) and given as
An(0)=0.03+0.560 (O’'Donnell et al., 2009).

The sensible and latent heat fluxes are calculated as
Hm =pgphm (Tm — Ta) and LEm = Lg; ,, (€s(Tm) — €a)/Pa, where gpp 1
is bryophyte canopy boundary layer conductance for heat and g;; ,,
the effective conductance for H,O including both boundary layer

conductance gy, ,, and transfer within the moss tissue. The gy, , is
based on a wind tunnel study by Rice et al. (2001)

Oa 1 0—3.18Rel.61 DUSCEBB

I

Ebv,m = ) (29)

where D, (m?s~1) is molecular diffusivity of water vapor in air;
pa molar density of air (molm~3) and Re and Sc, (-) Reynolds and
Schmidt numbers for H,O. The [, (m) describes the characteris-
tic height of moss surface roughness elements, typically order of
3-12mm (Rice et al., 2001). The gpp m = 0.89 gy, due to different
molecular diffusivity of heat and H,0. When the moss is wet and
evaporation originates from the moss surfaces, g; , = gy, m- When
drying progresses, the evaporation rate is reduced by the addi-
tional resistance related to water transfer in the moss tissues. In
these conditions g; ,;; = gpy,m x Min(0.1285wy, — 0.1285, 1) based
on Sphagnum sp. and Pleurozium schreberi gas-exchange data of
Williams and Flanagan (1996) (Suppl. 7).

To describe the dynamics of moss water content wy, (gg~!
(dry mass)), constrained between maximum Wy, max and minimum
Wp, min Water storage capacities, a water budget is added to supple-
ment Eq. (27). The water pool is drained by evaporation and filled
by interception and condensation, similar to the canopy layers, and
by capillary rise from the soil computed as

wm - 1//5,1

Ic = Kpg————2—,
€T Az + Azg

(30)

where 1, (m) is the moss water potential and the hydraulic
conductivity Kms(9) (ms~1) taken as the geometric mean of con-
ductivities of the living moss and topmost soil layer.

2.3.2. Moss CO; exchange

The net CO, exchange A,m (wmolm=2s-1) of bryophytes is
also controlled by tissue water content. At w, above an opti-
mum range A, ,m can be CO, limited due to slow diffusion through
the water films adjacent to moss surfaces while the rates of
metabolic processes decrease in excessively dry conditions (Silvola,
1991; Williams and Flanagan, 1996; Lange et al., 2001). A sim-
ple multiplicative model for Ay, (wmol m—2 s—1) incorporating the
hydration limitation is

Anmi = LAl | Amx Qi | £y 06 (T~ ronfs (W) (31)
n,m,i = m,i b+Qp,i 1 «J204m 3\Wm),

where the term in brackets provides photosynthesis in optimum
hydration and temperature, the Ay is light saturated photosyn-
thetic rate and b (mol m~2 s~1) the PAR intensity (Qp;) when Ay
equals half of the saturated rate. For computing Apm, the moss
canopy is divided into layers i with LAl;,; <0.5 m? m~2, and atten-
uation of Q, is assumed exponential with an extinction coefficient
K4 =0.8 (resembling that of diffuse radiation). The moss respiration
rate rm = Rm,ngng;m)/lo.

Function f; describes the dependency of assimilation rate rela-
tive to the hydration status w, = Wi /W, max (=) based on Williams
and Flanagan (1996). The photosynthetic temperature response
f> and moisture dependency of r, (f3) are adopted from Frolking
et al. (1996) (Fig. S6). The seasonal cycle of photosynthetic param-
eters are neglected and all changes are taken instantaneous and
reversible. These assumptions can be relaxed when appropriate
data are available.
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2.4. Soil processes

2.4.1. Soil water and heat flow

The SoilProfile-object describes water and heat balance in a
variably saturated soil column. The soil moisture dynamics are
computed by a 1-D Richard’s equation (van Dam and Feddes, 2000)
00(ys) 0 14

s
T :8725 KL(WS)TZS“‘(KL-i-KL,m) —R(z) — D(z), (32)

where z;<0 (m) is depth below the soil surface, K; (m s~1) is the
liquid hydraulic conductivity of soil matrix and R and D (s~1) are
sink/source terms due to root uptake (Eq. (26)) and lateral subsur-
face flow, respectively.

The 6 is linked to s via the soil water retention curve (van
Genuchten, 1980; Schaap and van Genuchten, 2006)

esat _91‘65
(1 + la + Psm)™

where the saturated 84 and residual 0y.s water contents (m3 m—3)
and empirical shape parameters o (m), n(-)and m=1-1/n depend
on soil type.

The hydraulic conductivity is given as (Schaap and van
Genuchten, 2006)

O(Vs) = Ores + (33)

m 2
Ki(0) = KpsaSe 21— (1=S/™) T, (34)

where Kj g (ms~!) is the saturated hydraulic conductivity and
Se =(0 — Ores)|(Osar — Bres) the effective saturation (-). When a soil
layer wetness is above field capacity, i.e. /s <—1m, an adjustment
for gravity-driven preferential flow is added through a macro-pore
conductivity K; ,, that in full saturation is assumed to be an order
of magnitude larger than K s4;, but then decreases linearly with s
and reaches zero at field capacity.

The upper boundary condition of Eq. (32) is given as a balance
between infiltration, soil evaporation Es and capillary rise to living
mosses. The Es is controlled either by the ability of the soil matrix
to conduct water to the surface (van Dam and Feddes, 2000), or by
maximum achievable evaporation rate through the bryophyte layer
(Suppl. 8). The numerical implementation of Eq. (32), as well as the
formulation of boundary conditions, is based on a finite-difference
scheme of van Dam and Feddes (2000).

The soil heat balance is calculated by the conservation of heat
combined with Fourier’s heat conduction (Hansson et al., 2004)

oCpTs 0 oT; aq; Ts

T :E |:)¥h(9)82:| +Cw 9% (35)

where G, is the volumetric heat capacity (MJm~—3 K-1) of liquid
water and Cp that of soil (Suppl. 9), A,(z) is the heat conductivity
in soil (Wm~1K-1) and q(z) is the liquid water flow (ms~1) that
is included only at the first (soil top) calculation node (infiltration
and soil evaporation). The A, for the mineral soil layers is based
on de Vries (1963) (Suppl. 9), and for the organic layers near the
soil surface it is based on O’Donnell et al. (2009). The upper and
lower boundary conditions for the soil system are flux-based and
the former is given by the heat conduction between the soil surface
and the moss layer (G;;), and Eq. (35) is solved by a finite-difference
scheme.

2.4.2. Soil respiration
The soil respiration Res (wmolm—2s-1) is adopted from
Pumpanen et al. (2003)

Re,s =f(9)R10’5Q%fS_]0)/10, (36)

where Rigs and Qqo5 are the base rate and the temperature sensi-
tivity, respectively and T is the average Ts in top 0.2 m of the soil.

The impact of soil moisture is included through f(@) (Skopp et al.,
1990)

f(6) = min [a®?, b(Osqr — 6%, 1], (37)

where the first and second terms account for drought limita-
tions and anoxia effects formed in extensively wet conditions,
respectively. The empirical parameters a=3.83, b=4.43, d=1.25
and g=0.854 represent fine silty soil (Skopp et al., 1990).

3. Materials and methods
3.1. Measurement site

The APES was parametrized for a boreal coniferous forest using
published parameter values, shoot gas exchange data and vege-
tation and soil characteristics measured at the Hyytidlda SMEAR Il
research station in Southern Finland (61°51’ N, 24°17’ E, 181 m
above sea level) (Hari and Kulmala, 2005). The site is located on
an even-aged coniferous stand sown in 1962 on a shallow mineral
soil. The overstory consists of Scots pine (Pinus sylvestris) mixed
with some Norway spruces (Picea abies) and deciduous species.
In 2005, the overstory canopy height h was ~15m, hemisur-
face (half of the total) LAI~3 m? m~2, tree density 1400 ha~! and
mean diameter at breast height ~0.16 m. The understory vegeta-
tion consists of seedlings of Norway spruce, Silver birch and other
deciduous species (mean height ~ 4m, LAl ~ 0.5m? m~2). The for-
est floor is covered by a shallow dwarf shrub layer (mean height
~0.3 m, LAl ~0.7 m? m~2) and a dense moss layer underneath (LAl
~1.0m2 m~2) (Kolari et al., 2006; Kulmala et al., 2008). Complete
description of the site and its measurements can be found else-
where (Hari and Kulmala, 2005), and only details necessary for the
model application are repeated.

The APES predictions are compared against measurements col-
lected for two contrasting growing seasons (defined here as 1st May
to 30th September). The growing season of 2005 was rather humid
throughout, while 2006 was characterized by an intensive drought
in late July and early August (Fig. S1) that lead to strong reduc-
tions in shoot- and stand level gas-exchange (Duursma et al., 2008;
Launiainen, 2010), but not significant changes in LAI. The compre-
hensive long-term flux measurements at the SMEAR Il site, and data
froma field campaignin 2005 that considered forest floor fluxes and
canopy turbulence (Launiainen et al., 2007; Kulmala et al., 2008),
allow evaluating the APES model performance against indepen-
dent datasets that represent spatial scales larger than those used
in the model parametrization. Turbulent fluxes of sensible heat
(H), latent heat (LE) and net ecosystem exchange (F.) measured
by eddy-covariance (EC) technique both above the canopy (at 23 m
height above ground) and in the trunk-space (at 3.5 m) (Launiainen
etal., 2005,2007,2013), chamber-based latent heat and CO, fluxes
from the field layer (Kulmala et al., 2008) and ground heat flux
G (Launiainen, 2010) are used to evaluate the modeled mass and
energy fluxes.

The predictions of # and T are compared against spatially aver-
aged measurements from 5 soil pits (Ilvesniemi et al., 2010) and
total water storage computed from measured 6. In this calculation,
the irregular shape of catchment bedrock (and soil depth) were
accounted for by weighting measured 6 (adjusted by stone content)
by the fraction of total soil volume in each horizon (Ilvesniemi et al.,
2010). The predictions of the turbulence sub-model are compared
against measured mean wind speed, CO,, H,0 and air temperature
profiles, and within-canopy radiation against observed PAR and R,
at 1 m above the forest floor (Launiainen et al., 2007, 2011).
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Table 1

PlantType parameters. For undergrowth trees and understory shrubs only values differing from those of Scots pine are given. Typical range found in literature is given in

parenthesis.
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Parameters

Value (range)

Explanation

Source

Scots pine overstory

LAlngx (m? m~2) 3.0

LAlpin (m? m-2) 0.8 x LAlmax
WAI (m? m—2) 0.15 x LAl yax
RAI (m? m~2) 5.0
Vemax2sww (H«mOI m—? 571) 38 (35-50)

Jmax2sww (pmolm—2s-1)

Td25,ww (“’mOI m-2s-1 )
kn (=)

2.1 x Vemaxzsww (1.8-2.4)

0.023 x Vemax2s.ww (0.02-0.05)
0.5

y (molmol~') 0.2 (0.3-0.4)
0(-) 0.7 (0.5-0.8)

ac (-) 1.6

Vo (MPa) —2.04; —-1.56; —2.53
Bo (MPa) 2.78; 3.94; 6.07
&1.ww (kPa®?) 22

B1(-) 0.7

go (molm=2s-1) 103

I(m) 2x1072
a,b(-) 04;2.7

ap (=) 0.12

an (=) 0.55

€(-) 0.98

Wmax (MmLAI-T) 0.15 (0.1-0.3)
Rw,10 (pmolm—2s-1) 0.3

Qw,10 (wmolm=2s-1)

Undergrowth trees

1.9 pmolm—2s!

LAlpgx (M2 m~2) 0.5m? m2
RAI (m? m~2) 1.6
Vemaxasww (pumol m—2 571) 35(30-50)
kn (=) 0.0
Understory shrubs

LAl gy (Mm? m—2) 0.7

Al (m? m~2) 0.5 x LAlma
RAI (m? m~2) 2.0
Vemaxasww (pumol m-2s-1 ) 20(15-30)

Tas (wmolm=2s71)
kn (=)

0.03 x Vemaxes (0.02-0.08)
0.0

Z1ww (kPa%?) 5
I(m) 1x1072
a,b(-) 4;1

Maximum 1-sided leaf-area index

Minimum over-wintering LAI
Woody area index
Fine root area index

Maximum carboxylation velocity

at 25°C in well-watered conditions

Maximum electron transport rate
at25°C

Leaf dark respiration rate at °C
Canopy nitrogen attenuation
coefficient

Parameter related to quantum
efficiency

Curvature parameter of
Farquhar-model

Relative diffusivity of H,O to CO,
Scaling coefficients for Vipaxos,
]maxZS and Ta25 1/fpd—response

As above

Stomatal model slope
well-watered conditions
Parameter for g;(¥pq)-response
Residual conductance
Characteristic leaf length scale

Weibull-distribution parameters
for A(z)

Shoot PAR albedo

Shoot NIR albedo

Needle emissivity

Leaf water storage capacity

Wood respiration rate at 10°C
Wood respiration temperature
sensitivity

Biomass inventory

Finér (1996)

Approximated

Measured, [lvesniemi and Liu
(2001)

Wang et al. (1996)

Medlyn et al. (1999)

Niinemets (2002)
Kellomdki and Wang (1997)

Kellomdki and Wang (1996),
adjusted to account shoot
geometry

Wang et al. (1996)

Kellomdki and Wang (1996)

Kellomdki and Wang (1996)
Shoot chambers

Shoot chambers

Shoot chambers

Compromise of needle length and
width

Fitted by matching measured and
modeled A(z)

Adjusted to match canopy albedo
Adjusted to match canopy albedo
Campbell and Norman (1998)
Calibrated against throughfall
measurements

Kolari et al. (2009)

Kolari et al. (2009)

Biomass inventory

Not accounted

Biomass inventory

Inferred from Gerdol et al. (2000)
Inferred from Gerdol et al. (2000)
Not accounted

Inferred from Gerdol et al. (2000)
Leaf width

Approximated

3.2. Model parametrization

3.2.1. PlantTypes

To provide a simplified representation of the canopy composi-
tion, three PlantTypes were used - a pine overstory, spruce/birch
undergrowth and Vaccinium-type shrubs (Table 1 and Fig. 1). To
insure continuous and smooth leaf-area density A profiles, a two-
parameter Weibull distribution function was employed (Teske and
Thistle, 2004)

_c(1—zp\“Texp[—((1 —2z)/b)]
Men =5 (™) 1 expl(1/bY] " G8)

where z, =z/h is normalized height, h (m) is mean canopy height
and b and c are shape and scale parameters, respectively. For all
species, the shape of woody area density (A ) was assumed iden-
tical to A; and set to 0.15 LAL The root area densities as function of

soil depth zs are described as A(z;)=— b% In(b)RAI, where param-
eter b=0.95 is inferred from biomass measurements reported in
[lvesniemiand Liu (2001). In this study, they estimate total fine-root
(diameter < 2mm) RAI ~8.8 m2 m~2, which was here partitioned
between plant types as is their LAl and roots are assumed to exist
in the whole mineral soil profile. Note that A, acts here only as
a scaling variable for computing root water uptake distribution
and ¥, and thus uncertainties in RAI are not crucial for the model
behaviour.

For Scots pine overstory and undergrowth trees, the values of
photosynthetic parameters in well-watered conditions, and their
vertical gradient in the canopy were obtained from literature
(Wang et al.,, 1996; Kellomdki and Wang, 1996) and re-scaled
to represent values per hemisurface leaf area assuming the ratio
between total and projected needle area is 2.8 (Niinemets and Kull,
1995). The biochemical limitations on Vepmax25, Jmax2s and rgps5 due
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Table 2
BottomLayer parameters.
Parameters Value (range) Explanation Source
M (gm~2) 60 Moss dry biomass Measured, Kulmala et al. (2008)
LAI, 1.0m? m—2 Moss leaf-area index Estimated from biomass and SLA
Zm (M) 0.05 Height of living mosses Measured
Iy (M) 0.01 Characteristic roughness height of moss canopy Estimate
Win.max (8871) 10 Maximum water content (fresh/dry mass) Williams and Flanagan (1996), Rice (2012)
Win.min (88~") 1.5 Minimum water content (fresh/dry mass) Williams and Flanagan (1996), Frolking et al. (1996)
Ammax (wmolm=2s-1) 1.8 Maximum photosynthetic rate per unit leaf area Kulmala et al. (2011), Williams and Flanagan (1998)
b(pmolm=2s71) 50 Light half-saturation level Kulmala et al. (2011)
Rm,10 (wmolm=—2s-1) 0.2 Moss respiration rate at 10°C Williams and Flanagan (1998)
Qm,10 (wmolm—2s-1) 2.0 Moss respiration temperature sensitivity Williams and Flanagan (1998)
Apm (=) 0.05 Moss PAR albedo Gaalen et al. (2007)
o (=) 0.45 Moss NIR albedo Gaalen et al. (2007)
€(-) 0.98 Moss emissivity Campbell and Norman (1998)

decreasing water potential (Eqs. (21)-(22)) were adopted from
shoot-scale measurements of Kellomdki and Wang (1996) in ambi-
ent CO, and temperature.

The stomatal model (Eq. (23)) slope g1 ww in well-watered con-
ditions and its sensitivity to water potential (Eq. (24)) were inferred
from shoot gas exchange data measured at the site during the 2006.
To obtain gy and g1 ww, the g was computed from shoot chamber
measurements and Eq. (23) was fitted to data over days 160-200, a
period when full spring recovery had occurred but no signs of water
stress were visible. Only data measured in dry-canopy daytime con-
ditions (Qp > 100 pmol m~2 s~2 and RH< 85 %) were used. Second,
the go was set equal to the obtained value, treated as a constant, and
the least squares fitting was repeated in three-day windows, with
two day overlap, to resolve the temporal variability of g. Finally,
the g1 ww and B; were determined by non-linear least squares fit
of Eq. (23) using derived g, as dependent and the measured soil
water potential {5 in A-horizon (5-11 cm depth) as the indepen-
dent variable. Only g values from regressions whose coefficient of
determination R2 > 0.4 were used to ensure statistical significance.
In the absence of data, drought responses and temperature sensi-
tivity of Vemax, Jmax and rg of all PlantTypes were assigned to those
of Scots pine (Wang et al., 1996; Kellomdki and Wang, 1996).

The Vemax2s ww of Vaccinium shrubs was approximated indirectly
by fitting the combined photosynthesis — g;-model to gas-exchange
measurements of V. mytillus and V. vitis-idaea (Lundell et al.,
2008; Gerdol et al., 2000) assuming leaf c;/c;~0.8 and neglecting
the effects of T. The g, was then selected so that in light-
saturated conditions, modeled water use efficiency (WUE) matches
those reported by Gerdol et al. (2000). Other kinetic parame-
ters of the Farquhar-model and their temperature sensitivity are
taken as ‘generic’ (Medlyn et al., 2002). Woody biomass respiration
was parametrized against trunk-chamber data from the SMEAR II
(Kolari et al., 2009).

3.2.2. BottomLayer

Structural properties of the moss layer at the forest floor
(Table 2) are based on average values within the sub-canopy EC
footprint area (Kulmala et al., 2008). The photosynthetic parame-
ters Ammax and b are from field measurements of feather mosses
Pleurozium scheberi and Dicranum polysetum (Kulmala et al., 2011)
and moss dry biomass converted to LAl using specific leaf area
of feather mosses ~160-200cm? g~! (Bond-Lamberty and Gower,
2007). In the absence of direct measurements from living mosses,
their water retention curve and saturated hydraulic conductivity
(Table 3) are approximated by those of fresh undecomposed boreal
mor (Laurén and Heiskanen, 1997).

3.2.3. Stand microclimate
The stand leaf area index and its vertical distribution A;.(z)
is computed as the sum of all PlantTypes, and is used to model

vertical profiles of short- and long-wave radiation, turbulent trans-
port as well as rainfall interception and canopy water budget
(Fig. 1). The leaf angle distribution is assumed spherical and
the combined leaf/shoot clumping factor €2~0.7 is based on
Smolander and Stenberg (1996). The water storage capacity per
unit plant area, Wmax, is set to 0.15mm LAI-! by calibrating
the modeled cumulative throughfall against the mean of seven
throughfall gauges located ~1 m above the forest floor (Ilvesniemi
et al., 2010). The above-ground computational domain extends
from the ground to 23 m height and is divided into 200 equally
spaced layers. For computation of BottomLayer processes, microcli-
matic variables were taken from the first layer above the ground
(~0.2m).

3.2.4. Soil properties

At SMEAR 11, the surface shape of the bedrock at the hilltop
forms two depressions with known borders. Based on total soil
volumes and surface areas of the ‘micro-catchments’, the average
soil depth is only ~0.6 m, and consists of a shallow organic hori-
zon and a podsol profile formed on glacial till (Ilvesniemi et al.,
2010). Hydraulic properties (Table 3) were determined by fitting
Eq. (33) to water retention curves collected at the site (Haataja and
Vesala, 1997). Following Bouwer and Rice (1984), the Osq; and Ores
were adjusted by the volumetric fraction of stones (Ilvesniemi et al.,
2010). Laboratory and field measured water retention curves dif-
fered markedly in the A-horizon, and therefore the water retention
curve from B-horizon was used for whole 5-35 cm layer. For the
organic layer consisting of poorly decomposed moss and litter on
top of a humus layer, data from Laurén and Heiskanen (1997) were
used.

The bedrock was assumed impermeable and lateral subsurface
flow occurs only in the saturated part of the profile determined
from D(z) =K}/ Azs0z|0x, where Azs (m) is the thickness of sat-
urated layer(s) and hydraulic gradient dz/0x ~ 0.04 coincides with
the average slope of the site. Other physical properties for esti-
mating soil thermal characteristics (Suppl. 8) are derived from
Haataja and Vesala (1997) and Melkerud et al. (2000). The soil
domain was divided in 2cm (1cm near the surface) horizontal
layers, and initial values of 6 and Ty were set to their mea-
sured values. The heat conduction through the lower boundary
(i=N) is computed as Gy=A, 0Ts/0zs|y, where the gradient is
obtained by solving Eq. (35) separately for the bedrock layer at
each At using Ts v from previous At as the upper boundary condi-
tion. The bedrock was assumed homogeneous, A, =3.0 Wm~1 K~!
equaling that of granite and T at 10m depth equal to annual
mean temperature (+4.5°C). The initial T profile in the bedrock
was calculated by forcing the heat equation with the measured
C-horizon temperature for two years prior to commencement
of the model runs so as to eliminate the effects of the initial
conditions.
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Table 3
Hydrologic properties of moss and soil layers. Moss and humus (H) layer parameters are based on Laurén and Heiskanen (1997) and A-C horizons on measurements from
the site.
Horizon Depth (cm) 05 (m?>m~3) Oy (m*>m~3) a(m) n(-) Kisar (cmh™1) Fract. of stones (-)
Living moss +5-0 0.97 0.01 1.72 1.25 0.6 -
Dead moss 0-3 0.90 0.01 0.95 1.30 2.0 -
H 3-5 0.80 0.01 0.70 1.25 1.5 -
A 5-11 0.50 0.08 0.06 1.35 0.75 0.26
B 11-35 0.50 0.08 0.06 1.35 1.1 0.34
C 35- 0.41 0.03 0.05 1.21 1.5 0.44

4. Results and discussion

To address the study objectives, the performance of APES is
first evaluated against measured energy, H,O and CO, fluxes and
environmental data in the moist 2005 growing season. This period
was selected because soil water availability did not restrict gas
exchange. Then, soil controls on the leaf and stand gas exchange
and BottomLayer processes are discussed in the context of experi-
ments in 2006. The meteorological conditions in 2005 and 2006 are
shown in the Supplementary material (Fig. S1).

4.1. Radiation and scalar profiles in the canopy

Realistic description of the radiation regime is prerequisite for
modeling leaf gas and energy exchange. Fig. 2 shows that when
clear sky conditions prevail during nighttime, the model does not
fully capture the negative radiation balance (~100 W m~2, Fig. 2a)
above the canopy, and marginally overestimates R, also at the for-
est floor. However, the predictions agree well in cloudy conditions,
which suggests that atmospheric emissivity and downwelling long-
wave radiation LW, are overestimated in clear-sky conditions.
Note that in the absence of direct measurements of LWy, eatm
was estimated from near-surface T, vapor pressure and cloud-
cover fraction retrospectively - and all determined from surface
observations (Suppl. 2).

To reproduce the measured canopy albedos and R, (Fig. 2),
it was found necessary to reduce « (Table 1) from its measured
leaf/needle single-scattering albedo (~0.15 and ~0.7 for PAR and
NIR, respectively). The magnitude of the adjustment here is sim-
ilar to Ni-Meister et al. (2010). In this aforementioned study, a
single coniferous shoot was proposed as the basic scattering ele-
ment (see Section2.1.1) instead of a single needle. Further, the
sensitivity analysis indicated that such an increase in absorbed
shortwave radiation leads to larger sensible heat flux from the over-
story canopy, while stand latent heat flux and CO, exchange are
only marginally affected (not shown). After this adjustment, the
radiation sub-model captures the diurnal and seasonal variability of
mean R, and PAR above the forest floor, although spatial variability
is significant especially on cloudless days (Fig. 2).

The comparison of modeled and measured ensemble averaged
profiles of wind speed, air temperature and CO, and H,0 mixing
rations in daytime and nighttime (Fig. S3) indicate that APES with
the 15t-order turbulence closure scheme can resolve most of the
vertical variability of within-canopy scalar gradients despite the
well-known limitations of such gradient-diffusion closure.

4.2. CO,, H,0 and heat fluxes

Figs. 3 and 4 show a comparison between modeled and EC-
measured 1/2h CO, and latent heat fluxes in 2005. At the stand
scale, both diurnal and seasonal cycles of F.4 are well reproduced
(Fig. 3). In an ensemble sense, the variability of F., is well cap-
tured and the scatter remains small, especially when considering
the dynamic footprint and random variability of measured turbu-
lent fluxes (Aubinet et al., 2012). The temporal biases result mostly

from errors in the respiration components. This finding is partic-
ularly true for the Rg since the current model version does not
consider linkages between plant carbon uptake and root respira-
tion, or temporal variability of microbial activity (beyond Ts and 6),
i.e.changesin R; 19 over the growing season (Kolari et al., 2009). The
seasonal and diurnal variability of LE,, i.e. stand evapotranspiration,
isalso well predicted (Fig. 4).In 2006, the linear regression between
modeled (y) and measured (x) fluxes was y = 0.98x — 0.89 (R =0.73)
for F.q and y=0.83x+15 (R2=0.72) for LE,; the marginally poorer
correspondence is mainly due to errors during the drought-stress
discussed later. In transitional periods such as those in the morn-
ing and in the evening, the measured fluxes are small and the
model overestimates LE; by ~10Wm~2) compared to measure-
ments. It is to be noted that those conditions deviate appreciably
from the assumed stationarity in the model development. Together
with somewhat higher predicted than observed evaporation rates
from the wet canopy state, the two results lead to a small posi-
tive bias reflected by the regression slope <1 used to evaluate the
model performance (Fig. 4). The model yields an overestimation
of cumulative LE; from 10% (in 2006) to 15% (in 2005). Account-
ing for the spring recovery of photosynthetic capacity and seasonal
development of LAI (Suppl. 6) was necessary for capturing the early
growing season fluxes. When these dynamic factors were omitted
and photosynthetic parameters assigned to their maximum sum-
mertime values throughout the growing season, over-estimation of
the fluxes occurred in early to mid-May. This finding is also consis-
tent with another study on a pine forest that showed how ignoring
the dynamic variations of Vpmax along with LAl can lead to significant
biases in above-canopy fluxes (Juang et al., 2008).

The sub-canopy EC measurements represent net exchange
between the atmosphere and soil, understory, and undergrowth
trees all lumped together. As expected, the scatter between
modeled and measured LE; is larger than above the canopy but
the temporal variability and magnitude are reasonably captured
(Fig. 4). Sensitivity analysis indicated that to reproduce measured
LE;, the WUE of understory shrubs/grasses should be lower than
that of the Scots pine assuming that the micro-climate close the for-
est floor (Fig. 2 and Fig. S.3) and total LAI of the understory shrubs
are correctly estimated. This is supported by gas-exchange data of
Vaccinium myritllus and Vaccinium vitis-idaea (Gerdol et al., 2000)
showing that g1 ww~5-6 (more than twice that of Scots pine) is rep-
resentative. It may be conjectured that the much shorter hydraulic
pathway of understory shrubs leads to water costs (in carbon units)
that are smaller than those associated with the main Scots pine
canopy, where the hydraulic pathway can be quite extensive.

The accuracy of EC-measured F.s at the SMEAR II is com-
promised during nighttime periods due to low turbulence levels
typically prevailing in the trunk-space. Consequently, the diurnal
variability of F.s cannot be reliably determined by the sub-canopy
EC data (Launiainen et al., 2005; Kulmala et al., 2008). Fig. 3 and 4
also show forest floor fluxes measured by a transparent chamber
(surface area ~1 m?2) at three locations. During the first period, the
forest floor vegetation in the chamber was similar on average to
the vegetation within the footprint of the EC systems. The contri-
bution of lingonberry and mosses were significantly higher in the
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latter locations (Kulmala et al., 2008). The chamber measurements
represent the total flux from the soil, moss layer and undestory
shrubs, and their diurnal cycle is well captured by the model. The
chamber fluxes showed higher soil respiration rates than predicted
by the model - or captured by above-canopy EC measurements.
Nevertheless, the APES predictions on sub-canopy CO, and latent
heat exchange seem realistic and agree with independently mea-
sured fluxes, which increases the confidence in the model’s ability
to predict forest floor processes (recall those measurements were
not used in any prior model calibration).

At the stand scale, the variability of modeled sensible heat flux
Hg is higher than measured (Fig. 5). This is expected since the model
conserves the energy while a ~10% energy balance closure gap is
typical during the growing season at the SMEAR Il-site (Launiainen,
2010). The sub-canopy sensible heat flux (Hs) is also well captured
(along with a negligible bias), which suggests that part of LE; bias
when measured fluxes are low may be related to problems in EC
measurements due to large relative humidity common within tran-
sitional periods (Mammarella et al., 2009). Layer-averaged leaf-air
temperature difference AT (Fig. S3) is typically around +2.0°C in
the upper canopy during clear days, and never exceeded +4 °C (not
shown). In the lower canopy, the majority of the foliage is in a
shaded environment and layer-averaged ATremains below +1.0°C.
Due to the simplified assumption that leaves are either exposed to
full sunlight or full shade (and leaf fluttering neglected), the part of
the foliage assumed to be exposed to direct sunlight can become
unrealistically warm (AT~ +8 °C) in the lower canopy where wind
speeds are appreciably low. No direct measurements of canopy
temperature were made but AT is in line with those reported for

coniferous species (Zha et al., 2013; Smith and Carter, 1988; Martin
et al., 1999).

Fig. 5 shows that the model also reasonably captures the mea-
sured ground heat flux G in the A-horizon (~5-11 cm depth), which
suggests that near-surface radiation environment, forest floor
energy balance and thermal conductivity between the bryophyte
layer and soil are realistic. The measured G shows some systematic
difference among the three locations reflecting spatial variability in
canopy closure, forest floor vegetation, micro-topography and soil
structure.

4.3. Coupling above- and below-ground processes

4.3.1. Soil temperature and water balance

As typical for forest soils, the measured soil temperature (Ts)
and volumetric water content exhibit large spatial variation in
each horizon (Fig. 6) making direct evaluation of the model perfor-
mance against point measurements infeasible. However, a number
of observations can still be made: The soil profile rapidly warms
in May and June, and modeled temperature in the A and B -
horizons tend to become 1.0-3.0°C warmer than measured. The
diurnal amplitude and phase are correctly predicted at all depths
suggesting that the heat diffusivity is reasonably modeled. In the
organic layer and near the soil surface, the model captures the
seasonal course and predicts diurnal amplitude and level of T to
within 1.0-1.5°C. Near the surface, soil heat flux and temperature
are tightly coupled to the surface energy balance and thus larger
amplitudes occur during clear days. Since the soil domain is shal-
low (only 0.6 m), T; is sensitive to the assumed lower boundary
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condition formulated here liberally by heat conduction between
the mineral soil profile and the bedrock instead of forcing a bound-
ary soil temperature to a measured value.

The measured water content (0) profile indicates rapid redis-
tribution of water in the soil during and after infiltration events,
which is not completely captured by the model. This model lim-
itation becomes more pronounced in dry soils (as in 2006, not
shown) where the hydraulic conductivity drop with s (Eq. (34))
and restricts rapid movement of water into the soil matrix. Thus, a
dual-porosity approach is needed for a more realistic description of
preferential flow and resulting soil water dynamics in forest soils
(Beven and Germann, 1982). However, the total soil water storage
isreasonably predicted and remains within 20 mm (or <15%) of the
measured value throughout the wet growing season of 2005 while
the correspondence is even better in the dry 2006 (Fig. 7). Note that
such a 20 mm uncertainty in water storage within a 0.6 m deep soil
profile corresponds to <0.04m3 m~3 error in average volumetric
water content.

The 2005 was characterized by several high-intensity rainfall
events and the relative throughfall was higher than typical at the
site (Ilvesniemi et al., 2010). Based on measurements, the over-
story and undergrowth trees intercepted on average ~14-16%
(50-55 mm) of the precipitation but the spatial variability was large
reflecting the spatial inhomogeneity of stand closure. In forest gaps,
the throughfall was similar to P above the main canopy. Below
denser crowns, a maximum of 25% (90 mm) of the accumulated
P (355 mm, 1st May-30th September 2005) was intercepted (not

shown). To match the measured average throughfall, the inter-
ception capacity in APES was set to Wmax = 0.15mm LAI-!, which
is in the lower range of values reported for coniferous species
(Watanabe and Mizutani, 1996; Liu, 1998; Keim et al., 2006). This
may be due to the canopy water budget sub-model that enables
evaporation/condensation during and between rainfall episodes,
while the measured interception capacities are often derived from
measurements of “bulk” throughfall over a single or several rain-
fall events. Also, the mass and energy transport between wet plant
elements and air are solely controlled by boundary layer conduc-
tance (g, , and g ) and thus the ‘optimal’ value of wmax provides a
best fit between measured and modeled interception rate depend-
ing on the selected characteristic leaf/shoot dimension | and mean
velocity profile U(z). Somewhat too strong evaporation rate during
the wet canopy state (Fig. 4) here suggests that [ used here may
be small for predicting evaporation process from the wet surfaces.
This can be due the significance of branches and trunks acting as
rainfall-intercepting media in coniferous species (Keim et al., 2006).

The predicted partitioning of stand water budget in the wet
2005 growing season are as follows: In total 62 mm (18% of P)
is intercepted, and subsequently evaporated from the Scots pine
overstory and undergrowth trees (55 mm) and understory shrubs
(7 mm). In addition, mosses intercepted 14 mm (4% of P) and thus
280 mm (79%) infiltrated into the soil profile. Total stand tran-
spiration was 211 mm, 71% of total stand evapotranspiration (ET,
298 mm). Transpiration was partitioned between the Scots pine
overstory (167 mm or 79%), undergrowth trees (15 mm or 7%) and
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Fig. 4. As Fig. 3 but for latent heat flux LE. In scatterplots light grey dots show wet-canopy conditions.

understory shrubs (19 mm or 14%). Moss evaporation accounted
for 17 mm (6% of ET), of which ~4 mm was capillary rise from the
underlying organic layer, and direct evaporation from the soil was
9mm (3 %). During the wet growing season ca. 61 mm outflow
occurred from the soil profile as subsurface runoff. The timing of
runoff events matched the measured within 2 days (not shown) but
comparison of total runoff was not possible due gaps in the data.
In the dry 2006 growing season, P was markedly lower (208 mm)
but stand ET (308 mm) and its partitioning were nearly similar to
2005 leading to stronger depletion of the soil water storage and
concurrent decrease in soil water potential (Fig. 7).

4.3.2. Gas exchange during drought

Depletion of soil water resources in mid-July and August 2006
(Fig. 7) had significant feedback to Scots pine eco-physiology. Fig. 8
shows expected decreases of the stomatal model slope g; during
drought stress. The coherent response to reduced soil water poten-
tial ¢ suggest that despite the scatter, an exponential decrease
in gy with ¥ (Eq. (24)) proposed by a revised optimality theory
(Manzoni et al., 2010, 2013) appears reasonable.

To explore how well the stand-scale CO, and H,0 exchange can
be predicted during drought, three simulation runs are summa-
rized in (Fig. 9). The first is a full APES simulation, which includes
both biochemical (Egs. (21)-(22)) and stomatal (Eq. (24)) limita-
tions and computes ¥,4 from modeled root water potential ¥/,
(Eq. (26)). To avoid errors in 1,4 due to uncertainties related to
biased root density profile, soil water retention characteristics and
hydraulic conductivity - or accumulated errors in soil water bal-
ance, the second run uses measured soil water potential {5 in the
A-horizon instead of v to estimate 4. The third run provides a

baseline when no feedbacks between leaf gas exchange and soil
water availability are considered.

Fig. 9 shows that APES captures the general trend of decreasing
stand CO, and latent heat fluxes (and subsequent increase of sen-
sible heat flux, not shown) during the progressive drought as
well as the recovery after ~10 mm precipitation event on day
229. However, during intense drought stress the diurnal cycles
are not perfectly predicted, likely due to assuming ; hydrostat-
ically related to v, and neglecting its diurnal variation. These
simplifying assumptions can be relaxed by including a dynamic
model of soil-xylem-leaf water transport (Holttd et al., 2009;
Chuang et al., 2006) and near-instantaneous linkage between v,
and leaf gas-exchange parameters. The results here propose that
during moderate drought stress, stomatal limitations are stronger
and more significant than adjustments in photosynthetic capac-
ity. The latter becomes important only in more severe drought;
the stomatal limitations alone were not sufficient to describe pho-
tosynthesis during days 223-229 when s dropped below —1.1
MPa and measured F.q, was less than half of its pre-drought
level.

In dry soils, small uncertainties in water content can lead to
order of magnitude error in water potential and hydraulic con-
ductivity due the nonlinearities of the soil water retention curve
(Eq. (33)) making the root water uptake distribution and predicted
Yy sensitive to uncertainties in soil hydraulic characteristics (not
shown). These uncertainties in ¥/s can become potentially severe
when modeling stand latent heat exchange and energy partition-
ing (due to direct dependency on stomatal conductance) while F¢4
appears less sensitive and is only affected in the driest conditions
(due to the adjustment in ;).
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4.3.3. Moss moisture dynamics and fluxes

Finally, the hydraulic connection between the bryophyte layer
and the soil water and its implications to CO, and energy exchanges
are discussed. Assuming the living part of mosses can hold up to
~10 g H,0 g1 (dry mass), the total storage capacity of Bottom-
Layer at the SMEAR Il site is on the order of Mywm, max =~ 0.6 kg m~—2
(or mm). Thus in 2005, throughfall below the understory often
lead to full saturation of moss tissues (Fig. 10). After precipi-
tation, the water storage w, decreases rapidly by evaporation,
which is initially controlled by the ambient micro-climate and
bryophyte structure. As drying progresses, the moss evaporation
rate decreases due to the additional resistance for transporting
water from tissues to the moss surface (Suppl. 7). With indepen-
dently derived BottomLayer parameters, the predicted level and
dynamics of measured moss water content is reasonably captured.
The measured water contents are based on weighting several moss
populations at few day intervals over the summer and autumn
2005.

Depending on the water potential gradient between the living
mosses and the organic layer beneath, capillary rise is initiated
in the drying mosses (Eq. (30)). The model suggests that when
the organic layer is sufficiently moist, daily evaporation from the
moss canopy can be compensated for by capillary rise. In con-
ditions when the evaporative demand is high and precipitation
infrequent, the hydraulic connection between the living moss
and the organic soil layer is suppressed due rapidly decreasing
hydraulic conductivity in the drying organic layer. During these
periods, evaporation, photosynthesis and respiration are reduced

due the low w, (Fig. 11). In very dry conditions, such as during the
2006 drought, soil evaporation (from beneath the mosses) switches
from micro-climate controlled to soil-controlled and is significantly
reduced (not shown). The literature on the role of capillary interac-
tion on moss water budget is inconclusive (Carleton and Dunham,
1996; Rice, 2012; McCarter and Price, 2014). The model analy-
sis here suggests that if the underlying soil is sufficiently moist,
the capillary interaction can be an important mechanism allow-
ing CO, assimilation between rainfall episodes. Sensitivity analysis
also showed that when the moss saturated hydraulic conductivity
was increased by an order of magnitude, predicted w, remained
constantly above 0.5 during the wet 2005 growing season sug-
gesting that that approximation for moss hydraulic conductivity
is reasonable although the exact value is uncertain.

The model results on the bryophyte energy balance (Fig. 11)
propose that evaporation and heat conduction are the main modes
of energy transfer (along LW) while sensible heat flux Hy, remains
small due to the low wind speed near the forest floor. This was the
case even when adjustment to moss boundary layer conductance
due free convection following Daamen and Simmonds (1996) was
included. Sensitivity analysis indicated that sensible heat becomes
a significant component of the moss energy balance in sparser
stands where lower overstory and understory LAl allow higher radi-
ation levels and more efficient turbulent exchange (canopy more
ventilated) to occur from the moss layer. These physical factors
are the main reason for higher LE;; and H,; rates in May (Fig. 11)
when the total stand LAI was ~3.2 compared to ~4.2m2?m2 in
September. The model predicts that when mosses are dry, their
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temperature in this particular stand can rise to some 8-10°C above
local air temperature whereas nearly saturated mosses remain
within 1-2 °C of T,. Moss temperatures were not measured but the
predictions can be realistic given the level and diurnal amplitude
of Ts in the organic layer (Fig. 6) beneath the mosses and soil heat
flux G are reasonably reproduced (Fig. 5).

When the coupled soil and bryophyte energy and water balance
sub-models are included, the APES can assist in the exploration
of controls on bryophyte productivity and evaporation at differ-
ent stands. Since hydraulic conductivity varies non-linearly with
soil texture and water potential (Eq. (34)), interactions between

200f
150}
100f |1
sof [}

soil and bryophyte water balance are expected to be different
at coarse and fine textured soils (or at sites with deep/shallow
ground water level), which may have consequences on moss gas-
exchange and productivity. Also, the importance of mosses as
components of the carbon, water and energy balance, or their
impact on soil micro-climate can also be addressed with such
models. Further development is needed to incorporate accurate
description of hydraulic characteristics and environmental con-
trols of CO, uptake and respiration of different moss communities /
species, and potentially hysteretic responses to desiccation (Silvola,
1991; Schipperges and Rydin, 1998).
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Fig. 11. Moss layer state variables and fluxes during one-week periods in May (left) and in September (right). Shown are global radiation (Rg), vapor pressure deficit (D, red)
and mean wind speed above the moss canopy (a, e); moss (T, ), air (T;) and topsoil (Ts) temperature and moss relative water content wy, (b, f); energy balance (downward
fluxes negative) (c, g) and moss net CO; exchange (A, m) separated to respiration (r,;) and assimilation (A,;) components (d, h). (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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5. Summary

A 1-D multi-layer, multi-species soil-vegetation-atmosphere
transfer model labeled APES (Atmosphere-Plant Exchange Simu-
lator) was developed and evaluated for a well instrumented boreal
pine forest across a wide range of hydroclimatic conditions. The
APES is based on biophysical principles for upscaling CO,, water,
heat and momentum exchange from canopy element level to a
stand scale. One of the main additions to earlier approaches is
explicit description of the moss layer at the forest floor. When
stand and soil characteristics were derived from measurements,
and the functional descriptions of sub-models parametrized by lit-
erature values and shoot scale measurements, the model predicted
observed fluxes of CO,, H,0 and sensible heat and within-canopy
scalar gradients both for diurnal and seasonal timescales. Also pre-
dictions for soil heat flux, soil temperature and moisture profiles
and moss water storage dynamics were reasonable considering
the heterogeneous forest soil and uncertainties in the boundary
conditions.

The main novelties of the presented model framework are: (1)
the full coupling between the above-ground and the soil domain
through a feedback between soil water and vegetation, (2) the pos-
sibility of considering responses and resulting fluxes of different
vascular plant species or age cohorts in a multi-species canopy
(a feature not fully used in this study), (3) the explicit treatment
of bryophyte layer energy and water balance and bottom layer -
atmosphere exchange, which enables answering questions such
as the role of bryophytes in stand water and carbon balance and
soil environment, and (4) the object-oriented modeling approach
and the stand-alone feature of many of the sub-models, both as
model components and in their parametrization, which makes
future development of APES efficient.
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Appendix A. Nomenclature

Abbrev. Units Explanation

Canopy structure, radiation transfer and interception

z m height above ground

dz m thickness of canopy a layer

h m stand height

A(z) m2m-3 stand leaf-area density profile

Fea, Fes wmolm~2 (ground)s~! stand and sub-canopy net CO,
flux

LE,, LE Wm—2 stand and sub-canopy latent heat
flux

Hg, H Wm~2 (ground) stand and sub-canopy sensible
heat flux

G Wm~2 (ground) ground heat flux

Ss molm—3s~1/Wm~3 scalar sink/source term

Ks m?s! scalar eddy diffusivity

Tq °C air temperature

U ms~! wind speed

cp Jmol-1 K1 heat capacity of air at constant
pressure

DPa kPa ambient pressure

Q pmolm=2s~! photosynthetically active
radiation (PAR)

Qn Wm—2 near-infrared radiation (NIR)

Q Wm~—2 direct radiation

Abbrev. Units Explanation

Qq4 Wm2 downward hemispherical
(diffuse) radiation

Qu Wm2 upward hemispherical (diffuse)
radiation

Qq Wm-~2 absorbed short-wave radiation

R, Wm2 net radiation

R; Wm~2 isothermal net radiation

LWy, LW, Wm—2 downward/upward long-wave
radiation

w Wm~2 net isothermal long-wave
radiation

Tp - probability of non-interception
of direct radiation

T4 - probability of non-interception
of diffuse radiation

Kjp - extinction coefficient of direct
radiation

Ky - extinction coefficient of diffuse
radiation

g molm2s-! radiative conductance

Q - shoot and tree clumping factor

o - shoot PAR or NIR albedo

€ - leaf emissivity

o Wm—2 K4 Stefan-Boltzman constant

&g - sunlit fraction of leaves in a layer

few mmol m~2 (leaf)s—! wet leaf H,0 flux

Sfow Wm~2 (leaf) wet leaf sensible heat flux

P(z) ms~! throughfall rate at height z

w kg water storage at a canopy layer

Wnax kgm—2 water storage capacity per unit
leaf area

df - dry fraction of plant elements in
a canopy layer

PlantTypes

LAI m2 m~2 hemi-surface leaf-area index

WAI m2 m—2 woody-area index

A(2) m2m-3 leaf-area density of PlantType

Aw(z) m?m—3 woody-area density of PlantType

fe pmolm—2s~! leaf net CO, flux

fe mmolm2s-! leaf H,0 flux

fa Wm—2 leaf sensible heat flux

Ca ppm ambient CO, mixing ratio

Ci ppm leaf internal CO, mixing ratio

€q Pa ambient vapor pressure

e; Pa leaf internal vapor pressure

es(T) Pa saturation vapor pressure

L Jmol-! latent heat of vaporization

D, kPa D, =ey(T) — eq, vapor pressure
deficit at surface temperature

Ay pmolm-2s-! Rubisco-limited photosynthetic
rate

Aj pmolm—2s~! RuBP-regeneration (i.e. light)
limited photosynthetic rate

T4 pmolm=2s~! leaf dark respiration rate

Tw pmolm—2s~! woody biomass respiration rate

Vemax pmolm-2s-! maximum carboxylation velocity

Jmax pmolm-2s~! maximum rate of electron
transport

r- ppm CO, compensation point

ap, a Farquhar-model parameters

K. ppm Michaelis constant for CO,

K, ppm inhibition constant for O,

Oq ppm 0O, mixing ratio in air

® - curvature of light response

1% mol mol~! parameter related to quantum
yield

8hi molm—2s-! leaf boundary layer conductance

gs molm—2s-1! stomatal conductance

g, 8k molm—2s~! effective leaf conductances for
Hzo and C02

ac - relative diffusivity of H,0 to CO,
in air (1.6)

S1ww kPa%> stomatal model slope in
well-watered conditions

B1 - sensitivity of g; to soil water
potential

Ypd m predawn leaf water potential

Yy m or MPa root water potential
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Abbrev. Units Explanation

Vs(z) m or MPa soil water potential

Bo - parameter of Ve max O Jmax ¥pa
response

Yo m or MPa parameter of Vmax O Jmax ¥pd
response

kn - canopy nitrogen attenuation
coefficient

T; ms~! transpiration rate of PlantType

Ri ms~! root water uptake at layer i

g s soil to root conductance of H,0

Riow pmolm-2s-! wood respiration rate at 10°C

Qio,w - temperature sensitivity of wood
respiration

T °C leaf temperature

Tiw °C wet leaf temperature

BottomLayer

LAL, m?m—2 leaf area index of living
bryophytes

Tm °C moss temperature

Azp m thickness of moss layer

Im m characteristic roughness height
of moss canopy

W gg! moss water content

W, - water content relative to
maximum

Wm,maxs Wmmin =~ 88" moss maximum and minimum
water content

Ym m or MPa moss water potential

Kin ms™! moss hydraulic conductivity

D, m2s! molecular diffusivity of HO in
air

8bm molm=2s~! moss canopy boundary layer
conductance of H,0 or heat

gim molm-2s-! moss canopy conductance for
H,0

An Wm-1K-! thermal conductivity

Anm pmolm=2s-! moss net CO, exchange

Am.max pmolm—2s-1 maximum photosynthetic rate
per unit leaf area

b pmolm=2s-! light half-saturation

m pmolm=2s-! moss respiration rate

Enm mmolm—2s-! moss evaporation rate

Hp, Wm2 moss-air sensible heat flux

Gm Wm2 heat conduction between living
bryophytes and top soil

Im Wm2 heat advection by precipitation

I ms~! capillary water flux

SoilProfile

Zs m depth below soil surface

Az m thickness of a soil layer

Ts °C soil temperature

0 m3 m—3 volumetric water content

Oa m3m-3 air-filled porosity

Osat m3 m—3 saturated water content

Bres m3m-3 residual water content

Se - saturation ratio

o,n,m m,—,— parameters of soil water
retention curve

Kt ms~! hydraulic conductivity

Kisat ms~! saturated hydraulic conductivity

G Jm3K! volumetric heat capacity of soil

Cw JgtK! specific heat of water

An Wm-1K-! soil thermal conductivity

q ms~! vertical liquid water flux

D ms~! lateral subsurface flow

h, - soil relative humidity

Rs pmolm~2s-! soil respiration rate

Rios pmolm—2s~! soil respiration rate at 10°C

Q1o - temperature sensitivity of soil
respiration

a,bdg - parameters of moisture

sensitivity of Ry

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ecolmodel.2015.
06.007
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