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Abstract. Land surface models used in climate models ne-
glect the roughness sublayer and parameterize within-canopy
turbulence in an ad hoc manner. We implemented a rough-
ness sublayer turbulence parameterization in a multilayer
canopy model (CLM-ml v0O) to test if this theory pro-
vides a tractable parameterization extending from the ground
through the canopy and the roughness sublayer. We com-
pared the canopy model with the Community Land Model
(CLMA4.5) at seven forest, two grassland, and three cropland
AmeriFlux sites over a range of canopy heights, leaf area
indexes, and climates. CLM4.5 has pronounced biases dur-
ing summer months at forest sites in midday latent heat flux,
sensible heat flux, gross primary production, nighttime fric-
tion velocity, and the radiative temperature diurnal range.
The new canopy model reduces these biases by introduc-
ing new physics. Advances in modeling stomatal conduc-
tance and canopy physiology beyond what is in CLM4.5
substantially improve model performance at the forest sites.
The signature of the roughness sublayer is most evident in
nighttime friction velocity and the diurnal cycle of radiative
temperature, but is also seen in sensible heat flux. Within-
canopy temperature profiles are markedly different compared
with profiles obtained using Monin—Obukhov similarity the-
ory, and the roughness sublayer produces cooler daytime and
warmer nighttime temperatures. The herbaceous sites also
show model improvements, but the improvements are re-
lated less systematically to the roughness sublayer parame-
terization in these canopies. The multilayer canopy with the
roughness sublayer turbulence improves simulations com-

pared with CLM4.5 while also advancing the theoretical ba-
sis for surface flux parameterizations.

1 Introduction

Distinct parameterizations of land surface processes, sepa-
rate from the atmospheric physics, were coupled to global
climate models in the mid-1980s with the Biosphere—
Atmosphere Transfer Scheme (BATS; Dickinson et al., 1986)
and the Simple Biosphere Model (SiB; Sellers et al., 1986).
While carbon cycle feedbacks have since gained prominence
in terms of model development and study of biotic feedbacks
with climate change (Friedlingstein et al., 2006, 2014), the
fundamental coupling between plants and the atmosphere
in climate models still occurs with the fluxes of momen-
tum, energy, and mass over the diurnal cycle as mediated
by plant physiology, the microclimate of plant canopies, and
boundary layer processes. The central paradigm of land sur-
face models, as originally devised by Deardorff (1978) and
carried forth with BATS, SiB, and subsequent models, has
been to represent plant canopies as a homogeneous “big leaf”
without vertical structure, though with separate fluxes for
vegetation and soil. A critical advancement was to analyti-
cally integrate leaf physiological processes over profiles of
light and nitrogen in the canopy (Sellers et al., 1996) and
to extend the canopy to two big leaves to represent sunlit and
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Figure 1. Numerical grid used to represent a multilayer canopy. The volume of air from the reference height (z;.f) to the ground consists
of N layers with a thickness Az;, plant area index AL;, and plant area density a; = AL;/Az;. The canopy has a height 4. Wind speed
(u;), temperature (6;), water vapor concentration (g;), and scalar diffusivity (K ;) are physically centered in each layer at height z;. An
aerodynamic (g, ;) regulates the turbulent flux between layer i and i + 1. The right-hand side of the figure depicts the sensible heat fluxes
below and above layer i (H;_1 and H;) and the total vegetation source—sink flux (Hy ; AL;) with sunlit and shaded components. Shown is
the conductance network, in which nodal points represent scalar values in the air and at the leaf. Canopy source—sink fluxes depend on leaf
conductances and leaf temperature, calculated separately for sunlit and shaded leaves using the temperatures Tygup,; and Tygpy, ;> TESpectively.
The ground is an additional source—sink of heat and water vapor with temperature 7). The inset panel (a) shows the dual-source canopy model
used in the Community Land Model (CLM4.5). Here, Monin—Obukhov similarity theory provides the flux from the surface with height d+z(
(displacement height d plus roughness length z() and temperature 65 to the reference height with the conductance g,. In CLM4.5, d and z

are prescribed fractions of canopy height.

shaded portions of the canopy (Wang and Leuning, 1998; Dai
et al., 2004).

In land surface models such as the Community Land
Model (CLM4.5; Oleson et al., 2013), for example, fluxes
of heat and moisture occur from the leaves to the canopy air,
from the ground to the canopy air, and from the canopy air to
the atmosphere (Fig. 1a). The flux from the canopy to the at-
mosphere is parameterized using Monin—Obukhov similarity
theory (MOST). This theory requires the displacement height
(d) and roughness length (zp). A challenge has been to spec-
ify these, which are complex functions of the flow and phys-
ical canopy structure (Shaw and Pereira, 1982); simple pa-
rameterizations calculate them as a fixed fraction of canopy
height (as in CLM4.5) or use relationships with leaf area in-
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dex (Sellers et al., 1986; Choudhury and Monteith, 1988;
Raupach, 1994). An additional challenge, largely ignored
in land surface models, is that MOST fails in the rough-
ness sublayer (RSL) extending to twice the canopy height
or more (Garratt, 1978; Physick and Garratt, 1995; Harman
and Finnigan, 2007, 2008). While MOST successfully relates
mean gradients and turbulent fluxes in the surface layer above
the RSL, flux—profile relationships within the RSL differ
from MOST. Dual-source land surface models also require
parameterization of turbulent processes within the canopy.
Following BATS (Dickinson et al., 1986), CLM4.5 uses an
ad hoc parameterization without explicitly representing tur-
bulence. Wind speed within the canopy is taken as equal to
the friction velocity (u), and the aerodynamic conductance
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between the ground and canopy air is proportional to u,.
Zeng et al. (2005) subsequently modified this expression to
account for sparse and dense canopies.

Harman and Finnigan (2007, 2008) proposed a formula-
tion by which traditional MOST can be modified to account
for the RSL. Their theoretical derivations couple the above-
canopy turbulent fluxes with equations for the mass and mo-
mentum balances within the canopy. They tested the theory
with observations for eucalyptus and pine forests, and ob-
servations above a walnut orchard further support the theory
(Shapkalijevski et al., 2016). Harman (2012) examined the
consequences of the RSL in a bulk surface flux parameteriza-
tion coupled to an atmospheric boundary layer model. Here,
we implement and test the theory in a multilayer canopy
model (Bonan et al., 2014). The development of a multilayer
canopy for the ORCHIDEE land surface model has renewed
interest in the practical use of multilayer models (Ryder et
al., 2016; Chen et al., 2016). The earlier multilayer model
development of Bonan et al. (2014) focused on linking stom-
atal conductance and plant hydraulics and neglected turbu-
lent processes in the canopy. The current work extends the
model to include canopy-induced turbulence. The RSL the-
ory avoids a priori specification of zg and d by linking these
to canopy density and characteristics of the flow; provides
consistent forms for various turbulent terms above and within
the canopy (friction velocity, wind speed, scalar transfer co-
efficients); and provides a method for determining the asso-
ciated profiles of air temperature and water vapor concentra-
tion within the canopy.

This study is motivated by the premise that land surface
models generally neglect canopy-induced turbulence, that
inclusion of this is critical to model simulations, and that
the Harman and Finnigan (2007, 2008) RSL theory pro-
vides a tractable parameterization extending from the ground
through the canopy and the RSL. We show that the resulting
within-canopy profiles of temperature, humidity, and wind
speed are a crucial aspect of the leaf-to-canopy flux scaling.
The previous model development of Bonan et al. (2014) in-
cluded improvements to stomatal conductance and canopy
physiology compared with CLM4.5. We contrast those de-
velopments with the RSL parameterization described herein
and compare tall forest with short herbaceous vegetation to
ascertain which aspects of the multilayer canopy most im-
prove the model.

2  Model description

The canopy model has three main components: leaf gas ex-
change and plant hydraulics; a numerical solution for scalar
profiles within and above the canopy; and inclusion of the
RSL parameterization. It builds upon the work of Bonan et
al. (2014), which describes leaf gas exchange and plant hy-
draulics for a multilayer canopy with sunlit and shaded leaves
at each layer in the canopy. The calculation of leaf tempera-
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ture and fluxes is solved simultaneously with stomatal con-
ductance, photosynthesis, and leaf water potential in an iter-
ative calculation. This method numerically optimizes water-
use efficiency within the constraints imposed by plant wa-
ter uptake to prevent leaf desiccation using the methodology
of Williams et al. (1996). Radiative transfer of visible, near-
infrared, and longwave radiation is calculated at each level
and accounts for forward and backward scattering within
the canopy. Bonan et al. (2014) used the radiative transfer
model of Norman (1979). We retain that parameterization for
longwave radiation, but radiative transfer in the visible and
near-infrared wavebands is calculated from the two-stream
approximation with the absorbed solar radiation partitioned
into direct beam, scattered direct beam, and diffuse radiation
for sunlit and shaded leaves in relation to cumulative plant
area index as in Dai et al. (2004). This allows better compar-
ison with CLM4.5, which uses the canopy-integrated two-
stream solution for sunlit and shaded leaves. Soil fluxes are
calculated using the layer of canopy air immediately above
the ground. Temperature, humidity, and wind speed in the
canopy are calculated using a bulk canopy airspace. Bonan
et al. (2014) provide further details.

Here, we describe the formulation of the scalar profiles
and the RSL, which were not included in Bonan et al. (2014)
and which replace the bulk canopy airspace parameteriza-
tion. Figure 1 shows the numerical grid. The implemen-
tation is conceptually similar to the multilayer canopy in
ORCHIDEE-CAN and that model’s implicit numerical cou-
pling of leaf fluxes and scalar profiles (Ryder et al., 2016;
Chen et al., 2016). That numerical scheme is modified here
to include sunlit and shaded leaves at each layer in the
canopy and also the RSL (Harman and Finnigan, 2007,
2008). Whereas ORCHIDEE-CAN uses an implicit calcu-
lation of longwave radiative transfer for the leaf energy bal-
ance, we retain the Norman (1979) radiative transfer used by
Bonan et al. (2014). The grid spacing (Az) is 0.5 m for for-
est and 0.1 m for crop and grassland. We use thin layers to
represent the light gradients that drive variation in leaf water
potential in the canopy as in Bonan et al. (2014). Indeed, it is
this strong variation in leaf water potential from the top of the
canopy to the bottom that motivates the need for a multilayer
canopy. Appendix A provides a complete description of the
canopy model, and Appendix B lists all model variables.

2.1 The coupled flux—profile equations

In the volume of air extending from the ground to some refer-
ence height above the canopy, the scalar conservation equa-
tions for heat and water vapor, the energy balances of the
sunlit and shaded canopy, and the ground energy balance pro-
vide a system of equations that can be solved for air temper-
ature, water vapor concentration, sunlit and shaded leaf tem-
peratures, and ground temperature. The scalar conservation
equation for heat relates the change over some time interval
of air temperature (6, K) at height z (m) to the source—sink
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fluxes of sensible heat from the sunlit and shaded portions of
the canopy (Hysun and Hygha, W m~2) and the vertical flux di-
vergence (9 H/dz, Wm™>). For a vertically resolved canopy,
the one-dimensional conservation equation for temperature
is

06(z) 0H
Pmép o T T

[Hésun(z)fsun(z) + Hisha(2) {1 — fsun(Z)}] a(z).

ey

The equivalent equation for water vapor (g, molmol~!) in
relation to the canopy source—sink fluxes (E¢sun and Eggha,
molH,Om~2s~!) and vertical flux divergence (dE/0z,
molHbOm 3 s 1) is

dq(z) OE
ar - dz
[Eisun (2) fsun(2) + Egsha(z) {1 — fsun (Z)}] a(z).

(@)

Pm

In this notation, py is molar density (mol m—3) and cp is
the specific heat of air (J mol~' K™1). a(z) is the plant area
density, which is equal to the leaf and stem area incre-
ment of a canopy layer divided by the thickness of the layer
(AL(z)/Az; m?m~3), and fsun 1s the sunlit fraction of the
layer. As in Harman and Finnigan (2007, 2008), the vertical
fluxes are parameterized using a first-order turbulence clo-
sure (K theory) whereby the sensible heat flux is

a0
H(z) = _mech(Z)a_Z (3)

and the water vapor flux is
dq
E(z) = _'OmKC(Z)a_z’ “

with K. the scalar diffusivity (m?%s1), assumed to be the
same for heat and water vapor as is common in land sur-
face models, though there are exceptions (e.g., Shapkali-
jevski et al., 2016). These equations apply above and within
the canopy, but with a(z) = 0 for layers without vegetation.
Fluxes above the canopy are obtained from MOST flux—
gradient relationships as modified for the RSL, and K within
the canopy is obtained from the momentum and scalar bal-
ance equations for plant canopies (Sect. 2.2).

The source—sink fluxes of sensible heat and water vapor
are described by the energy balance equation and are pro-
vided separately for sunlit and shaded fractions of the canopy
layer. The energy balance of sunlit leaves at height z in the
canopy is

aT sun
cL(z)‘a—t(Z)ALsun(z) — 5)

[Rugsun(z2) — Hysun(2) — AEpsun(2)] A Lgun (2).

The left-hand side is the storage of heat (W m~2) in a layer
of vegetation with heat capacity ¢ (Jm~2 K~!), temperature
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Tysun (K), and plant area index ALgyy = faunAL (m2 m’z).
The right-hand side is the balance between net radiation
(Rnesun; positive denotes energy gain), sensible heat flux
(Hysun; positive away from the leaf), and latent heat flux
(AE gsun; positive away from the leaf). The sensible heat flux
is

Hysun(2) = ch [Tosun(z) — 0(2)] gb(2) (6)

and the evapotranspiration flux is

Epsun(z) = [C]sat (Tesun) — CI(Z)] 8esun(2)- (7

For sensible heat, gy is the leaf boundary layer conductance
(molm~2 s~ 1), and the factor 2 appears because heat transfer
occurs from both sides of plant material. The evapotranspi-
ration flux depends on the saturated water vapor concentra-
tion of the leaf, which varies with leaf temperature and is de-
noted as ggar(Tysun)- It also requires a leaf conductance (g¢sun,
molm~2s~!) that combines evaporation from the wetted
fraction of the canopy and transpiration from the dry frac-
tion, as described by Eq. (12). A similar equation applies to
shaded leaves. The energy balance given by Eq. (5) does not
account for snow in the canopy, so the simulations are re-
stricted to snow-free periods.

These equations are discretized in space and time and are
solved in an implicit system of equations for time n 4 1. Ry-
der et al. (2016) and Chen et al. (2016) describe the solution
using a single leaf. Here, the solution is given for separate
sunlit and shaded portions of the canopy. In numerical form
and with reference to Fig. 1, the scalar conservation equation
for temperature is

PmAZ;

Ity (9;“ - 9;1) — gaio1cp0 ] (8)
+ (8ai—1 + gai) 0] T — gaﬂicpeﬁ:rll =
2gb,iCp (Tn+1 — 9;1+1) ALsun,i

£sun,i

+28b.icp (Tﬂrégal,i - 91'”+1) ALsha,i

and for water vapor is

PmAZi 1 1
v (R R T ©

+ (gai-1 +ga,i)61,~n+1 —ga,iqinfll =
+1 +1
[qsat (Tisun,i) +53" (Tel:un,i - TEnsun,i) —q; ]

gésun,iALsun,i + I:CISat (T@nsha,i) + sisha (Tér;a_al,i - T(Z”sha,i)

_qiﬂ+1] 8esha,i ALsha,i-

The first term on the left-hand side of Eq. (8) is the storage
of heat (W m~2) over the time interval Az (s) in a layer of
air with thickness Az; (m). The next three terms describe
the vertical flux divergence from Eq. (3). These use conduc-
tance notation in which g, is an aerodynamic conductance
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(molm—2s~1), as described by Egs. (24) and (26). g,; is the
aerodynamic conductance between layer i and i + 1 above,
and g,,—1 is the similar conductance between layer i and
i — 1 below. The two terms on the right-hand side of Eq. (8)
are the vegetation source—sink fluxes of sensible heat for the
sunlit and shaded portions of the canopy layer. Equation (9)
uses comparable terms for water vapor, with gga(T¢syn) and
gsat(Tesha) linearized as explained below.

The sunlit and shaded temperatures required for Eqs. (8)
and (9) are obtained from the energy balance at canopy layer
i. For the sunlit portion of the canopy

CLi +1
S (Tts = Thtuns) = (10)

+1 +1
Ruesun,i — ng,icp (T;;un,i - Qz'n ) —A [qgat (T(fnsun,i)
sun n+1 n n+1 .
+Si (Tésun,i - T(Zsun,i) —9; ] 8tsun,i-

Latent heat flux uses the linear approximation

1 1
Gsat (Tinij_n,i) = {sat (Tfrgun,i) +Sisun (T(Znsjl_n,i - TE’;un,i) ’ (1 1)

with s7"" = dggq/dT evaluated at T,

Ysun.i- The leaf boundary
layer conductance (gp,;) depends on wind speed (#;, m s7h
as described by Bonan et al. (2014). The conductance for
transpiration is equal to the leaf boundary layer and stomatal
conductances acting in series, i.e., (g;l.1 —|—g;u:1’l.)_1 . Here, it is
assumed that g ; is the same for heat and water vapor (as in
CLM4.5). Stomatal conductance (gsupn,;) is calculated based
on water-use efficiency optimization and plant hydraulics
(Bonan et al., 2014). The total conductance (g¢sun,;) com-
bines evaporation from the wetted fraction of the plant ma-
terial ( fwet,;) and transpiration from the dry fraction ( fyry,;),
similar to that in CLM4.5 in which

8sun,i 8b,i
8tsun,i = ($) Sdry.i + 8b.i fwet,is (12)
&sun,i 1+ &b,i

with fary,i = fereen,i (1 — fwet,i) S0 that interception occurs
from stems and leaves, but transpiration occurs only from
green leaves (denoted by the green leaf fraction fgreen,i). The
comparable equation for shaded leaves is

CL.i +1

AL (TEZha,i - Tﬁr;ha,i) = (13)
Ruesha,i —2¢p (Tzr;;ral,i - ez'nH) 8gb.i — A [qsat (Tér;ha,i)

sgh (Tﬁnsa_al,i - Tznsha,i) - ‘IinH] 8tsha,i-

We use post-CLM4.5 changes in intercepted water (W,
kgm~2) and the wet and dry fractions of the canopy ( fiet,
fary) that are included in the next version of the model
(CLMY).

At the lowest layer above the ground (i = 1), the ground
fluxes Hy and E( are additional source-sink fluxes, and the
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ground surface energy balance must be solved to provide the
ground temperature (TO"H, K). This energy balance is

R =cp (17 =00 gao t A fho g (7). (14
0
+50 (Ton—H _ Ton)] . qTL+1 } g0 + soil

AZgoil
+1
(T()n - TSV(L)il) :

The first term on the right-hand side is the sensible heat flux
between the ground with temperature 7y and the air in the
canopy layer immediately above the ground with tempera-
ture 61; ga,0 is the corresponding aerodynamic conductance.
The second term is the latent heat flux, with ¢ the water va-
por concentration of the canopy air. In calculating soil evap-
oration, the surface water vapor concentration is

ait = heoasa (751) (15)

= hy I:CIsat (T(;l) + 50 (T()n+1 - T(?)] ’

with sg = dgsat/dT evaluated at TO". Evaporation depends on
the fractional humidity of the first soil layer (hyy; CLMS).
The soil evaporative conductance (gy) is the total conduc-
tance and consists of the aerodynamic conductance (g, 0) and
a soil surface conductance to evaporation (gs.i1; CLMS5) act-
ing in series. The last term in Eq. (14) is the heat flux to the
soil, which depends on the thermal conductivity (ksoil), thick-
ness (Azgil), and temperature (7g.i) of the first soil layer.
Equation (14) does not account for snow on the ground, and
the simulations are restricted to snow-free periods.

The numerical solution involves rewriting Eqs. (10)
and (13) to obtain expressions for Te'ijlll ; and T&f{a{ ; and sub-
stituting these in Egs. (8) and (9). Equations (14) and (15)
provide the necessary expressions for TO"+1 and q(’)”l at
i = 1. This gives a tridiagonal system of implicit equations
with the form

ar 0 b1, 0" £ bt C1,i9;f11 =d;, (16

aziq! ! 0210 4 b0iq! T+ c2iql = dais (17)
inwhich ay;, az i, b11,;, b21,i» b12,i, baaji, c1,i, €2,i» di,i, and
dy ; are algebraic coefficients (Appendix Al). The system of
equations is solved using the method of Richtmyer and Mor-
ton (1967, 275-278), as described in Sect. S1 of the Sup-
plement. 91.’”1 and q?“ are obtained for each level with the
boundary conditions Qr'g'l and qr”;'l the temperature and wa-
ter vapor concentration at some reference height above the
canopy. Then, the leaf temperatures and fluxes and ground
temperature and fluxes are evaluated. Ryder et al. (2016)
used a different, but algebraically equivalent, solution in their
model.

The equation set has several dependencies that preclude

. s . n+l1 n+l n+1 n+1
a fully implicit solution for 6;"", ¢; ", Ty, ;> Tygpa ;> and
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TO”H. Net radiation depends on leaf and ground tempera-
tures. Ryder et al. (2016) avoided this by specifying long-
wave emission as an implicit term in the energy balance
equation, but there are other complicating factors. Bound-
ary layer conductance is calculated from wind speed, but
also air and leaf temperatures (to account for free convec-
tion using the Grashof number). The wet and dry fractions
of the canopy vary with evaporative flux. Wind speed and
aerodynamic conductances depend on the surface layer sta-
bility as quantified by the Obukhov length, yet this length
scale depends on the surface fluxes. Stomatal conductance
requires leaf temperature, air temperature, and water vapor
concentration. Further complexity to the canopy flux calcula-
tions arises because stomatal conductance is calculated from
principles of water transport along the soil-plant—atmosphere
continuum such that leaf water potential cannot drop below
some threshold (Williams et al., 1996; Bonan et al., 2014).
This requires the leaf transpiration flux, which itself depends
on stomatal conductance. CLM4.5 has similar dependences
in its surface flux calculation and solves the fluxes in a nu-
merical procedure with up to 40 iterations for a single model
time step. Instead, we solve the equations using a 5 min
sub-time step to evaluate fluxes over a full model time step
(30 min when coupled to an atmospheric model). In the sub-
time step looping, the current values of wind speed, temper-
ature, water vapor concentration, and canopy water are used
to calculate the leaf and aerodynamic conductances needed
to update the flux profiles.

2.2 Plant canopy and roughness sublayer

The solution to the scalar fluxes and profiles described in
the preceding section requires the aerodynamic conductance
(ga) and also wind speed (u) to calculate leaf boundary
layer conductance (gp). These are provided by the RSL pa-
rameterization. We follow the theory of Harman and Finni-
gan (2007, 2008). In their notation, the coordinate system is
defined such that the vertical origin is the top of the canopy
and z is the deviation from the canopy top. Here, we retain
z as the physical height above the ground, whereby z — & is
the deviation from the canopy top. The Harman and Finni-
gan (2007, 2008) parameterization modifies the MOST pro-
files of u, 6, and g above plant canopies for the RSL and does
not require a multilayer canopy (e.g., Harman, 2012), but it
was derived by coupling the above-canopy momentum and
scalar fluxes with equations for the momentum and scalar
balances within a dense, horizontally homogenous canopy.
Here, we additionally utilize the within-canopy equations.

Geosci. Model Dev., 11, 1467-1496, 2018

Neglecting the RSL, the wind speed profile is described by
MOST as

u(z) = (18)
Uy z—d z—d 20 )i|

— |In - + — ),

k [ ( 20 ) 1[fm(LMO) lpm(LMo

where u, is friction velocity (ms™!), z is height above the
ground (m), d is displacement height (m), zo is roughness
length (m), and the similarity function ¥, adjusts the log
profile in relation to the Obukhov length (Lyo, m). The Har-

man and Finnigan (2007, 2008) RSL parameterization refor-
mulates this as

u(z) = (19)
Uy z—d z—d h—d
?[ln(h—d)_¢m(LMo)+wm(LMo)
o 8) -5 ) 5

" LMO ' lm//g " LMO ’ lm/,B ,3 .

This equation is analogous to the previous equation, but
is valid only for wind speed above the canopy at heights
z > h. It rewrites Eq. (18) so that the lower surface is the
canopy height (#, m) rather than the apparent sink for mo-
mentum (d + zg). This eliminates zq but introduces u (/) (the
wind speed at the top of the canopy) as a new term, which
is specified by B = u./u(h). Equation (19) also introduces
1/}m, which adjusts the profile to account for canopy-induced
physics in the RSL. Whereas v, uses the length scale Lyio,
&m introduces a second length scale Iy, /8. The length scale
Im/B is the dominant scale of the shear-driven turbulence
generated at or near the canopy top, is equal to u/(du/9z)
at the top of the canopy, and relates to canopy density. The
corresponding equation for temperature above the canopy is

0(z) —0(h) = (20)
04 z—d z—d h—d
?[ln(h—d)_wc(LMO)_’_wC(LMO)
(it i)+ ()]
‘\Lmo " In/B ‘NLmo tm/B)]

with 6, a temperature scale (K) and ¥ and I/A/C correspond-
ing functions for scalars. The same equation applies to water
vapor, but substituting g and g,.. The new terms in the profile
equations introduced by the RSL theory are §, the ratio of
friction velocity to wind speed at the canopy height; /;,,, the
mixing length (m) in the canopy; and the modified similar-
ity functions Vm and V. Expressions for these are obtained
by considering the momentum and scalar balances within a
dense, horizontally homogenous canopy and by matching the
above- and within-canopy profile equations at the canopy
height 7 (Appendix A2). In addition, the RSL theory pro-
vides an equation for d, rather than specifying this as an input
parameter. Equation (20) also requires 6 (%), the air temper-
ature (K) at the canopy height. Harman and Finnigan (2008)

www.geosci-model-dev.net/11/1467/2018/



G. B. Bonan et al.: Modeling canopy-induced turbulence in the Earth system 1473

provide an equation that relates this to the bulk surface tem-
perature (65) for use with a bulk surface parameterization.
Here, we treat (k) as a prognostic variable obtained for the
top canopy layer as described in the previous section.

With the assumption of a constant mixing length (/) in
the canopy, wind speed within the canopy at heights z < h
follows an exponential decline with greater depth in the
canopy in relation to the height z—h normalized by the length
scale I, /B, with

z—h
u(z) u(h)exp[lm/ﬂ] 21)
This is the same equation derived by Inoue (1963) and
Cionco (1965), but they express the exponential term as
—n(l —z/h), where n is an empirical parameter. Harman
and Finnigan (2007, 2008) introduced the notation I,/8,
whereby 1/ h = B/lm, so that the exponential decay of wind
speed in the canopy relates to the RSL. The wind speed pro-
file matches Eq. (19) at the top of the canopy through u (k).
We restrict u > 0.1 ms™! (see Sect. 5 for further details).
The corresponding profile for the scalar diffusivity within the
canopy is similar to that for wind with

z—h
K.(z) =K. (h — . 22
(@) =Kc( )eXp[lm/ﬂ} (22)
In the RSL theory of Harman and Finnigan (2008),
Kc(h) = lmuy/Sc, (23)

where the Schmidt number (Sc¢) is defined as the ratio of
the diffusivities for momentum and scalars at the top of
the canopy (Appendix A2). The diffusivity of water vapor
is assumed equal to that for heat as in Harman and Finni-
gan (2008). Equation (21) for u and Eq. (22) for K, are de-
rived from first-order turbulence closure with constant mix-
ing length in the canopy. They have been used previously
to parameterize within-canopy wind and scalar diffusivity
in plant canopy models (Shuttleworth and Wallace, 1985;
Choudhury and Monteith, 1988), land surface models (Dol-
man, 1993; Bonan, 1996; Niu and Yang, 2004), and hydro-
logic models (Mahat et al., 2013; Clark et al., 2015), but
without the RSL and with 5 specified as a model parameter.

The aerodynamic conductance for scalars at level i above
the canopy (z > &) between heights z; and z;41 is

Ziv1 —d Zia1—d
gai = pmkuty | In | =2 ) — g (LS (24)
zi—d Lymo

zi —d A A -1
‘Hpc( ) + Ye (Zit1) — Ve (Zi)i| s
Lwmo

where I//}C is evaluated at z; and z;41. The conductance within
the canopy (z < h) consistent with the RSL theory is ob-
tained from Eq. (22) as

Zi+1

1 1 dz
K.(z)

8a,i Pm
Zi

(25)
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Figure 2. Flow diagram for calculating the Obukhov length (Lyi0).

so that

1
—_— = (26)
8a,i

1 Sc [exp |:_ (zi —h):| —exp |:_ (Zi41 —h):H
Pm Bu Im/B Im/B '

For the top canopy layer, the conductance is integrated be-
tween the heights z; and %, and the above-canopy conduc-
tance from £ to z;41 is additionally included. The conduc-
tance immediately above the ground is

-1
ga,o=pmk2u1[1n( ° )ln( 2 )} : @7
20m,g 20c,g

with zomg =0.01m and zocg =0.1zomg the roughness
lengths of the ground for momentum and scalars, respec-
tively, as in CLM4.5 and assuming neutral stability in this
layer. In calculating the conductances, we use the constraint
Pm/8a,i <500s m~! (see Sect. 5 for further details).
Harman and Finnigan (2007, 2008) provide a complete
description of the RSL equations and their derivation. Ap-
pendix A2 gives the necessary equations as implemented
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Figure 3. Profiles of leaf area density. Shown are three different
canopy profiles for: (i) grass and crop with p =g =2.5; (ii) de-
ciduous and spruce trees with p = 3.5 and ¢ =2.0; and (iii) pine
trees with p = 11.5 and ¢ = 3.5. These profiles are show here with
L1/h=0.5 m2m~3,

herein. Use of the RSL parameterization requires specifica-
tion of the Monin—Obukhov functions v, and ., the RSL
functions I/Afm and 1/Afc, and equations for 8 and Sc. Expres-
sions for I, and d are obtained from S. Solution to the
RSL parameterization requires an iterative calculation for the
Obukhov length (Lyo) as shown in Fig. 2 and explained fur-
ther in Appendix A3. The equations as described above ap-
ply to dense canopies. Appendix A4 gives a modification for
sparse canopies.

2.3 Plant area density

Land surface models commonly combine leaf and stem area
into a single plant area index to calculate radiative trans-
fer, and CLM4.5 does the same. By using plant area index,
big-leaf canopy models assume that woody phytoelements
(branches, stems) are randomly interspersed among leaves.
Some studies of forest canopies suggest that branches and
stems are shaded by foliage and therefore contribute much
less to obscuring the sky than if they were randomly dis-
persed among foliage (Norman and Jarvis, 1974; Kucharik
et al., 1998). To allow for shading, we represent plant area
density as separate profiles of leaf and stem area. The beta
distribution probability density function provides a continu-
ous profile of leaf area density for use with multilayer canopy
models, and we use a uniform profile for stem area, whereby

p=l¢ — q-1
_LrG@/h" =g/t st 08)
h B(p.q) h
The first term on the right-hand side is the leaf area den-
sity with z/h the relative height in the canopy and Lt leaf
area index (m2 m~—2). The beta function (B) is a normaliza-
tion constant. The parameters p and g determine the shape

a(z)
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of the profile (Fig. 3). Representative values are p =g = 2.5
for grassland and cropland, p = 3.5 and ¢ = 2.0 for decid-
uous trees and spruce trees, and p = 11.5 and ¢ = 3.5 for
pine trees (Meyers et al., 1998; Wu et al., 2003). The second
term on the right-hand side is the stem area density calcu-
lated from the stem area index of the canopy (ST). For these
simulations, Lt comes from tower data, and St is estimated
from Lt as in CLM4.5.

2.4 Leaf heat capacity

CLMA4.5 requires specific leaf area as an input parameter, and
we use this to calculate leaf heat capacity (per unit leaf area).
Specific leaf area, as used in CLM4.5, is the area of a leaf
per unit mass of carbon (m? g~! C) and is the inverse of leaf
carbon mass per unit area (M,, g Cm™2). This latter param-
eter is converted to dry mass assuming the carbon content of
dry biomass is 50 % so that the leaf dry mass per unit area
is M,/ f. with f. =0.5gCg~!. The leaf heat capacity (cL,
IJm=2 K1) is calculated from leaf dry mass per unit area af-
ter adjusting for the mass of water, as in Ball et al. (1988)
and Blanken et al. (1997). Following Ball et al. (1988), we
assume that the specific heat of dry biomass is one-third that
of water (cary = 1.396J g=! K~!). Then, with f,, the fraction
of fresh biomass that is water, the leaf heat capacity is

CLz%Cdr —i—%( Ju

fc Y fC 1— fw
The first term on the right-hand side is the mass of dry
biomass multiplied by the specific heat of dry biomass. The
second term is the mass of water multiplied by the spe-
cific heat of water (cya = 4.1881] g_1 K~1). We assume that
70 % of fresh biomass is water (fyy =0.7gH>0g™!). Ni-
inemets (1999) reported a value of 0.66 g HyO g~ ! in an anal-
ysis of leaves from woody plants. The calculated heat ca-
pacity for grasses, crops, and trees is 745-2792Jm~2 K~!
depending on specific leaf area (Table 1). For compari-
son, Blanken et al. (1997) calculated a heat capacity of
1999 Jm~—2 K~! for aspen leaves with a leaf mass per area of
111gm~2 and f,, = 0.8. Ball et al. (1988) reported a range
of 1100-2200 J m~2 K~ for mangrove leaves spanning a leaf
mass per area of 93—189 gm~2 with f,, = 0.71.

) Cwat- (29)

3 Model evaluation
3.1 Flux tower data

We evaluated the canopy model at 12 AmeriFlux sites com-
prising 81 site years of data using the same protocol of the
earlier model development (Bonan et al., 2014). We used the
six forests sites previously described in Bonan et al. (2014)
and included additional flux data for one forest (US-Dk2),
two grassland (US-Dkl1, US-Var), and three cropland sites
(US-ARM, US-Bol, US-Ne3) to test the canopy model over
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Table 1. Leaf heat capacity.

1475

Plant functional type

Specific leaf area

Leaf mass per area  Heat capacity

(m2 gfl O) (gdry mass mfz) d m—2 Kil)
Grass, crop 0.03 67 745
Deciduous broadleaf tree 0.03 67 745
Evergreen needleleaf tree
Temperate 0.01 200 2234
Boreal 0.008 250 2792

Table 2. Site information for the four deciduous broadleaf forest (DBF), three evergreen needleleaf forest (ENF), two grassland (GRA), and
three cropland (CRO) flux towers, including mean temperature (7') and precipitation (P) for the simulation month.

Site Vegetation  Lati- Longi- T P Years Month  Leaf area Canopy

type tude tude (°C) (mm) index?  height (m)
US-Dk2 DBF 35.97 —79.10 24.7 128  2004-2008 July 6.2 25
US-Hal DBF 42.54 —72.17  20.0 103 1992-2006 July 49 23
US-MMS DBF 39.32 —86.41 24.1 112 1999-2006 July 4.7 27
US-UMB DBF 45.56 —84.71 202 63 1999-2006 July 4.2 21
US-Dk3 ENF 35.98 —79.09 24.6 126 2004-2008 July 4.7 17
US-Hol ENF 45.20 —68.74 193 77  1996-2004 July 4.6 20
US-Me2 ENF 4445 —121.56 19.1 4 2002-2007 July 3.8 14
US-Dk1®  GRA 35.97 -79.09 25.1 128  2004-2008 July 1.7 0.5
US-Var GRA 38.41 —12095 123 80 2001-2007 March 2.4 0.6
US-ARM  CRO 36.61 —97.49 147 98  2003-2004, 2006-2007,  April 2-4 0.5

2009-2010

US-Bol CRO 40.01 —88.29 223 53 1998-2006 (even) August 5.0 0.9
US-Ne3 CRO 41.18 —-96.44 21.8 111 2002, 2004 August 3.7 0.9

@ Shown is the maximum for the month. Maximum leaf area index for US-ARM varied by year, and shown is the range in monthly maximum across all years. b H and

us for 2007 and 2008 are excluded.

a range of tall and short canopies, dense and sparse leaf
area index, and different climates (Table 2). Tower forcing
data (downwelling solar and longwave radiation, air temper-
ature, relative humidity, wind speed, surface pressure, pre-
cipitation, and tower height) were from the North Ameri-
can Carbon Program (NACP) site synthesis (Schaefer et al.,
2012) as described previously (Bonan et al., 2014), except as
noted below for the three Duke tower sites. The model was
evaluated using tower observations of net radiation, sensible
heat flux, latent heat flux, and friction velocity obtained from
the AmeriFlux Level 2 dataset (http://ameriflux.Ibl.gov/) and
with gross primary production from the NACP site synthe-
sis (Schaefer et al., 2012). The tower forcing and fluxes have
a resolution of 30 min except for four sites (US-Hal, US-
MMS, US-UMB, US-Ne3) with 60 min resolution. We lim-
ited the simulations to one particular month (with the greatest
leaf area) in which soil moisture was prescribed as in Bonan
et al. (2014) so as to evaluate the canopy physics parameter-
izations without confounding effects of seasonal changes in
soil water.

Ryu et al. (2008) describe the US-Var grassland located in
California. CLM has been previously tested using flux data

www.geosci-model-dev.net/11/1467/2018/

from the US-Ne3 and US-Bol cropland sites (Levis et al.,
2012), and we used the same sites here. The US-Ne3 tower
site is a rainfed maize (Zea mays) — soybean (Glycine max)
rotation located in Nebraska (Verma et al., 2005). We used
flux data for soybean, a C3 crop (years 2002 and 2004).
Kucharik and Twine (2007) give leaf area index, also in
the AmeriFlux biological, ancillary, disturbance, and meta-
data. The same ancillary data show a canopy height of 0.9 m
during August for soybean. The US-Bol site is a maize—
soybean rotation located in Illinois (Meyers and Hollinger,
2004; Hollinger et al., 2005). Meyers and Hollinger (2004)
give canopy data. We used a leaf area index of 5m?m~2 and
canopy height of 0.9 m for soybean (1998-2006, even years).
Flux data for the US-ARM winter wheat site, used to test
CLM4.5, provides an additional dataset with which to test
the model (Lu et al., 2017).

Stoy et al. (2006) provide site information for the US-Dk2
deciduous broadleaf forest tower site located in the Duke
Forest, North Carolina, which was included here to contrast
the adjacent evergreen needleleaf forest and grassland sites.
The US-Dk1 tower site in the Duke Forest provides an ad-
ditional test for grassland (Novick et al., 2004; Stoy et al.,

Geosci. Model Dev., 11, 1467-1496, 2018
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Table 3. Major differences between CLM4.5 and ML + RSL.
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Feature CLM4.5 ML + RSL
Canopy Dual source: vegetation (sunlit/shaded big-leaf)  Multilayer; sunlit and shaded leaf fluxes at each
and soil level; scalar profiles (u, 6, ¢) based on conser-
vation equations
Plant area index Big leaf Vertical profile uses beta distribution probabil-

ity density function for leaves and uniform pro-
file for stems

Stomatal conductance gs =80+ g1hsAn/cs

AAn/AEp =1t with ¥y > ¥ymin; Bonan et
al. (2014)

Relative leaf nitrogen profile K,=0.3 Kn =exp(0.00963 V¢, .. —2.43);
fi =exp[—Kn >, ALj] Bonan et al. (2014)
Storage - Plant: cp (AT, /At)

Air: pmepAz(AO/At)

Air: pmAz(Aq/At)
Above-canopy turbulence MOST RSL

Within-canopy turbulence

Understory wind speed equals u; aerodynamic
conductance based on u, and understory Ri.

u(z) =u(h)exp[(z —h)p/Im|
Kc(z) = Kc (h)exp[(z —h) B/Im]

Table 4. Summary of simulation changes to the turbulence parameterization and leaf biophysics.

Turbulence ‘ Biophysical
Simulation 0,q U, ga ‘ gs Kn Plant area density ¢,
CLM4.5 CLM4.5 CLM4.5 CLM4.5 CLM4.5 - -
mO Well-mixed - CLM4.5 CLM4.5 (LT+ST)/h -
ml Egs. (16) and (17) z > h:CLM4.5 CLM4.5 CLM4.5 m0 -
z < h : Egs. (21) and (26),
n=3
bl ml ml Bonan et CLM4.5 m0 -
al. (2014)
b2 ml ml bl Bonanet mO0 -
al. (2014)
b3 ml ml bl b2 Eq. (28) -
b4 ml ml bl b2 b3 Eq. (29)
rl ml z > h:Eqgs. (19)and (24) bl b2 b3 b4
z < h : Egs. (21) and (26),
n=3
r2 ml rl; n replaced by Im/B bl b2 b3 b4

2006). Tower forcing and flux data for 2004-2008 were as in
Burakowski et al. (2018).

3.2 Model simulations

We performed several model simulations to compare
CLM4.5 with the RSL enabled multilayer canopy. CLM4.5
and the multilayer canopy differ in several ways (Table 3).
To facilitate comparison and to isolate specific model differ-
ences, we devised a series of simulations to incrementally

Geosci. Model Dev., 11, 1467-1496, 2018

test parameterization changes (Table 4). The simulations dis-
cussed herein are as follows.

1. CLM4.5 — Simulations with CLM4.5 using tower me-
teorology and site data for leaf area index, stem area
index, and canopy height.

2. m0 — This uses the multilayer canopy, but config-
ured to be similar to CLM4.5 for leaf biophysics as
described in Table 3. Stomatal conductance is calcu-
lated as in CLM4.5. Leaf nitrogen declines exponen-
tially with greater cuamulative plant area index from the

www.geosci-model-dev.net/11/1467/2018/
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Table 5. Average Taylor skill score for the ML 4 RSL (first number) and CLM4.5 (second number) simulations. Skill scores greater than
those of CLM4.5 are highlighted in bold. GPP: gross primary production.

Site Ry H ALE Us Trad GPP
Forest
US-Hal 0.98/0.98 0.89/0.85 0.94/0.92 0.91/0.82 - 0.83/0.80

US-MMS  1.00/0.99 0.44/0.47 0.88/0.87 0.84/0.78 0.89/0.81 0.70/0.70
US-UMB  0.99/0.99 0.90/0.84 0.92/0.88  0.93/0.89  0.92/0.75  0.81/0.73
US-Dk2 0.98/0.98  0.53/0.52 0.93/0.93 0.86/0.82 0.75/0.75 -
US-Dk3 0.99/0.99  0.85/0.85 0.94/0.94 0.81/0.82  0.83/0.79 -
US-Hol 0.96/0.97 0.93/0.94 0.91/0.93 0.92/0.86 - 0.86/0.87
US-Me2 1.00/1.00  0.90/0.79  0.89/0.64 0.88/0.84 0.94/0.78  0.91/0.57

Herbaceous

US-Dkl1 0.99/0.99  0.89/0.87 0.90/0.90 0.73/0.82  0.98/0.95 -
US-Var 0.95/0.96  0.72/0.59 0.95/0.95 0.81/0.79 0.98/0.98  0.89/0.79
US-Bol 0.99/0.99  0.75/0.61  0.96/0.94  0.94/0.94  0.90/0.85 -
US-Ne3 1.00/1.00  0.48/0.35 0.85/0.77 0.98/0.96 0.94/0.86 0.78/0.59
US-ARM  0.96/0.97 0.93/0.88 0.91/0.94 0.95/0.95 0.98/0.97 -

canopy top with the decay coefficient K, = 0.3 as in
CLMA4.5. The nitrogen profile determines the photosyn-
thetic capacity at each layer so that leaves in the up-
per canopy have greater maximum photosynthetic rates
than leaves in the lower canopy. In addition, leaf and
stem area are comingled in CLM4.5, and there is no
heat storage in plant biomass. These features are repli-
cated by having a uniform plant area density profile and
by setting leaf heat capacity to a small, nonzero num-
ber. This simulation excludes a turbulence parameteri-
zation so that air temperature, water vapor concentra-
tion, and wind speed in the canopy are equal to the ref-
erence height forcing. Juang et al. (2008) referred to this
as the well-mixed assumption. In this configuration, the
fluxes of sensible and latent heat above the canopy are
the sum of the source—sink fluxes in the canopy, and
friction velocity is not calculated. This is the baseline
model configuration.

3. ml — As in m0, but introducing a turbulence closure
in the absence of the RSL. Equations (16) and (17) are
used to calculate 6 and g. The CLM4.5 MOST parame-
terization is used to calculate u and g, above the canopy.
Within the canopy, the mixing length model with expo-
nential profiles for u and g, as in Egs. (21) and (26)
is used, but with n = 3, which is a representative value
found in many observational studies of wind speed in
plant canopies (Thom, 1975; Cionco, 1978; Brutsaert,
1982).

The multilayer canopy model has several changes to leaf bio-
physics compared with CLM4.5. These differences are indi-
vidually examined in the simulations.
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4. bl — As in ml, but with stomatal conductance calcu-
lated using water-use efficiency and plant hydraulics as
in Bonan et al. (2014).

5. b2 - Asin b1, but with K}, dependent on photosynthetic
capacity (Vc,,,,) as in Bonan et al. (2014).

6. b3 — As in b2, but with plant area density calculated
from Eq. (28).

7. b4 — As in b3, but with leaf heat capacity from
Eq. (29). This represents the full suite of parameteri-
zation changes prior to inclusion of the RSL. We also
refer to this simulation as ML-RSL.

The final two simulations examine the RSL.

8. rl — As in b4, but with the RSL parameterization used
to calculate u and g, above the canopy using Egs. (19)
and (24). In this configuration, the CLM4.5 MOST pa-
rameterization is replaced by the RSL parameterization
for above-canopy profiles, but n = 3 for within canopy
profiles.

9. 12 — As in rl, but # and g, in the canopy are calcu-
lated from the RSL parameterization using [, /8 rather
than n = 3. This is the full ML + RSL configuration,
and comparison with ML-RSL shows the effects of in-
cluding the RSL parameterization.

Simulations were evaluated in terms of net radiation, sen-
sible heat flux, latent heat flux, gross primary production,
friction velocity, and radiative temperature. Radiative tem-
perature for both the observations and simulations was eval-
vated from the upward longwave flux using an emissivity
of 1. The simulations were assessed in terms of root mean
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Figure 4. Simulations for US-UMB (July 2006). Shown are the average diurnal cycle (GMT) of sensible heat flux, latent heat flux, friction
velocity, radiative temperature, and gross primary production (GPP) for the observations (blue) and models (red). The shading denotes
+1 standard deviation of the random flux error (Richardson et al., 2006, 2012) for H and AE and £20 % of the mean for GPP and u..
Statistics show sample size (n), correlation coefficient (r), slope of the regression line, mean bias, and root mean square error (rmse) between
the model and observations. (a) CLM4.5; (b) ML-RSL; (¢) ML + RSL.
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Figure 5. Taylor diagram of net radiation, sensible heat flux, latent heat flux, friction velocity, radiative temperature, and gross primary
production (GPP) for US-UMB. Data points are for the years 1999-2006 for CLM4.5 (blue) and ML + RSL (red). Simulations are evaluated
with the normalized standard deviation relative to the observations (given by the radial distance of a data point from the origin) and the
correlation with the observations (given by the azimuthal position). The thick dashed reference line (REF) indicates a normalized standard
deviation equal to 1. Model improvement is seen by radial closeness to the REF line and azimuth closeness to the horizontal axis (correlation

coefficient equal to 1).

square error (RMSE) for each of the 81 site years.

We addi-

tionally assessed model performance using Taylor diagrams
and the corresponding skill score (Taylor, 2001) as in Bonan
et al. (2014). Taylor diagrams quantify the degree of similar-
ity between the observed and simulated time series of a par-
ticular variable in terms of the correlation coefficient () and

the standard deviation of the model data relative to
observations (). The Taylor skill score combines

that of the
these two

measures into a single metric of model performance with a

value of ] whenr =1ando = 1.
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4 Results

4.1 Model evaluation

The ML + RSL simulation has better skill compared with
CLM4.5 at most sites and for most variables (Table 5). Of
the seven forest sites, net radiation (Ry) is improved at five
sites, sensible heat flux (H) at five sites, latent heat flux (AE)
at four sites, friction velocity (u.) at six sites, radiative tem-
perature (Tr,q) at the five sites with data, and gross primary

Geosci. Model Dev., 11, 1467-1496, 2018
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(April 2006). Shown are the observations (left column) and model results for CLM4.5, ML-RSL, and ML + RSL.

production at three of the five sites with data. H is improved
at all five herbaceous sites, A E at three sites, u, at three sites,
Traa at four sites, and gross primary production at the two
sites with data. R, generally is unchanged at the herbaceous
sites.

Simulations for US-UMB illustrate these improvements
for the forest sites, where the influence of the RSL is great-
est. For July 2006, CLM4.5 overestimates midday H and
underestimates midday gross primary production (Fig. 4).
Midday latent heat flux is biased low, but within the mea-
surement error. u, is underestimated at night, and Tiaq has
a larger diurnal range with colder temperatures at night and
warmer temperatures during the day compared with the ob-
servations. ML + RSL improves the simulation. Midday H
decreases and gross primary production increases, nighttime
u, increases, and the diurnal range of T;,q decreases. Taylor
diagrams for all years (1999-2006; Fig. 5) show improved
H, LE, and gross primary production (in terms of the vari-
ance of the modeled fluxes relative to the observations), u,
(in terms of correlation with the observations), and 7,4 (both
variance and correlation). Similar improvements are seen at
the other forest sites.

Geosci. Model Dev., 11, 1467-1496, 2018

Figure 6 shows the relationship between H and the tem-
perature difference between the surface and reference height
(Trad — Tref) for two forest sites (US-UMB and US-Me2)
and one crop site (US-ARM). These sites were chosen be-
cause the RMSE of the model (ML + RSL) is low for H
and Trag. The observations show a positive correlation be-
tween Trag — Trer and H beginning at about —2 °C. CLM4.5
and ML + RSL capture this relationship, but the slope at the
forest sites is smaller for CLM4.5 than for ML + RSL and
the CLM4.5 data have more scatter. For stable conditions
(H < 0), CLM4.5 shows a slight linear increase in sensible
heat transfer to the surface (US-UMB) or is nearly invari-
ant (US-Me2) as T;,q becomes progressively colder than Tier.
ML + RSL better captures the observations, particularly the
more negative H as Tiaq — Tref approaches zero. CLM4.5 also
has a wider range of temperatures compared with the obser-
vations and ML + RSL at the forest sites. The primary effect
of the RSL is to reduce high daytime temperatures and to in-
crease sensible heat transfer to the surface at night. Model
differences are less at US-ARM.

www.geosci-model-dev.net/11/1467/2018/
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Figure 7. Root mean square error (RMSE) for latent heat flux for the eight simulations m0O-r2. RMSE for each simulation is given as a
percentage of the RMSE for CLM4.5 and averaged across all years at each of the seven forest sites. A negative value shows a reduction
in RMSE relative to CLM4.5 and indicates model improvement. Changes in RMSE between simulations show the effect of sequentially

including new model parameterizations as described in Table 4.

4.2 Effect of specific parameterizations

Comparisons of ML-RSL and ML + RSL for US-UMB (July
2006) show improvements in the multilayer canopy even
without the RSL parameterization (Fig. 4). ML-RSL reduces
midday H, increases midday A E and gross primary produc-
tion, and reduces the diurnal range of Ti,q. The nighttime
bias in u, also decreases. Inclusion of the RSL (ML + RSL)
further improves u, and Ti,q, but slightly degrades H by in-
creasing the daytime peak.

Comparison of the suite of simulations (m0 to r2; Table 4)
for forest sites highlights the effect of specific parameteri-
zation changes on model performance. The mO simulation
without a turbulence closure has a high RMSE compared
with CLM4.5 for AE (Fig. 7) and H (Fig. 8). Inclusion of a
turbulence closure (above-canopy, CLM4.5 MOST; within-
canopy, mixing length model) in m1 substantially reduces
RMSE compared with m0 at all sites. The m1 RMSE for
AE is reduced compared with CLM4.5 at five of the seven
sites and for H at four sites. The leaf biophysical simula-

www.geosci-model-dev.net/11/1467/2018/

tions (bl-b4) reduce AE RMSE compared with m1 at six
sites (US-Hol is the exception), and the RMSE also de-
creases compared with CLM4.5 (Fig. 7). Among b1-b4, the
biggest effect on AE RMSE occurs from stomatal conduc-
tance and nitrogen profiles (bl and b2). The RSL param-
eterization (rl and r2) has relatively little additional effect
on RMSE. The leaf biophysical simulations (b1-b4) have
a similar effect to reduce RMSE for H compared with m1,
and RMSE decreases compared with CLM4.5 (Fig. 8). Inclu-
sion of the RSL (r1 and r2) degrades H in terms of RMSE.
Whereas the b4 simulation without the RSL parameterization
decreases RMSE compared with CLM4.5, this reduction in
RMSE is lessened in r1 and r2. The RMSE for u, in m1 de-
creases compared with CLM4.5 at all sites (Fig. 9). The leaf
biophysics simulations have little effect on RMSE, but the
RSL simulations (r1 and r2) further reduce RMSE. The m0
simulation without a turbulence closure has a substantially
lower RMSE for T;,g compared with the other simulations
(Fig. 10). This is seen in an improved simulation of the diur-
nal temperature range, with warmer nighttime minimum and

Geosci. Model Dev., 11, 1467-1496, 2018
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Figure 8. As in Fig. 7, but for sensible heat flux.

cooler daytime maximum temperatures compared with the
other simulations (not shown). The m1 simulation increases
RMSE, but RMSE is still reduced compared with CLM4.5 at
the five sites with data. The leaf biophysical simulations (b1-
b4) have little effect on T;,q, but the RSL simulations reduce
RMSE, more so for r1 than r2.

4.3 Canopy profiles

Leaf temperature profiles are consistent with the changes in
Trad, as shown in Fig. 11 for US-UMB. The mO simulation
has the coolest daytime and warmest nighttime leaf tempera-
tures. Inclusion of a turbulence closure (m1) warms daytime
temperatures and cools nighttime temperatures. The leaf bio-
physics (b4) reduces the m1 temperature changes, and the
RSL simulations (r1 and r2) further reduce the changes.
Wind speed and temperature profiles simulated with the
RSL parameterization are noticeably different compared
with MOST profiles, as shown in Fig. 12 for US-UMB. At
midday, wind speed in the upper canopy is markedly lower
than for MOST, but whereas wind speed goes to zero with
MOST, the RSL wind speed remains finite. Midday MOST
air temperature in the canopy increases monotonically to a
maximum of 28.5 °C, but the RSL produces a more complex

Geosci. Model Dev., 11, 1467-1496, 2018

profile with a temperature maximum of about 26.5 °C in the
mid-canopy and lower temperatures near the ground. During
the night, the upper canopy cools to a temperature of about
15°C, but temperatures in the lower canopy remain warm.
The other forest sites show similar profiles.

5 Discussion

The multilayer canopy with the RSL (ML + RSL) improves
the simulation of surface fluxes compared to CLM4.5 at most
forest and herbaceous sites (Table 5). In terms of A E, the tur-
bulence closure using the CLM4.5 MOST above the canopy
and a mixing length model in the canopy (with n = 3) sub-
stantially reduces RMSE compared to the well-mixed as-
sumption in which the canopy has the same temperature,
water vapor concentration, and wind speed as the reference
height (m0, ml; Fig. 7). A similar result is seen for H
(Fig. 8). This finding is consistent with Juang et al. (2008),
who showed that first-order turbulence closure improves sim-
ulations in a multilayer canopy compared with the well-
mixed assumption.

Additional improvement in AE comes from the leaf bio-
physics (particularly stomatal conductance and photosyn-

www.geosci-model-dev.net/11/1467/2018/
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Figure 9. As in Fig. 7, but for friction velocity.

thetic capacity) (b1, b2; Fig. 7). This is consistent with Bonan
et al. (2014), who previously showed improvements arising
from the multilayer canopy, stomatal conductance, and pho-
tosynthetic capacity at the forest sites. Differences between
the CLM4.5 and ML + RSL stomatal models likely reflect
differences in parameters (slope g; for CLM4.5; marginal
water-use efficiency ¢ for ML + RSL) rather than model
structure (Franks et al., 2017). Further differences arise from
the plant hydraulics (Bonan et al., 2014). The RSL has com-
paratively little effect on AE (rl, r2; Fig. 7). H is similarly
improved by the leaf biophysics, but is degraded by the RSL
(Fig. 8) because of an increase in the peak midday flux. Har-
man (2012) also found that the RSL has negligible effect on
AE because this flux is dominated by stomatal conductance,
but increases the peak H.

The influence of the RSL is evident in the improved rela-
tionship between H and the surface—air temperature differ-
ence (Trag — Trer) at forest sites (Fig. 6). In CLM4.5, a larger
temperature difference is needed to produce the same posi-
tive heat flux to the atmosphere compared with the observa-
tions. With the RSL, a smaller temperature difference gives
the same sensible heat flux, comparable to the observations.
This is expected from the RSL theory because of the larger

www.geosci-model-dev.net/11/1467/2018/
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aerodynamic conductance. Additional improvement, as ex-
pected from the RSL theory, is seen during moderately stable
periods, which in turn reduces surface cooling. Similar such
improvement is not seen at the shorter crop site (US-ARM).
The influence of the RSL is also evident in nighttime u.,
(Fig. 4). Substantial reduction in RMSE is seen in the m1
simulation (Fig. 9), which closely mimics CLM4.5 in terms
of leaf biophysics and use of MOST above the canopy. The
different numerical methods used between the multilayer
canopy and CLM4.5 to solve for canopy temperature, sur-
face fluxes, and the Obukhov length may explain the poor
CLM4.5 simulations. The RSL parameterization further im-
proves u, (rl, 12; Fig. 9), primarily by increasing u.. at night
as expected due to shear-driven turbulence induced by the
canopy dominating during night compared with day.
Another outcome of the RSL is seen in 7;,q and leaf tem-
perature. The lowest RMSE occurs with the well-mixed ap-
proximation (mO; Fig. 10), which also produces the coolest
daytime and warmest nighttime leaf temperatures (mo;
Fig. 11). Adding a turbulence closure (ml) substantially
warms daytime leaf temperatures and cools nighttime tem-
peratures, which degrades the T;,g RMSE. The RSL (r1, r2)
decreases the daytime temperatures and warms the nighttime

Geosci. Model Dev., 11, 1467-1496, 2018
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Figure 11. Profiles of leaf temperature for US-UMB averaged for the month of July 2006 at 14:00 local time (a) and 04:00 local time (b).
Temperature is averaged for sunlit and shaded leaves at each level in the canopy. Shown are the m0, m1, b4 (ML-RSL), r1, and r2 (ML + RSL)
simulations. The CLM4.5 canopy temperature is shown as a thick gray line, but is not vertically resolved.

temperatures, which improves the RMSE. Leaf temperatures
are cooler during the day and warmer at night compared with
CLM4.5. Overall, the diurnal temperature range improves in

the ML + RSL simulation compared to that from CLM4.5,

Geosci. Model Dev., 11, 1467-1496, 2018

seen in both the nighttime minimum and the daytime maxi-
mum of Ti,q (Fig. 4). This latter improvement is particularly
important given the use of radiometric land surface temper-

www.geosci-model-dev.net/11/1467/2018/
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ature as an indicator of the climate impacts of land cover
change (Alkama and Cescatti, 2016).

The simulation of wind and temperature profiles is a key
outcome of the multilayer canopy and RSL. During the day,
CLM4.5 simulates a warmer canopy air space than those for
ML + RSL simulation (Fig. 12). Air temperature obtained
from MOST increases monotonically towards the bulk sur-
face, whereas the ML + RSL simulation produces a more
complex vertical profile with a maximum located in the up-
per canopy and cooler temperatures in the lower canopy.
Geiger (1927) first described such profiles, seen also in some
studies (Jarvis and McNaughton, 1986; Pyles et al., 2000;
Staudt et al., 2011). The simulated nighttime temperatures
are warmer than CLM4.5. Temperature profiles have a min-
imum in the upper canopy, above which temperature in-
creases with height. However, temperatures increase in the
lower canopy. Nighttime temperatures in a walnut orchard
show a minimum in the upper canopy arising from radiative
cooling, but the temperature profile in the lower canopy is
more uniform than seen in Fig. 12 (Patton et al., 2011). En-
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hanced diffusivity resulting from convective instability in the
canopy makes the temperature profile more uniform in the
Patton et al. (2011) observations; this process is lacking in
the RSL parameterization. Ryder et al. (2016) and Chen et
al. (2016) noted the difficulty in modeling nighttime tem-
perature profiles in forests and introduced in ORCHIDEE-
CAN an empirical scaling factor to K. that varies between
day and night. The results of the present study, too, suggest
that turbulent mixing in conditions in which the stratification
within and above the canopy differ in sign needs additional
consideration. The importance of within-canopy temperature
gradients is seen in forest canopies. The microclimatic influ-
ence of dense forest canopies buffers the impact of macrocli-
matic warming on understory plants (De Frenne et al., 2013),
and the vertical climatic gradients in tropical rainforests are
steeper than elevation or latitudinal gradients (Scheffers et
al., 2013).

Various ad hoc changes have been introduced into the next
version of the Community Land Model (CLM5) to correct
the deficiencies in u, and Tiaq. In particular, the Monin—

Geosci. Model Dev., 11, 1467-1496, 2018
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Obukhov stability parameter has been constrained in stable
conditions so that (z —d)/Lmo < 0.5. This change increases
nighttime u,, increases sensible heat transfer to the surface at
night, and increases nighttime Ti5q (not shown). In contrast,
the ML + RSL simulation reduces these same biases, but
resulting from a clear theoretical basis describing canopy-
induced physics.

The canopy model encapsulates conservation equations
for 6 and g, the energy balance for the sunlit and shaded
canopy, and the ground surface energy balance. The vari-
ous terms in Eqgs. (16) and (17), the governing equations,
are easily derived from flux equations and relate to the leaf
(gb, &esun» Gesha) and aerodynamic (g,) conductances, leaf
and canopy air storage terms (cL, omAz/At), plant area in-
dex and the sunlit fraction (AL, fsn), net radiation (Rpesun,
Ruesha), and soil surface (Rpo, fs0, €505 Ksoil> Tsoil). These are
all terms that need to be defined in land surface models (ex-
cept for the storage terms which are commonly neglected),
and so the only new term introduced into the flux equations
is leaf heat capacity, but that is obtained from the leaf mass
per area, which is a required parameter in CLM4.5.

The Harman and Finnigan (2007, 2008) RSL parameter-
ization provides the necessary aerodynamic conductances
and wind speed. It produces a comparable representation
of surface—atmosphere exchange of heat, water, and carbon,
including within-canopy exchange, to those based on La-
grangian dynamics (e.g., McNaughton and van den Hurk,
1995) and localized near-field theory (e.g., Raupach, 1989;
Raupach et al., 1997; Siqueira et al., 2003; Ryder et al., 2016;
Chen et al., 2016). Lagrangian representations have the ad-
vantage in that they retain closer fidelity to the underlying
dynamics governing exchange. In contrast, however, the RSL
formulation provides linked representations for both momen-
tum and (passive) scalar exchange. This coupling, impossi-
ble with Lagrangian formulations as there is no locally con-
served equivalent quantity to scalar concentration for mo-
mentum, reduces the degrees of freedom involved. The RSL’s
linked formulation also facilitates the propagation of knowl-
edge about the transport of one quantity onto the transport of
all other quantities considered. Unlike Lagrangian formula-
tions, the RSL formulation also naturally asymptotes towards
the standard surface layer representations as required, e.g.,
with increasing height above ground or for short canopies.

Furthermore, the components of the RSL formulation are
far easier to observe than those in the Lagrangian represen-
tations. In particular, the vertical profile of the Lagrangian
timescale (7)), critical to the localized near-field formula-
tion, is extremely difficult to determine from observations
or higher-order numerical simulations. Most understanding
around 77, is indirect, heuristic, or tied to an inverted model
(Massman and Weil, 1999; Haverd et al., 2009). Finally, it
is worth noting that the RSL formulation is derived from
the scales of the coherent and dominant turbulent structures
and directly incorporates canopy architecture (Raupach et al.,
1996; Finnigan et al., 2009), thereby permitting future adap-
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tation of the formulation to advances in our understanding
of the structure and role of turbulence, e.g., to variation with
canopy architecture, landscape heterogeneity, or in low wind
conditions. Far greater effort would be required to update the
parameterizations of the components in the Lagrangian rep-
resentations to advances in the understanding of turbulence.

The Harman and Finnigan (2007, 2008) RSL parameteri-
zation eliminates a priori specification of roughness length
and displacement height, but introduces other parameters.
Critical parameters are the drag coefficient of canopy ele-
ments in each layer (cq = 0.25), the value of u,/u(h) for
neutral conditions (8n = 0.35), and the Schmidt number at
the canopy top with a nominal value Sc = 0.5 as modified
for atmospheric stability using Eq. (A25). These parameters
have physical meaning, are largely observable, have a well-
defined range of observed values, and are not unconstrained
parameters to fit the model to observations. The expressions
for B and Sc given by Eqgs. (A22) and (A25) are observation-
ally based but are nevertheless heuristic (Harman and Finni-
gan, 2007, 2008). The parameter c; relates to the depth scale
of the RSL and though ¢; can have complex expressions,
a simplification is to take ¢; = 0.5 (Harman and Finnigan,
2007, 2008; Harman, 2012). The canopy length scale L. is
assumed to be constant with height as in Eq. (A27) and is
thought to be more conservative than either leaf area density
or the leaf drag coefficient separately (Harman and Finni-
gan, 2007). Massman (1997) developed a first-order closure
canopy turbulence parameterization that accounts for vertical
variation in leaf area density, but that is not considered here.

The plant canopies simulated in this study are dense
canopies in the sense that most of the momentum is absorbed
by plant elements. Appendix A4 provides a modification for
sparse canopies (e.g., plant area index < 1 m? m~2) whereby
B decreases, but this extension to sparse canopies is largely
untested. Raupach (1994) and Massman (1997) also decrease
B with sparse canopies. We note that the same challenge oc-
curs in land surface models such as CLM4.5, with parame-
terizations to account for the effects of canopy denseness on
within-canopy turbulence (Zeng et al., 2005).

The RSL parameterization has limits to its applicability;
L./L must be greater than some critical value related to § in
unstable conditions and less than some critical value in stable
conditions (Harman and Finnigan, 2007). We constrained 8
to a value between 0.5 (unstable) and 0.2 (stable). In practice,
this means that L./L > —0.79 (unstable) and L./L < 3.75
(stable), which satisfies the theoretical limits given by Har-
man and Finnigan (2007). This range of values for g is
consistent with observations above forest canopies shown in
Harman and Finnigan (2007) and is comparable with other
parameterizations. Data presented by Raupach (1994) show
a similar range in S for full plant canopies, and his parameter-
ization has a maximum value of 0.3. The parameterization of
Massman (1997) of 8 has a maximum value of 0.32 for full
canopies, but he notes that other studies suggest a range of
0.15-0.25 to 0.40. The Harman and Finnigan (2007) param-
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eterization used here has the advantage of being consistent
with current RSL theory (Raupach et al., 1996; Finnigan et
al., 2009) and incorporates stability dependence through g, in
contrast with Raupach (1994) and Massman (1997). Remov-
ing the lower limit 8 > 0.2 has little effect on the simulations,
while the upper limit 8 < 0.5 acts to suppress daytime u, at
some sites (not shown).

Im/B is a critical length scale in the RSL theory. It modi-
fies flux—profile relationships ((;Abm, (ﬁc) and also the profiles
for u and K. in the canopy given by Eqgs. (21) and (22).
These latter profiles decline exponentially with greater depth
in the canopy in relation to I, /8, which can be equivalently
written as 0.5cqa/p? substituting I, from Eq. (A26) and
L. from Eq. (A27). For a particular canopy defined by cq
and a = (Lt + St)/h, the exponential within-canopy pro-
file is bounded by the limits placed on B. Further insight
is gained from an equivalent form of the wind profile equa-
tion in which u(z) = u(h)exp[—n(1—z/h)] withn = hf/l.
A typical value of n reported in observational studies is 2—
4 (Thom, 1975; Cionco, 1978; Brutsaert, 1982). Compar-
ing equations shows that n = 0.5¢q(L1 + St)/B%. The con-
straint 0.2 < 8 < 0.5 places limits on 7. The maximum plant
area index in our simulations is 7.2 m?> m~2 at US-Dk2. With
cq = 0.25, n has values from 3.6 to 22.5. This allows for quite
low wind speed and conductance within the canopy. Dia-
batic stability within the canopy can differ from that above
the canopy. This would be reflected in the wind speeds used
to calculate the leaf conductances and also the conductance
network used to calculate within canopy scalar profiles. For
these reasons, we employ minimum values to the within-
canopy wind speed and aerodynamic conductances.

6 Conclusion

For over 30 years, land surface models have parameterized
surface fluxes using a dual-source canopy in which vegeta-
tion is treated as a big leaf without vertical structure and in
which MOST is used to parameterize turbulent fluxes above
the canopy. The RSL parameterization of Harman and Finni-
gan (2007, 2008) provides a means to represent turbulent
processes in a multilayer model extending from the ground
through the canopy and the RSL with sound theoretical un-
derpinnings of canopy-induced turbulence and with few ad-
ditional parameters. The multilayer canopy improves model
performance compared to CLM4.5 in terms of latent and
sensible heat fluxes, friction velocity, and radiative temper-
ature. Improvement in latent and sensible heat fluxes comes
primarily from advances in modeling stomatal conductance
and canopy physiology beyond what is in CLM4.5. These
advances also improve friction velocity and radiative tem-
perature, with additional improvement from the RSL param-
eterization. The multilayer model combines improvements
in both leaf biophysics and canopy-induced turbulence and
both contribute to the overall model improvement. Indeed,
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the modeling of canopy turbulence and canopy physiology
are inextricably linked (Finnigan and Raupach, 1987), and
the 30+ years of land surface models have likely lead to com-
pensating insufficiency in both.

Multilayer canopies are becoming practical for land sur-
face models, seen in the ORCHIDEE-CAN model (Ryder
et al., 2016; Chen et al., 2016) and in this study. A mul-
tilayer canopy facilitates the treatment of plant hydraulic
control of stomatal conductance (Williams et al., 1996; Bo-
nan et al., 2014), provides new ways to test models directly
with leaf-level measurements in the canopy, and is similar to
the canopy representations used in canopy-chemistry models
(Stroud et al., 2005; Forkel et al., 2006; Wolfe and Thornton,
2011; Ashworth et al., 2015). Here, we provide a tractable
means to simulate the necessary profiles of wind speed, tem-
perature, and water vapor while also accounting for the RSL.
While this is an advancement over CLM4.5, much work re-
mains to fully develop this class of model and to imple-
ment the multilayer canopy parameterization in CLM. Sig-
nificant questions remain about how well multilayer mod-
els capture the profiles of air temperature, water vapor, and
leaf temperature in the canopy, how important these pro-
files are for vegetation source—sink fluxes, and how many
canopy layers are needed to adequately represent gradients
in the canopy. The testing of ORCHIDEE-CAN (Chen et
al., 2016) has begun to address these questions, but high-
quality measurements in canopies are required to better dis-
tinguish among turbulence parameterizations (e.g., Patton et
al., 2011). The canopy model described here represents a
necessary approach to rigorously and comprehensively eval-
uate process parameterizations for consistency with observa-
tions and theory prior to implementation in a full land sur-
face model, where confounding errors are likely to affect the
results. Moreover, multilayer canopies raise a fundamental
question about the interface between the atmosphere and land
surface. The coupling of the Community Land Model with
the atmosphere depicts the land as a bulk source—sink for
heat, moisture, and momentum, and these fluxes are bound-
ary conditions to the atmosphere model. Multilayer canopy
models simulate a volume of air extending from some level
in the atmosphere to the ground. A critical question that re-
mains unresolved is where does the parameterization of the
atmospheric boundary layer stop and the land surface model
begin.

Code availability. The multilayer canopy runs independent of
CLM4.5 but utilizes common code (e.g., soil temperature).
The canopy flux code is available at https://github.com/gbonan/
CLM-ml_vO0.
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Appendix A: Model description
Al Derivation of Eqgs. (16) and (17)

Equation (10) for the energy balance of the sunlit portion of
layer i can be algebraically rewritten as follows.

Tgrz;&-ﬂll — sunen—i—l +ﬂsun n+l1 +8isun (A1)
with
2 .
oSun — Suipgb,z (A2)
2cpgp,i + A5 gesun,i +cL,i/ At
Agesun,i
B = ’ (A3)
' 2¢pgb,i + 287" gosuni + L/ At
5t = (A4)

sun 1n n
Tﬁlsun l:| &osun,i +CL,i TZsun,i/At

&esun,i + CL,i/At

Rnesun,i — A [qsal (Té:un,l)
26’pgb,i +)LS;UH

Similar coefficients are found from Eq. (13) for the shaded
leaf to give

Tn—H _

sha n+1 sha n+l sha
{sha,i — 9 +ﬂ +8i :

(AS5)

Equation (14) for the ground surface energy balance is simi-
larly rewritten as follows.

Ton-H a09n+1 + ﬂoqn+l +80 (A6)
with
C
o = p8u.0 (A7)
€p&a,0 t+ Ahg050850 + Ksoil / AZsoil
Agg
Bo = &s0 (A8)
Cp&a,0 t+ Ahs050850 + Ksoil / AZsoil
8o = (A9)

Ryo — Ahso [QSat (Ton) —50 T(;Z] 8s0 + TS’Z)ileoil/AZsoil
Cp&a,0 t+ Ahs050850 + Ksoil / AZsoil

With these substitutions, Eqgs. (8) and (9) are rewritten as
Egs. (16) and (17) with the algebraic coefficients in Sect. S2.

A2 Roughness sublayer parameterization

The flux—gradient relationships used with Monin—Obukhov
similarity theory are

] a- 162)"4 ¢ < 0 (unstable)
Pm(§) = [ 1+5¢ ¢ >0 (stable) (A10)
for momentum, and

[ (a=162)"% ¢ <0 (unstable)
Pe(8) = [ 145¢ ¢ > 0 (stable) (AID
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for heat and water vapor. These relationships use the dimen-
sionless parameter { = (z —d)/Lmo- The integrated similar-
ity functions are

1 1 4 x2
21n( J;x)+1n( J;x) ¢ <0 (unstable)

Ym@ =1 opn-l+ 2
2
—-5¢ ¢ > 0 (stable)
(A12)
with x = (1 — 162)'/4, and
N 0 (unstabl
pe(e) =1 2\ 75— ) ¢ =0funstable) g3

-5¢ ¢ > 0 (stable)

These equations are valid for moderate values of ¢ from
about —2 to 1 (Foken, 2006), and we adopt a similar restric-
tion.

The RSL parameterization modifies Monin—Obukhov sim-
ilarity theory by introducing an additional dimensionless pa-
rameter & = (z—d)B/Im, which is the height z—d normalized
by the length scale /;;,/8. In Harman and Finnigan (2007,
2008), the modified flux—gradient relationship for momen-
tum is

Dp(2) = ¢ ( d)& (Z_d) (Al4)
m{Z m M lm/,B
with
b (€) =1 —crexp(—caf) (A15)
and
h—d
[1 - —</>m (—)]exp(cz/2>, (A16)
28 o

and a simplification is to take c; = 0.5. The integrated RSL
function Yy, is

oo
@()—/d) i | PR pram ) 2
m\Z) = 'm Lo 'm lm/ﬂ .
z—d
For scalars, the flux—gradient relationship in Harman and

Finnigan (2008) is
~ (z—d
)%(mm)

The RSL function qgc is evaluated the same as for qAﬁm using
Eqg. (A15), but with

Sck _y(h—d
l——¢., | —— ) |exp(c2/2).
[ (LMO)i|

2p
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(A17)

Pc(2) = e ( (A1B)

(A19)
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1}0 is evaluated similar to @m using Eq. (A17), but with ¢,
and qgc.

The functions lﬂm and I/Afc must be integrated using numer-
ical methods. In practice, however, values can be obtained
from a lookup table. Equation (A17) can be expanded using
Eq. (A15) for ém and using Iy, /B = 2(h —d) from Eq. (A28)
so that an equivalent equation is

—cy7 7d7
Im@ =y / on (LMo)exp[zm —d>} Fa

The lower limit of integration in Eq. (A20) can be rewritten
as z—d = (z—h) + (h — d) and dividing both sides by 7 —
d gives the expression (z — h)/(h —d) + 1. In this notation,
Eq. (A20) becomes

N _ 7 (h—d)7 7\ d7’
Ym(z) =c1 / ¢m|:m}exp( 2)7

z—=h
imat!

(A20)

(A21)

In this equation, the integral is specified in a nondimensional
form and depends on two nondimensional parameters: (z —
h)/(h —d) and (h —d)/Lmo. The integral is provided in a
lookup table as A[(z —h)/(h —d), (h—d)/Lwyol. ¥m is then
given by ¢ A. A similar approach gives I/A/C.

An expression for 8 is obtained from the relationship
Bt (B*Le/ Lo) = . (A22)
with BN the value of u, /u(h) for neutral conditions (a rep-
resentative value is Sy = 0.35, which is used here). Using
Eq. (A10) for ¢, the expanded form of Eq. (A22) for un-
stable conditions (Lyo < 0) is a quadratic equation for 82

given by
() 16 s () ~ i =0
The correct solution is the larger of the two roots. For sta-

ble conditions (Lpyo > 0), a cubic equation is obtained for 8
whereby

(A23)

Le 5
5—pB+B—Bn=0 (A24)
Lmo
This equation has one real root. We restrict 8 to be in the
range 0.2-0.5 (see Sect. 5 for further details).
The Schmidt number (Sc) is parameterized by Harman and
Finnigan (2008) as

Sc=0.5+0.3tanh (2L¢/Lyo) - (A25)

Equation (21) is derived from the momentum balance equa-

tion with a first-order turbulence closure in which the eddy
diffusivity is specified in relation to a mixing length (/y,)
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that is constant with height. From this, Harman and Finni-
gan (2007) obtained expressions for [y, and d so that

I =2B°Le, (A26)
with
L = (cqa)™! (A27)
and
lm 2
h—d=—=pB"L,. A28
Y B*L. (A28)

The term L. is the canopy length scale (m), specified by the
dimensionless leaf aerodynamic drag coefficient (a common
value is ¢q = 0.25, which is used here) and plant area density
(a, m? m_3). For Eq. (A27), plant area density is estimated
as the leaf and stem area index (Lt + St) divided by canopy
height (h).

A3 Obukhov length

The Obukhov length is
2
uyOvret
Lyo = ~——, (A29)
kg0y.

with Oyrer the virtual potential temperature (K) at the refer-
ence height, and 6, the virtual potential temperature scale
(K) given as

Oys = 05 4+ 0.610£q, kg- (A30)

The solution to Lyjp requires an iterative numerical calcu-
lation (Fig. 2). A value for 8 is obtained for an initial esti-
mate of Lyo using Eq. (A22), which gives the displacement
height (d) using Eq. (A28). The Schmidt number (Sc) is cal-
culated for the current Lyjo using Eq. (A25). The functions
¢m and ¢ are evaluated using Eqgs. (A10) and (A11) at the
canopy height (/) to obtain the parameter ¢ as in Egs. (A16)
and (A19). The similarity functions vy, and v are evaluated
at z and & using Eqs. (A12) and (A13). The RSL functions
wm and Wc are evaluated at z and % from a lookup table. u, is
obtained from Eq. (19) using the wind speed (ur.r) at the ref-
erence height (zref). 0 is calculated from Eq. (20) using 6Oref
for the current time step and 6 (k) for the previous sub-time
step, and a comparable equation provides g.. A new estimate
of Lo is obtained, and the iteration is repeated until conver-
gence in Lo is achieved.

A4 Sparse canopies

The RSL theory of Harman and Finnigan (2007, 2008) was
developed for dense canopies. Sparse canopies can be rep-
resented by adjusting Bn, d, and Sc for plant area index
(L1 + St1). The neutral value for g is

Bn = [cp+03(Lr+5D]"* (A31)

=< BNumax >
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where

i -2
cp= k2|:ln (ﬂ)}
Z0m

and zom = 0.01 m is the roughness length for momentum of
the underlying ground surface. BN is constrained to be less
than a maximum value for neutral conditions (8n,,,, = 0.35).
The displacement height is

(A32)

h—d=pLe {1 —exp [—0.25 (Lt + St) /,32]} . A3

Geosci. Model Dev., 11, 1467-1496, 2018

The Schmidt number is

Sc = (A34)

(1_ PN )1_0 + PN (05403 tanh 2Le/Lyio)].
ﬁNmax Nmax

This equation weights the Schmidt number between that for a
neutral surface layer (1.0) and the RSL value calculated from
Eq. (A25).

www.geosci-model-dev.net/11/1467/2018/



G. B. Bonan et al.: Modeling canopy-induced turbulence in the Earth system

Appendix B: List of symbols, their definition, and units

Symbol
ai

An

C1, 2
Cd

Cdry

CL,i

p

de

Cs

Cy

Cwat

Cp

d

Cref

E;

Eo
Eﬁsun,i > Eésha,i
fe

fdry,i
fgreen,i
fi

fsun,i
Jw
fwet,i

8

80,81
8a,i

8b,i
8esun,i>&lsha,i

&s0

Hlsun,i, Hlsha,i
l

k

Kc,i

Ky

Im

L

Lmo

Lt

AL;

éLsun,i, ALsha,i

M
M,
My
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Description

Plant area density (m%m—3)

Leaf net assimilation (umol CO, m2s7 1

Scaled magnitude (c1) and height (c; = 0.5), respectively, for the RSL functions (-)
Leaf aerodynamic drag coefficient (0.25)

Specific heat of dry biomass (1396 Jkg~! K~1)

Heat capacity of leaves (Jm ™2 leaf area K1)

Specific heat of air, cpa(1 + 0.84¢refxe) Mg (J mol~! K1)
Specific heat of dry air at constant pressure (1005 Jkg~! K—1)
Leaf surface CO» concentration (umol mol~')

Soil heat capacity (Jm—3 K1)

Specific heat of water (4188 Jkg™! K~1)

Parameter for By in sparse canopies (-)

Displacement height (m)

Reference height vapor pressure (Pa)

Water vapor flux (mol H,O m2s7 1)

Soil evaporation (mol H,O m2s7 1)

Evaporative flux for sunlit or shaded leaves (mol H;O m—2 plant area s7h
Carbon content of dry biomass (0.5gCg™")

Dry transpiring fraction of canopy (-)

Green fraction of canopy (-)

Leaf nitrogen relative to canopy top (-)

Sunlit fraction of canopy (-)

Water content of fresh biomass (0.7 g H,0 g™!)

Wet fraction of canopy (-)

Gravitational acceleration (9.80665 m s—2)

Intercept (mol H,O m~2s~ 1) and slope (-) for Ball-Berry stomatal conductance
Aerodynamic conductance (mol m~2s 1

Leaf boundary layer conductance (molm=2s~")

Leaf conductance for sunlit or shaded leaves (mol H;Om~2s~1)
Stomatal conductance (mol H;O m—2s~!); Zsun,i»> sunlit leaves; gsha i, shaded leaves
Total surface conductance for water vapor (mol H,O m2s™h
Soil conductance for water vapor (mol H;Om—2s™!)

Soil heat flux (W m~2)

Canopy height (m)

Fractional relative humidity at the leaf surface (-)

Fractional relative humidity at the soil surface (-)

Sensible heat flux (W m~2)

Soil sensible heat flux (W m—2)

Sensible heat flux for sunlit or shaded leaves (W m~2 plant area)
Canopy layer index

von Karman constant (0.4)

Scalar diffusivity (m2s~h

Canopy nitrogen decay coefficient (-)

Mixing length for momentum (m)

Canopy length scale (m)

Obukhov length (m)

Canopy leaf area index (m> m—2)

Canopy layer plant area index (m? m~?2)

Plant area index of sunlit or shaded canopy layer (m? m~2)
Molecular mass of moist air, p/pm (kg mol 1)

Leaf carbon mass per unit area (g C m~2 leaf area)

Molecular mass of dry air (0.02897 kg mol~!)
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My
n
Pret
qi
q0
qref
Grefkg

gsat(T)

qx

dxkg

Rno

Rnésun,i’ Rn(sha,i
R
gsun

sha
i oS

S0

Sc

St

t

To

Tksun,i s Tﬁsha,i
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Tsoil

Ui

Zref
20m,g> 20c,g
AZsoil
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Oret

Os

eref

By
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Molecular mass of water (0.01802 kg mol~!)

Time index (-)

Reference height air pressure (Pa)

Water vapor concentration (mol mol~")

Soil surface water vapor concentration (mol mol™1)

Reference height water vapor concentration (mol mol~!)

Reference height specific humidity, 0.622¢ref/ (Pret — 0.378¢rer) (kgkg™!)
Saturation water vapor concentration (mol mol~!) at temperature T
Characteristic water vapor scale (mol mol~1)

Characteristic water vapor scale, g My /M (kgkg™")

Soil surface net radiation (W m~—2)

Net radiation for sunlit or shaded leaves (W m—2 plant area)

Universal gas constant (8.31446J K~ ! mol™!)

Temperature derivative of saturation water vapor concentration evaluated at
Tysun,i and Tisha,i» dgsat/dT (mol mol ! Kil)

Temperature derivative of saturation water vapor concentration evaluated at
the soil surface temperature Ty, dgsae/dT (molmol~! K—1)

Schmidt number at the canopy top (-)

Canopy stem area index (m? m~—2)

Time (s)

Soil surface temperature (K)

Temperature of sunlit or shaded leaves (K)

Reference height temperature (K)

Temperature of first soil layer (K)

Wind speed (ms™!)

Reference height wind speed (ms™1!)

Friction velocity (ms™1)

Maximum carboxylation rate (umol m=2 s~ 1)

Intercepted water (kg H;O m~2)

Height (m)

Reference height (m)

Roughness length of ground for momentum (0.01 m) and scalars (0.001 m), respectively
Depth of first soil layer (m)

Ratio of friction velocity to wind speed at the canopy height (—)

Neutral value of g (0.35)

Maximum value of By in a sparse canopy (0.35)

Monin—Obukhov dimensionless parameter (—)

Potential temperature (K)

Reference height potential temperature (K)

Aerodynamic surface temperature (K)

Reference height virtual potential temperature (K)

Characteristic virtual potential temperature scale (K)

Characteristic potential temperature scale (K)

Marginal water-use efficiency parameter (umol CO, mol~! H,0)

Thermal conductivity of first soil layer (Wm~! K1)

RSL dimensionless parameter (—)

Latent heat of vaporization (45.06802 kJ mol™1)

Density of moist air, pm Mg(1 — 0.378eret/ Pret) (Mol m?)

Molar density, Pref/% Trer (mol m—3)

Monin—Obukhov similarity theory flux—gradient relationships for momentum and scalars (-)
RSL modification of flux—gradient relationships for momentum and scalars (-)
RSL-modified flux—gradient relationships for momentum and scalars (—)
Leaf water potential and its minimum value (MPa)

Integrated form of Monin—Obukhov stability functions for momentum and scalars (—)
Integrated form of the RSL stability functions for momentum and scalars (-)

www.geosci-model-dev.net/11/1467/2018/



G. B. Bonan et al.: Modeling canopy-induced turbulence in the Earth system 1493

The Supplement related to this article is available
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supplement.
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