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Abstract. Land surface models (LSMs) simulate the surface layer processes and land—atmosphere exchanges of energy, water,
and carbon. However, many LSMs still rely on simplified surface layer radiation transfer, canopy turbulence, and vadose zone
hydrology parameterizations. This paper describes the development of a multilayer canopy extension to the community Noah-
MP LSM named Noah-MP-ML? to address these limitations. Noah-MP-ML? implements a roughness sublayer scheme and
the Medlyn stomatal conductance parameterization to represent canopy turbulence and photosynthesis process. Further, the
implementation of the Speedy Algorithm for Radiative Transfer through Cloud Sides (SPARTACUS) surface layer radiation
transfer scheme enables consistent N-stream shortwave and longwave radiation transfer at multiple spectral bands. SPARTA-
CUS also accounts for the lateral exchanges of radiation within the heterogeneous vegetation canopies. A multilayer canopy
implicit solution is used to calculate the canopy scalars and leaf temperature of sunlit and shaded foliage. To calculate soil wa-
ter diffusion and update soil liquid water, we implemented a mixed form of mass-conserving 1-D Richards equation solver that
uses the van Genuchten water retention curves. Noah-MP-ML? was evaluated against observations at five flux tower sites that
span different forest types and diverse background climate regimes. Results demonstrated improved representation of surface

layer energy partitioning, turbulence (friction velocity), and soil water dynamics relative to the community Noah-MP LSM.

1 Introduction

Land surface models (LSMs) partition the available energy at the surface layer into heat fluxes and convert available water into
evapotranspiration flux, storage, and runoff (Pitman, 2003). The turbulent heat fluxes produced by LSMs serve as boundary
conditions to the atmospheric models, which use them to simulate phenomena ranging from sub-daily weather patterns to
long-term climate trends and variability. Additionally, since the land surface acts as carbon sources/sinks, LSMs simulate the
carbon cycle. The first generation of LSMs solved a simple energy balance without accounting for soil heat flux and employed
a rudimentary "bucket" model for hydrology (Manabe, 1969). The second generation of LSMs introduced a layered soil struc-

ture and distinguished between soil and vegetation layers (Deardorff, 1978). For the vegetation layer, a dual-source canopy
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model was used, where the aerodynamic resistance terms were calculated using micrometeorological methods. The stomatal
conductance derived from the Jarvis model (Jarvis, 1976) was combined with leaf boundary layer resistance to estimate wa-
ter vapor flux. As a result, the second-generation LSMs significantly improved the representation of energy and hydrological
processes (Dickinson et al., 1986; Sellers et al., 1986). The third generation of LSMs further advanced by calculating stomatal
conductance based on photosynthetic processes (Ball et al., 1987; Farquhar et al., 1980), enabling explicit simulation of the
water-energy-carbon cycle.

A shortcoming with the second- and third-generation dual-source canopy models is that they do not explicitly resolve the
vertical structure of the canopy. The ability to resolve the canopy structure is important in LSMs because leaf area is vertically
distributed in a heterogeneous way and must be accounted for to accurately represent canopy processes, such as stomatal
conductance. For instance, the stomatal conductance for the upper leaves may be higher due to the abundance of radiation,
which attenuates exponentially based on the leaf area availability as it travels within the canopy. To account for such effects,
multilayer canopy models were proposed in the late 1960s (Waggoner and Reifsnyder, 1968), followed by more comprehensive
formulations incorporating coupled radiative transfer, leaf energy balance, and photosynthesis (Baldocchi and Harley, 1995;
Goudriaan, 1977; Norman, 1979). However, these multilayer models were rarely coupled with atmospheric models, as they
required iterative solutions for stomatal conductance, leaf temperature, and radiation for each of the leaf layers within the
canopy and the canopy as a whole and hence were computationally prohibitive for coupled simulations. Recent developments
in implicit numerical schemes for canopy processes (Ryder et al., 2016) has revived interest in multilayer canopy models
within the LSM community (Bonan et al., 2018). Additionally, the following gaps in surface-layer process representation in
the community Noah-MP LSM have motivated the development of the multilayer canopy model (Noah-MP-ML?) discussed
in this paper:

1.1 Canopy-atmosphere exchange coefficient

The community Noah-MP LSM (He et al., 2023b; Niu et al., 2011; Yang et al., 2011) follows the dual-source canopy configura-
tion for aerodynamic resistance calculation and relies on the Monin—Obukhov similarity theory (MOST) to represent turbulent
exchanges between vegetation canopy and the atmosphere. However, the flux-gradient relationships predicted by MOST are
only applicable in the inertial sub-layer or the constant flux layer. Measurements above tall forest canopies in the roughness
sub-layer (RSL), which typically extends up to 2-3 times the canopy height, have shown systematic departures from MOST
(Garratt, 1980). Within the RSL, the diffusivities for momentum and scalars can exceed the MOST prediction by more than a
factor of two (Raupach and Thom, 1981). These departures arise since MOST assumes that the characteristic length scale of
eddies within the canopy reduces with height, but the characteristic length scales are proportional to the canopy height rather

than the distance from the surface in the RSL (Kaimal and Finnigan, 1994).
1.2 Canopy radiation transfer

The community Noah-MP LSM does not account for the lateral exchanges of radiation between vegetated and bare regions

within the canopy space and the 3-D structure of the canopy and gaps within the canopies are accounted for using a gap proba-
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bility approach (Niu and Yang, 2004) that modifies the 2-stream approximation for horizontally homogeneous canopies in the
shortwave band (Dickinson, 1983; Sellers, 1985). The longwave radiation transfer in the community Noah-MP is inconsistent
with the 2-stream model in shortwave, where a bulk emissivity and temperature-based formulation is used to calculate the

longwave fluxes, and then the fluxes are aggregated at the grid cell level using fractional vegetation coverage.
1.3 Photosynthetic and hydrological processes

The community Noah-MP model implements the Ball-Berry stomatal conductance model (Ball et al., 1987) with Farquhar
type photosynthesis model (Farquhar et al., 1980). The Ball-Berry model uses a linear relationship to relate stomatal opening
to leaf surface relative humidity. However, models based on water use efficiency show that this relation is not linear (Bonan
et al., 2014; Franks et al., 2017; Medlyn et al., 2011). Finally, the soil water diffusion in Noah-MP is simulated by solving
a mass-conserving moisture-form of the Richards equation (Richards, 1931) that was inherited from the original Noah LSM
(Chen and Dudhia, 2001; Ek et al., 2003). In this solver, the infiltration is provided as a flux boundary condition at the surface.
However, there are known shortcomings of this solver, including temporary supersaturation within layers, redistribution of soil

liquid water through adjustments and water balance concerns (He et al., 2023b, ¢).

To address these gaps, we build upon the multilayer canopy implicit solution and the Harman-Finnigan RSL scheme (Harman
and Finnigan, 2007, 2008) implementation by Bonan et al. (2018) to develop Noah-MP-ML2. Additionally, we implemented the
Medlyn stomatal conductance model (Medlyn et al., 2011) within the community Noah-MP and Noah-MP-ML?. The Speedy
Algorithm for Radiative Transfer through Cloud Sides (SPARTACUS) is implemented as the multilayer canopy radiative trans-
fer scheme, enabling a consistent 2N-stream radiation solution with lateral radiative exchanges for heterogeneous vegetation
canopies in both shortwave and longwave bands (Hogan, 2019; Hogan et al., 2018). Because soil moisture availability directly
regulates stomatal conductance and transpiration, vadose zone soil water dynamics must be correctly represented in LSMs.
Thus, a mass-conserving mixed-form of the Richards equation with adaptive time stepping that uses the van Genuchten soil
water retention curves (van Genuchten, 1980) was also implemented. The Richards equation is solved on a 20-layer stretched
soil grid to avoid the solver convergence issues under strong wetting fronts and to calculate the infiltration. All developments
are implemented within the Noah-MP version 5 framework (He et al., 2023b). Noah-MP-ML2 therefore represents a continued
model-development effort within the Noah-MP version 5+ framework, with selected canopy and subsurface processes adapted
from the community Noah-MP and CLM-ml vO (Bonan et al., 2018) models, while the modifications and newly implemented
processes are described in this paper. Figure 1a compares Noah-MP and Noah-MP-ML2, highlighting the enhanced represen-
tation of canopy radiation, turbulence, stomatal conductance and soil hydrology. Figure 1b illustrates how these process-level

improvements lead to improvements in the simulated fluxes and states.
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Figure 1. (a) Simplified representation comparing the community Noah-MP model with Noah-MP-ML?: canopy radiation transfer, turbu-
lence, transpiration and soil hydrology processes are shown. (b) Illustration of the pathway by which the process-level improvements in

Noah-MP-ML? result in improved land fluxes and states.

2 Noah-MP-MLZ2 model overview

Compared to the community Noah-MP, Noah-MP-ML? supports sub-grid tiling within each model grid cell to represent spatial
heterogeneity in land cover, as shown in Figure 2a. Each landcover tile can be associated with its own canopy structure and
soil column, while all sub-grid tiles are driven by the same atmospheric forcing. Grid mean fluxes are aggregated across the
tiles using the fraction of area covered by the individual tiles.

Within each vegetated tile, fractional vegetation coverage (c,4) can be prescribed or diagnosed using the effective leaf area
index (LAI), which is zero for non-vegetated tiles. Radiative transfer for the vegetated tile is computed considering gaps in
vegetation, quantified by c¢,.4 and vegetation horizontal scale, while the heat fluxes are computed separately for vegetated and
bare ground fractions and are subsequently aggregated using c,4 to obtain tile-mean fluxes as shown in Figure 2b. Canopy

water interception, evaporation, and throughfall are also calculated in the vegetated tile based on c,eg.
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Figure 2. (a) Illustration of the sub-grid tiling concept. Representative land cover types are shown as sub-grid tiles. (b) Calculation of

radiation transfer and fluxes for the vegetated tile.

3 Enhanced multilayer canopy processes in Noah-MP-ML?

In the multilayer canopy configuration, the canopy and the air column up to the forcing height are discretized as shown in
Figure 3. The canopy is divided into uniform layers by prescribing the forcing and canopy heights along with the target vertical
resolution of the grid. The canopy scalars are defined at layer midpoints, and leaf area is distributed following a beta distribution
that ensures the conservation of total LAI (Bonan et al., 2018). The parameters of the beta distribution are based on the shape
of the canopy. Each layer has its own wind speed, specific humidity, leaf temperature, and air temperature. Note that the model
distinguishes between sunlit and shaded foliage. There is aerodynamic conductance (g;) between adjacent scalars ¢; and ¢, ).
The example shown in Figure 3 is for sensible heat flux where there is a leaf boundary layer resistance (g7, ) between the leaf
and air. The calculation of boundary layer resistance for heat, water vapor and carbon in Noah-MP-ML? follow Monteith and
Unsworth (2013). The heat flux due to the gradient between surface temperature (1,ounq) and air temperature of the first

model layer is bottom boundary condition, while the atmospheric forcing is the top boundary condition.
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The Medlyn stomatal conductance model was implemented in both community Noah-MP and Noah-MP-ML2. The community

Noah-MP implementation of the Medlyn model follows the framework similar to the existing Ball-Berry model, while the

Medlyn implementation in the multilayer configuration follows a more detailed implementation similar to Bonan et al. (2018).

3.1.1 Implementation of the Medlyn scheme in the community Noah-MP

110 The community Noah-MP model currently uses the Ball-Berry model to link photosynthesis and stomatal conductance for

sunlit and shaded foliage under C3 and C4 photosynthetic pathways. The formulations for Rubisco- and light-limited photosyn-

thesis, as well as the minimum-conductance and slope parameters, differ between the C3 and C, pathways. In the Ball-Berry
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model, the stomatal conductance for water vapor (¢°%, mol m~2 s~1) declines linearly with relative humidity at the leaf surface
(Ball et al., 1987), whereas the Medlyn model predicts a weaker, inverse-square-root dependence of ¢g°" on vapour pressure
deficit (VPD) (Medlyn et al., 2011).

Building on the existing Farquhar-type photosynthesis formulation in the community Noah-MP, we implemented the Medlyn
stomatal conductance model. For sunlit and shaded foliage, leaf photosynthesis is computed using Rubisco-, light-, and export-
limited rates. The model uses Michaelis—Menten kinetics for CO5 and Os. The nitrogen-scaling and soil-moisture-stress factors
(Bsoil) are applied to the maximum carboxylation rate (V. max). The CO2 concentration at the leaf surface (cs, umol mol~1)
is calculated using the ambient CO5 concentration and the boundary-layer conductance to CO5 (¢, molm~2s~1). The in-
tercellular CO; concentration (c;, Pa) and gross CO5 assimilation (Ag, pmolm~2 s™1) are calculated iteratively using three
iterations. The initial guess differs between the C3 and C, pathways and is 0.7 and 0.4 times the ambient CO5 concentration,
respectively. Note that the community Noah-MP does not subtract leaf respiration from carbon assimilated during the calcu-
lation of stomatal conductance; thus, A, is used. However, the leaf-respiration term is included when calculating the carbon

budget. The Medlyn stomatal conductance is given by

SW SW giw Ag
= —+ _D . 1 =+ c—, 1
g 90 HC ( ?PD) o (1)

where g§% is the minimum Medlyn stomatal conductance (molm~2s~1), ¢5" is the Medlyn slope parameter (kPa'/?), and
Drc is the ratio of the diffusivity of HyO to that of CO3. A minimum value is imposed on ¢g*" for numerical stability. The
conductance ¢g*" is then converted to the stomatal conductance for CO5 (¢°¢, molm~2 s~!) and is subsequently used to update

¢; according to the demand—supply balance.
3.1.2 Implementation of the Medlyn scheme in Noah-MP-ML2

In the multilayer canopy, the stomatal conductance is solved layer-wise for sunlit and shaded leaves individually. The biochem-
ical parameters at 25 °C for sunlit and shaded foliage are distributed vertically using an exponential leaf nitrogen profile. For
both C3 and C, pathways, the temperature dependent Michaelis—Menten constants for CO5 and Os, CO5 compensation point,
Ve, max, €lectron transport rate, and leaf respiration rate are updated using Arrhenius and high temperature inhibition functions.
Soil moisture stress or s is applied to V. max-

For each layer, the intercellular CO5 (here pmol mol~') and net CO assimilation (A,,) are then solved iteratively using the
Farquhar photosynthesis model with pathway dependent initial guesses of ¢; as mentioned previously. Within each iteration, cg
is diagnosed from A, and ¢g"°. Using A,,, ¢ and VPD at the leaf, g°¥ is computed. The resulting g% is converted to ¢°¢ and is
combined in series with gP° to give the total leaf CO, conductance, which is then used to update ¢;. The iteration is repeated
until the diffusive constraints on COs converge, yielding the final value of g*V.

Figure 4 shows the behavior of ¢g°% following the Medlyn and Ball-Berry stomatal conductance models implemented within
the community Noah-MP. Figure 4a highlights the Ball-Berry linear dependence on relative humidity; at fixed leaf temperature,
this translates into an approximately linear relationship when plotted against VPD. Note that for a given VPD, the Medlyn
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Figure 4. Stomatal conductance simulation for a representative deciduous broadleaf plant using the Medlyn and Ball-Berry models. Ball-
Berry parameters: go = 0.002molm™2s~" and g; = 9. Medlyn parameters: go = 0.0001molm~2s~" and g; = 4.45 kPal/2, Photosyn-

thesis follows the Noah-MP biochemical scheme with Vi maxes = 60umol m ™2 s™! and a leaf boundary layer resistance of 18.3sm™".

Baseline conditions are Photosynthetically active radiation (PAR) = 2000 umolm™2s™*, CO2 = 380 umol mol ™, pressure = 101325 Pa,

and leaf temperature = 30 °C. (a) Stomatal conductance as a function of vapor pressure deficit (VPD), generated by varying relative humidity

from 20 to 99 % at constant leaf temperature. (b) Stomatal conductance as a function of PAR, which is varied from 0-2000 umolm™2s™*.

(c) Stomatal conductance as a function of leaf temperature, which is varied from 9 to 45 °C. For Ball-Berry, relative humidity is fixed at 0.80

(VPD changes with temperature) and for Medlyn, VPD is held constant at 0.85kPa by varying the relative humidity. Figure style adopted

from Franks et al. (2017).

model predicts a higher g% (Figure 4a). Thus, with the slope parameter used, ¢°" is higher for the Medlyn model when swept
through the photosynthetically active radiation (PAR) and leaf temperature (Figures 4b and 4c). Note that when comparable

Ball-Berry and Medlyn slope parameters were used, the PAR and leaf temperature responses were similar between the two

model in the study by Franks et al. (2017).

3.2 Canopy radiation transfer

SPARTACUS is a 2N-stream radiation transfer model in both shortwave and longwave bands that uses an efficient matrix-based
solver to obtain radiative fluxes in the surface layer (Hogan et al., 2018; Hogan, 2019). The N discrete angles at which the dif-
fuse radiation travels in each of the hemispheres and the associated weights are calculated using double Gauss quadrature. The
scheme accounts for lateral exchanges of radiation between clear and vegetated regions, thus enabling statistical representation
of 3-D canopy effects. The SPARTACUS solver also allows for efficient simultaneous radiation transfer solution in k spectral
bands in shortwave and [ spectral bands in longwave. This multiband capability not only allows coupling with photosynthesis
models but will also facilitate coupling with fluorescence models in the future. The scheme allows for the representation of
two or three permeable regions (clear air and a maximum of two vegetated regions with different extinction coefficients). The
longwave radiation transfer calculation in SPARTACUS is similar to the diffuse shortwave radiation but replaces the direct

radiation scattering source with thermal radiation emission due to the foliage temperature.
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Noah-MP-ML? uses different volumetric extinction coefficients for direct and diffuse radiation at each spectral band. These

are calculated using the Ross-Goudriaan leaf projection function (Ggif) (Ross, 1975, 1981). For the ith layer, extinction coef-
dif

ficient for diffuse radiation (Ext; ") is

Gair LAL;

Extdf = ,
¢ de

2

where LA, is the layer-wise leaf area index (m? m~?2) and dz; is the thickness of the layer (m). The diffuse projection function

is calculated from the leaf angle departure parameter (;) (Goudriaan, 1977; Ross, 1981) as

$1 = 0.5—0.633x; — 0.33x7, 3)

$2 =0.877(1—2¢1), “4)
2

Gar =61+ 22 )

The value of x; depends on the vegetation type and describes the departure of the leaf angle distribution from the spher-
ical distribution. The extinction coefficient for direct radiation is computed similarly using the direct beam Ross—Goudriaan

function (G g, ):

Gdir (®z> = (bl + ¢2 COS @z7 (6)
g _ Cair (0) AL -
dZi

where O, is the solar zenith angle. Note that in our formulation, Gg;, is not divided by cos©, because SPARTACUS applies
this scaling internally while constructing the direct beam extinction terms. For longwave radiation, Noah-MP-ML? uses the

same extinction coefficient as for the diffuse shortwave radiation.
3.2.1 Shortwave absorption by foliage

Given the incident shortwave direct (S,‘jir) and diffuse (S,fif) shortwave radiations (in W m—2) at the top of canopy in spectral
band (or wavelength) k, for each canopy layer i, SPARTACUS solves the radiation transfer for a unit direct beam and a
unit diffuse shortwave radiation to obtain: (i) total vegetation absorption (direct + diffuse) per unit incident flux (Ag’okt), (i)

absorption only due to the direct beam (A?f,; ), (iii) absorption only due to diffuse (A‘ii,g ), and (iv) sunlit fraction (f{"").
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The layer integrated shortwave absorption per unit ground area at i*? layer for sunlit (@7 and shaded (tha) foliage in

W m~2 is given by

fl,}cn _ Sdlr + fsun [Sdlf + Sdlr . ( tot Adlr)] (8)

zl}? _ (1 . fisun) [Sgir (Atot A?}lg) + Sgif . A?flﬁ] ) 9)

The sunlit foliage receives both direct and diffuse radiations, while the shaded foliage only receives the diffuse radiation.

The absorbed shortwave radiation per unit leaf area (in W m™~2) for sunlit (qs'm SW) and shaded (qf}}:’sw) foliage is

sun

sun,SW ik

SUnSW — ___hE 10
qz,k: fisun i LAIl ’ ( )

ha,SW __ S}}ca

sha, i, ) 11
Bk T (A=) LAL (1

Figure 5 shows the canopy transmitted, absorbed, and reflected fluxes as a function of ©, for a unit direct beam radiation
forcing at the top of the canopy in the visible band. Results are shown for the SPARTACUS model and gap probability-based
2-stream model currently available in the community Noah-MP. The simulations were conducted for low and high surface
albedos (a), which are representative of bare soil and snow surfaces, and for open and dense forest structure defined by
fractional vegetation coverage cyog (Hogan et al., 2018). Figure 5 shows the SPARTACUS results for two-region/2-stream and
three-regions/4-stream model configurations. SPARTACUS three-regions/4-stream model is considered as a benchmark as it
performed the best when compared with the Monte Carlo simulations by Widlowski et al. (2011) at different ©, (Hogan et al.,
2018). Across cases, increasing O, reduces transmission while increasing the canopy absorption, with stronger sensitivity
under a high albedo surface. Compared to SPARTACUS, Noah-MP shows the largest differences for sparse canopies over
bright surfaces, highlighting the important role of lateral radiative exchange in the SPARTACUS model.

3.2.2 Longwave emission and absorption by foliage

The SPARTACUS longwave model solves for radiative fluxes due to the internal thermal emission and for a unit downwelling
longwave radiation boundary condition at the canopy top. Given an incident longwave downwelling radiation (in W m~2) from
sky in spectral band [ (Lfky), for the canopy layer 2, SPARTCUS provides the net longwave absorbed per unit ground area by
vegetation in each layer, accounting for both absorption of radiation originating from adjacent regions and the vegetation’s own
thermal emission (Rem‘t) and foliage absorption from the unit downwelling longwave forcing (Rabb) The per unit leaf area

longwave fluxes for the i*? layer are

10
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Figure 5. Reflected, absorbed, and transmitted radiation flux simulation for a unit direct beam radiation forcing at the top in the visible
band. Parameters: leaf area index = 5m? m™2, leaf reflectance = 0.0735, leaf transmittance = 0.0566, spherical leaf angle distribution,
canopy radius = 5m, foliage top = 14 m, foliage bottom = 4m. Results for SPARTACUS model under two configurations are shown: (i)
2-regions/2-stream model and (ii) 3-region/4-stream model. The gap probability model in Noah-MP was employed. (a) representative sparse
forest with soil surface (o = 0.1217 and cveg = 0.5). (b) representative sparse forest with snow surface (os = 0.964 and cyveg = 0.5). (c)
representative dense forest with soil surface (o = 0.1217 and cveg = 0.92) and (d) representative dense forest with snow surface (as = 0.964

and cveg = 0.92). Note that the y-axis scale in the bottom panels (dense canopy) is different from the top panels (sparse canopy).

emit
emit,LW __ Ri,l

G T AT 12

k abps
gbs,LW _ L? v Rz,ll) (13)
bl LAL

In our implementation, the longwave radiation is assumed to be the same for sunlit and shaded foliage.
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3.2.3 Leaf net radiation per unit leaf area and photosynthetically active radiation

For a canopy layer ¢, the net radiative fluxes per unit leaf area for sunlit and shaded foliage, which are used in the calculation

of leaf energy balance, are given by

R?un _ Z sun, SW + Z (qfrlmt LW :\]ZOS,LW) 7 (14)
k

R?ha _ ‘J;};ca SW + Z (ql Ilmt IW q;ﬂ.?b LW) . (15)
k l

Photosynthetically active radiation (PAR) corresponds to the portion of the shortwave spectrum that can be used by veg-
etation for photosynthesis. Using the PAR relevant spectral bands p, the PAR for the canopy layer 4 (in pmolm=2s71) is

calculated for sunlit and shaded foliage as

n sun,SW
PAR;™ =) " gfy5W A PAR, (16)
p
sha sha,S
PARih — Zqi,pa W 'Y;I)DARv a7
p

where 7JA% (umol J™1) is a constant energy to photon conversion factor for band p.
3.24 Ground net radiation

Ground net radiation is required for calculating the surface energy balance. SPARTACUS solves for the ground net radiation

components of direct (Qgigund ;) and diffuse (Qgif)und 1) Tadiations from the unit direct beam and diffuse shortwave radiation

forcing at the canopy top for a given spectral band k. The shortwave component (Q5"W ) is given by

ground

SW _ dir dir dif dif
ground — E [S " Weround,k + S : ground,k} . (18)
k

Similar to the longwave radiation solution for foliage, SPARTACUS provides net longwave radiation at the ground, which is

calculated as the downward longwave radiation reaching the surface due to internal emissions from the regions above, minus

emlt

the upward internal thermal emission from the ground (Rg;5, .4,

) and ground absorption from unit downwelling longwave

from canopy top (f2 mun a,) in spectral band [. Given L?ky, the longwave contribution to ground net radiation is

LW _ emit sky abs
ground — E |:R round,l + Ll : Rground,l . (19)
l
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Finally, the ground net radiation (per unit ground area) is

gsct)und = leygund + Q;X\a/und' (20)
3.3 Canopy turbulence scheme accounting for the roughness sub-layer

Wind speed and aerodynamic conductance above and within the canopy are computed using the Harman and Finnigan RSL
theory (Harman and Finnigan, 2007, 2008), which modifies the standard Monin—Obukhov flux—gradient relationships to ac-
count for the enhanced mixing at the canopy top. Our implementation of the scheme in a multilayer configuration follows
Bonan et al. (2018). We note that a scheme was also implemented in the community Noah-MP single-layer configuration by
Abolafia-Rosenzweig et al. (2021).

RSL corrected stability functions for momentum WH&F () and scalars WHF (2) above the canopy are given by

—dvee he—dves\ - k
V()= o (i )+ (Mg )+ Bne) = Do) + 5 @
MO MO
— dves hc — dves N -
W (2) = v <2Lg> +1be <Lg> +1e(2) — el he), (22)
MO MO

veg

where z is the height above the ground (m), A, is the height of the canopy (m), Ly;¢ is the Obukhov length (m), d¥°® is the
displacement height for the vegetated surface, vke is the von Karman constant, 3 is defined as the ratio of friction velocity for
the vegetated surface (uy°®) to the wind speed at h... v,,, and 9. are the Monin-Obukhov stability functions, while {b\m(z) and
zzc(z) are the RSL integrals described in the scheme. An advantage of this RSL scheme is that it allows for the calculation of
dV°® based on the canopy parameters and flow type. Further, roughness length for vegetation is eliminated by the introduction

of 3. Using \Ilgl&F(z), the wind speed above the canopy is given by

uvcg o Jves
veg _ * H&F
" (Z) " vke |:ln (hc _ dveg> + \Ijm (Z):| , 22 he. 23)

From the conservation of momentum at /.., the theory provides an exponential profile for wind speed within the canopy:

u*8(z) = u"%(he) - exp (Zl _/};C) , 2<he (24)

where [, is the within canopy mixing length scale.
\IIE&F (z) and the within canopy wind speed can be used to calculate the vertical profile of aerodynamic conductance for
scalars in the vegetated surfaces (g ®) between adjacent canopy layers (z; and z;1) from the surface up to the forcing height.

Later, g;°® is used in the canopy implicit solution to compute the scalar profiles. Above the canopy (z > h.),
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(Omom

puy® x vke

g;eg(zuzi-&-l) = ve , (25)
In (S50 ) 4 WHET (214) — WHF ()
where p is the molar density (mol m~—3). Within the canopy (z < h,), g¥°¢ is parameterized based on [,,, /3 as
1 1 Sc Zi — hc Zi+1 — hc>:|
ve = veg |€XP | — —€Xp\ ——F—F7— ) (26)
9a (2, zi41)  p Pui® [ ( /B ) ( lm/B

where Sc is the turbulent Schmidt number defined as the ratio of eddy diffusivities or turbulence length scales of momentum
and scalars. The original Harman-Finnigan RSL theory is only valid for dense canopies where the ground is a major momentum
sink. However, Bonan et al. (2018) further modified the parameterization to account for sparse canopies.

For the bare ground, the wind speed (u"**¢) and aerodynamic conductance (') are calculated using Monin-Obukhov

similarity theory. The wind profile above the surface is

bare bare bare bare
bare _ Uy z—d z—d Z0m
= () o () e ()| @
where z53r¢ (set to 0.01m) is the bare ground roughness length of momentum and dP#™ is the displacement height of the bare

ground (set to 0m). Aerodynamic conductance between adjacent layers for the bare surface is calculated as

bare
ou x vke
98" (21, 2i41) = - 7 - :
1n<zi+1_d dre) _1/1 (Zi+1—d are) +w (zi_dbare)
Zi_dbarc (& Llﬁ/ilcr)c c LREBC

For the calculation of aerodynamic conductance between the ground and midpoint of the first layer (z;1) for vegetated

(28)

veg

bare
(ga7ground

veg/bare , veg/bare
a,ground (_ 0.1 20

) and bare surface types (g ), z; is replaced by z, i ) and z;11 by z; in equations 26 and

veg
Om

bare ;

28, respectively. Here, 2, o€ in

is the ground roughness length of momentum at the vegetated surface, which is set equal to z
our implementation. At the top model layer, the same equations for aerodynamic conductance (equations 25 and 28) are used,

but with 2,11 = 2,er, Where z,¢f is the forcing height (m).
3.4 Canopy implicit solution

We solve the multilayer canopy following the implicit solution by Ryder et al. (2016), which was revised by Bonan et al.
(2018). The formulation solves for the air temperature and specific humidity within and above the canopy for both vegetated

and bare land surfaces separately (0yeg/bare in K and qv in molmol '), as well as the leaf temperatures of sunlit

veg /bare
(1},sun»> K) and shaded (77 g4, K) foliage at time 1+ 1 using the canopy state at time n. The canopy is integrated with 5-minute
sub-steps embedded within the forcing time step (e.g., 12 sub-steps for hourly forcing). These sub-steps are required because

the canopy parameters (leaf temperature, stomatal conductance, longwave radiation, aerodynamic conductance, etc.) depend
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strongly on each other and evolve within a single forcing time interval (typically one hour). Thus, updating these parameters
every 5 minutes and averaging them over the forcing time step provides a stable and smooth solution for the canopy.

With reference to Figure 3, for each canopy layer i in the vegetated surface, the prognostic air temperature (8”) and

veg,t
n+1
veg,i

specific humidity (qv.."".) at time n + 1 are obtained from a balance between the layer storage over the sub-time step (At,

seconds), vertical divergence of turbulent fluxes, and the sources and sinks from sunlit and shaded foliage in the i*" layer as

n+1 on
veg,t veg,i n+1 n+1 veg n+1 n+1 veg
pCPAZ < At ) + Cp (eveg,i - eveg,i—l) "Ga,i-1 + Cp (eveg,i - 9veg,i+1) "Ya,i

(29)
=20 <1_'1nb_l'_—1r112 - 93e?z> 'gl?h 7' LAL +2¢, (ﬂnstalbz - 93@;) 'gl?h (1= ") - LAL,
+1 n
qvy, i QVveg,i +1 1 +1 +1
pAz <ch lAt + (qVI/Leg,i - quzl;g,i—l) 'g;/?ig—l + (qu/leg,i - qv:feg,i-i-l) 'g;i'g
(30)

= [quat (T{fst}m) — qvgej;i} _g;,sun fELLAL
1,sh un
+ {quat (irltlsti,l) - chefg,ly] "9; e (1 - f:u ) -LAIL;,

where ¢, is the moist air specific heat at constant pressure (J mol~! K~1), Az is the layer thickness (m), and qv,, (Tl"Sltrll ;)

and qv,,, (T ;) are the saturated vapor pressures at sunlit and shaded foliage temperatures at time n + 1. gP" is the leaf

,sh.
and g1_;ot,s a

-2 -1 tot,sun
sTH).g; i

boundary layer conductance to heat (mol m are the total conductance to transpiration for sunlit

and shaded foliage (molm~2s~1), respectively. These are calculated as 4+ m, where gPV is the leaf
i 9i

1 —
Fot,sun/sha - g

K3
sw,sun/sha

boundary layer conductance for water vapor (molm~2s~') and g;

are the stomatal conductance of sunlit or shaded
l,sun/sha

foliage (mol m~2 s~ ). The effective leaf conductance for water vapor (g;

l,sun/sha __ tot,sun/sha

) are calculated as g,

K3 ? X

et T 9P X [hyy» where fi . and fi are the canopy wet and dry fractions calculated from the canopy water interception.

@Vt (TYshn ;) [and likewise, qv, (17

| sha, Z.)] is linearized around the sunlit foliage temperature at time n (T{fsum ;) as

n+1 _ mn
AVsat <Tl,sun,i) = QVsat (Tl,sun,i)

d {quat (T’l?sun,z)] ( n+1

n
dT I—i,sun,i - CZjl,sun,i) :

€2y

+

To close the system of 936212- and qv

n+1

veg,i» additional equations for THL and Tyt ! . are required. These come from the leaf

l,sun,i 7

energy balance:

+1
Rsun _ TVI?}SUH,Z' B ﬂ?sun,i ) Tn+1 en—i-l bh
i — € At +2¢p Lsun,i ~ Yveg,i ) " 9i (32)

n+1 n+1 I,sun
+A [quat (T‘l,sun,i) - qucg,i] " Y; ’
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where c; is the leaf heat capacity (Jm~2 K~!) and \ is the latent heat of vaporization (J mol~1). 7{'! . is similarly calculated

from the energy budget of the shaded foliage.
n+1

ref

n+1

n+1 +1 .
A7 % and qv'T " are replaced by the forcing temperature (6 rof

veg,i veg,i

At the top of the canopy, ) and humidity (qv .t "), respec-

tively. At the bottom layer, the sensible and latent heat flux from the soil are the boundary conditions. These are integrated in

the implicit solution through the surface energy balance equation given by

net _ Cp (Tn+1 o 0n+1 ) veg

ground — veg,ground veg,1 )’ ga,ground

(33)
veg +1 +1 veg +1
+ A {rhground [quat (T\:leg,ground> - qv:/Leg,1:| ’ gtot,ground} + G:}eg ’

where T\Zglgroun 4 is the surface temperature (K) of the vegetated surface at n+ 1, Gog! is the ground heat flux (W m™?)

at the vegetated surface, gyof . ounq 15 the total conductance for soil evaporation (molm~?s™!) calculated as —vert—— =

tot,ground

ﬁ + —ver—, where geois is the soil conductance for the vegetated surface and is calculated following Sakaguchi and Zeng
soil a,ground
(2009). quat(Tf;grlgmund) is linearized around the vegetated surface temperature at 7 (77, . ouna)- Thyrauna i the relative

humidity at ground for the vegetated surface (—) and is calculated as

Uope Xgrav

I‘hVEg —e ( 273.15><T‘jlcgygmund ) (34)

ground — )

where W, is the soil matric potential of the surface (m), grav is the gravitational constant (= 9.81ms~2). Gﬁjgl is calculated

as a part of the implicit solution but requires the soil temperature of the first layer soil at n. Equations 29, 30, 32 (and similar

leaf energy budget for shaded foliage), and 33 form a set of linear equations for 67", avith, T/ L .

and T} .. These can
be arranged into a tridiagonal matrix that can be solved using the Gauss elimination method.

The solution for the bare ground follows a similar method, but is largely simplified as LAI; = 0, thus there are no foliage
source or sink terms in the layer budgets. The aerodynamic conductances for bare ground are g°#*(z;,z;41) and gggr%und.

The soil conductance and surface relative humidity for bare ground are computed analogously using the bare ground surface

temperature.

4 Subsurface processes in Noah-MP-ML?

The sub-surface grid is defined by prescribing the number of soil layers (/Ns) and the thickness of the top soil layer (Azg 1).
The remaining soil layer thickness follows a geometric progression Azs ; = Az 1 -r;:*l such that vazl Az i = Zg max, Where
Zs max 18 the total soil depth. The common ratio 7 is obtained numerically using a secant method. For the present case, we use
Ng =20, Azg 1 = 1cm and Zg yax = 200cm. The resulting sub-surface grid is presented in Appendix A.

In addition to this geometric sub-surface grid, the model can also be configured to use the standard 4-layer community
Noah-MP soil grid with thicknesses of 10, 30, 60, and 100 cm. When the community Noah-MP sub-surface grid is selected,

the existing community Noah-MP sub-surface parameterizations are used. However, at present, only the Schaake scheme
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(Schaake et al., 1996) is implemented to calculate the soil water infiltration and drainage, which is also the default scheme in
the community Noah-MP model. When the 20-layer soil configuration is used, the soil heat diffusion solver is the same as the

community Noah-MP model, but a more detailed Richard’s equation solver is used (described in section 4.3).
4.1 Soil thermal and hydraulic properties

Soil thermal properties are computed following the community Noah-MP model. The soil thermal conductivity (x, W m™! K1)
and volumetric soil heat capacity (Cs, Jm~3 K—1) vary with soil liquid water content. Kersten number-based linear interpola-

tion is used to compute « (Peters-Lidard et al., 1998) as

R = Ke ' (Hsat - Hdry) + Rdry, (35)

where Kga, and Kqry are the saturated and dry thermal conductivities, K, (—) is the Kersten number varies between 0 and 1
depending on the soil texture, water content, and water phase. Cs is calculated as the volume weighted sum of the heat capacity

of soil solids, water, ice, and air as

Cs = 01101 . C(liq + Hice . Cice + (1 - esat) . Csoil + (esat - etot) . Caa (36)

where 0y, 0ice and 6, are the liquid, ice, and total soil moisture, respectively, O, is porosity, and Cliq, Cice, Csoil and Cy,
are volumetric heat capacities of liquid, ice, soil solids, and air, respectively.

The soil hydraulic properties are necessary for solving Richards equation. When the 4-layer community Noah-MP sub-
surface scheme is selected, the model uses the community Noah-MP’s default Richards equation solver with water retention
curves and functional forms of hydraulic conductivity derived from Campbell (1974), and parameters for different soil types
are from Clapp and Hornberger (1978). However, when the 20-layer sub-surface grid is used, the soil hydraulic properties are
calculated using the van Genuchten (1980) water retention model. Using the van Genuchten formulation, matric potential (¢

in cm) is computed as

—1/mve 1/nvea
= — (Se - 1) : (37

ava

where nyg (—) is the pore size distribution parameter, ayg (cm™1) is the inverse air entry potential, mvg =1 — ﬁ and S,

is the effective saturation defined as

tiq — 0. v

Se = 5
9S,VG - 9r,VG

(38)

where 6, va (m® m~3) is the residual volumetric water content and Osva (m®m~3) is the saturated the volumetric water

content. The hydraulic conductivity (Kvg, cms™!) and df);,/d are given by

17



355

360

365

370

https://doi.org/10.5194/egusphere-2026-4875
Preprint. Discussion started: 21 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Kva = Kvasat - V/Se - {1* (1*Sé/mVG)mvc}2, 39)

dbiq _ ava-nve -mva - (6s.va = brva) - (ave )™} (40)

dyp {1+ (avely])™veymve™!

where Kvq sat 18 the saturated hydraulic conductivity (cm s~1). The van Genuchten parameters (subscripted as VG) vary with

soil types, and the standard values from Carsel and Parrish (1988) are used.
4.2 Root profile and soil moisture stress to transpiration

When the 20-layer sub-surface grid is used, the vertical distribution of roots follows the exponential formulation by Jackson

et al. (1996), where the cumulative root fraction at depth 2 (cm) is given by

F(z)=1-p%

s

(41)

where (s (—) is the vegetation-type dependent parameter. For the discretized soil column, the root fraction in layer 7 is calcu-
lated as the difference between the cumulative root fraction and is normalized so that the sum of layer-wise root fractions in the
soil column is equal to one. An effective rooting depth is defined as the depth containing 99.5 % of the cumulative root mass,
and the soil layers below this depth are excluded from root water uptake. When using the community Noah-MP sub-surface,
the number of soil layers in which roots exist is prescribed in the lookup table for different vegetation types.

When the 20-layer sub-surface grid with detailed Richards equation solver is used, Ssoi1 (Which scales layer-wise V; max in

stomatal conductance calculation) is calculated using the root fraction and layer-wise soil wetness factor W, (—) as

1 — i [Ywie,i
W, = — LTt 42)
1 + wsat,i/d]wilt,i

where v; and 1), ; are the layer-wise matric potentials and saturated matric potentials, respectively, which are calculated using
the van Genuchten formulation. ¢ ; is the layer-wise matric potential at wilting point, which is taken to be —15000 cm. Ssoi1

is finally calculated as

Nioot

Beoit = Y Ri- Wi, 43)
i=1

where N0t is the number of rooted layers and R; is the root fraction. In the community Noah-MP 4-layer soil grid, Bsoq is

calculated as
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Nroot AZ .
Baoit = Y (ZSZ> Wi, (44)
S,%

i=1
where Azg; (m) is the layer-wise thickness of the soil layer and Z; ; is the depth of the deepest-rooted layer (m). W; is

calculated as before, but with Campbell (1974) water retention formulation.
4.3 Soil water diffusion

The Noah-MP-ML? solves the mixed form of the 1-D Richards equation to calculate water infiltration and to update the
volumetric soil liquid water content (Richards, 1931). The governing equation for a soil column where the depth 2z (cm) is

positive downwards is

00y 0
8ltq =3, |:KVG (Oriq) -

where S (z) represents the sink from soil evaporation (for top layers), root water uptake (if roots exist), or both. The transpira-

tion flux sink component of S;(z) for soil layer 7 is given by

Ss trans,i = Transpiration flux x ———, (46)
ﬁsoil
We use Picard’s iteration method to numerically solve the Richards equation, where we linearize Gﬁ:il 1 using the 0171';”21 "

and specific soil moisture capacity C; for the soil layer ¢, allowing for the conservation of mass following Celia et al. (1990):

n+1lm+1 _ pn+lm n+1,m n+1,m+1 n+1,m
i =g TG (wi — ) : @7
where

001iq.i
;H»l,m _ 81101,1 ) (48)
wi n+1lm
Ky is calculated as the arithmetic mean of adjacent nodal values as
1
+1,m+1 _ +1, +1,
K3G,¢~T1/2 =3 (K{Z/'G,im + K\ﬁe,iﬁ) ) 49

where n is the time and m is the iteration number. After linearization, we solve for the system the residue under relaxation
(Paniconi and Putti, 1994): ;" Fhmtl YT L wAY™ T where 0 < w < 1 is the damping factor. The iteration continues

until |Aq);| falls below a prescribed tolerance. Additionally, a water balance check is enforced after each successful iteration as
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AStorage =~ (Inﬁltration — Drainage — Evaporation — Z Transpirationi) <At (50)

where At is the solver time step. Free drainage is taken as the bottom boundary condition. At the surface, the solver supports
three boundary conditions depending on the water availability and surface ponding: (i) a prescribed flux (Neumann) condition
when the supply is below infiltration capacity, (ii) a prescribed head condition at saturation (Dirichlet) when the surface is
exactly saturating without ponding, and (iii) a ponded head condition when surface water storage exists, where the surface
head is set by pond depth. Infiltration is limited by the instantaneous hydraulic conductivity of the top layer, and any excess
supply is stored as ponding. When the pond storage exceeds a prescribed maximum, the excess is released as runoff.

To maintain the numerical stability and convergence of the solver, especially during a strong wetting front, the sub-surface
column is non-uniformly vertically discretized as discussed previously. The Richards solver uses an adaptive sub-stepping
(Kavetski et al., 2001). Within each forcing interval, At is increased by a factor of 1.5 when the previous iteration converges in
less than 10 iterations and is halved when either the tolerance or water-balance criterion fails to converge within 50 iterations.

Under weak Picard damping (w = 0.8), the Richards solver frequently fails to recover from a dry soil state after rainfall.
To enable recovery, w is adaptively reduced to 0.4. In addition, prescribing the wilting point too close to the residual soil
moisture for coarse-textured soils prevents re-wetting despite damping. Introducing a modest separation between residual
and wilting soil moisture (=~ 0.005m? m~?) enabled realistic recovery in most of the cases we tested. Excessive root density
concentrated in near-surface layers, which is controlled by the Jackson (s parameter further exacerbated surface drying and
hindered recovery. The adaptive damping strategy is applied only when soils approached extreme dryness and deactivated
once moisture recovered. Finally, the cumulative water balance error is tracked over the complete model run to ensure stable
behavior of the solver. For the simulations that activated adaptive damping during testing of the solver, we did notice increased
cumulative water balance error.

The 1-D Richards equation solver described above was tested for a constant head configuration to simulate infiltration in Yolo
light clay following the benchmark experiment of Haverkamp et al. (1977). Two numerical configurations were evaluated: (i)
the soil column was discretized using a uniform 1 cm vertical grid and a fixed time step of 10 seconds (high resolution reference
simulation), and (ii) an adaptive time step Richards solved on a geometrically stretched non-uniform grid where At,,,x capped
at 3600 seconds. Soil liquid water profiles, cumulative infiltration, and computational time were compared between the two
configurations. The simulated moisture profiles at 10%, 10°, 5 x 10° and 10° seconds are shown in Figure 6a alongside the
analytical solution of Haverkamp et al. (1977), while Figure 6b presents the corresponding cumulative infiltration. The total
runtime for each configuration is reported in the Figure caption. The adaptive time step solver on the stretched grid performs
well in terms of the soil liquid water profiles and cumulative infiltration (Figure 6). The differences seen between the adaptive
time step and high-resolution solver are primarily due to the stretched grid and not due to adaptive time stepping. Thus, it is

important to add more shallow layers near the surface to calculate the soil water diffusion correctly.
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Figure 6. Richards equation with van Genuchten hydraulic properties for Yolo light clay with initial column soil liquid water = 0.24m® m 3.

Two experiments were performed: (i) a high-resolution reference that uses 1 cm layer thicknesses (200 layers) and 10 second time steps, and
(ii) Adaptive time step on a vertically stretched grid (20 layers). van Genuchten parameters: nyg = 1.43, avae = 0.026cm ™%, 6; va =
0.124m*m™3, 65 ve = 0.495m3 m > and Kvcwas calculated following Haverkamp et al. (1977). (a) Soil moisture profiles for both the
experiments and the analytical solution after a time lapse of 10*, 10°, 5 x 10® and 10° seconds. (b) Cumulative infiltration (in cm) after
10%, 10°, 5 x 10° and 10° seconds. Offline model execution time: 6.8, 61.5, 278.7, 557.7 seconds and 0.8, 2.7, 7.2, 11.5 seconds for high

resolution and adaptive time step experiments, respectively.

4.4 Soil heat diffusion

The soil temperature (7.;;) is updated by solving the 1-D heat diffusion equation following the community Noah-MP imple-
mentation (He et al., 2023b; Niu et al., 2011). The heat diffusion equation solved is

airsoil _ 0 aTsoil
Ca = —az(n o ) 1)

At each model step, layer-wise thermal conductivity and volumetric heat capacity are computed. The heat diffusion equation

is discretized on the vertically stretched grid to form a tridiagonal linear system that is solved for temperature increments. The

system is advanced using a fully implicit backward-Euler scheme, which is unconditionally stable for time stepping and the

21



435

440

445

450

455

460

https://doi.org/10.5194/egusphere-2026-4875
Preprint. Discussion started: 21 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

non-uniform grid used in the study. At the upper boundary, a prescribed ground heat flux (Neumann condition) is applied,

while at the lower boundary, soil temperature is prescribed at 8 m depth (Ek et al., 2003).

5 Noah-MP-MLZ2 Model flow

The Noah-MP-ML? model flowchart is shown in Figure 7. The model first reads namelist options and initializes configura-
tion, forcing, water, and energy state variables following the community Noah-MP v5 framework (He et al., 2023b). Domain
static attributes (e.g., canopy height, LAI, leaf geometry) are then assigned, after which the canopy and soil vertical grids are
constructed, and model parameters are prescribed (e.g., van Genuchten hydraulic parameters, soil thermal parameters, ground
albedo, and leaf radiative properties). Next, atmospheric forcing is read from a NetCDF file containing surface pressure (Pa),
air temperature (K), specific humidity (kg kg™!), wind speed (ms™!), cosine of solar zenith angle (—), shortwave radiation
(W m~2) in visible/infrared bands separated into direct and diffuse components, incoming longwave radiation (W m~?2), and
precipitation rate (mms~—!). The number of model sub-steps per forcing interval is computed from the forcing timestep and
the internal model sub-step (60 and 5 minutes in this study, respectively).

The simulation advances by looping over sub-grid tiles and stepping forward in time using the forcing data. At each forcing
time step, shortwave radiative transfer inputs (e.g., extinction coefficients) are updated, and the canopy shortwave radiation
solution is computed. The model then performs an internal loop over sub-steps where within each sub-step processes are evalu-
ated in the following order: (1) ground/soil thermal properties, (2) canopy interception, (3) root water uptake and transpiration
stress, (4) longwave radiative transfer, (5) canopy radiative diagnostics needed for leaf energy balance calculation, (6) leaf
boundary layer conductance (for heat, water vapor, CO2), (7) leaf heat capacity, (8) leaf vertical nitrogen profile, (9) photosyn-
thesis, (10) canopy turbulence and within-canopy scalar, (11) subsurface processes, and (12) canopy evaporation. Within the
subsurface module, soil temperature is updated by solving the 1-D heat diffusion equation over the sub-step. The soil moisture
is updated by solving the Richards equation with adaptive internal time stepping (At < substep). Finally, the canopy profiles
and fluxes are aggregated over the forcing interval. Of the multilayer canopy process formulations, canopy interception and
processes 6—10 follow CLM-ml vO (Bonan et al., 2018). Note that when Noah-MP 4-layer sub-surface is selected, the default

Noah-MP Richards equation solver is used.

6 Model evaluation

Although the model allows for multiple sub-grid tiles through an external landcover loop, the present study evaluates a single
vegetated tile that occupies the full grid cell. Noah-MP-ML? was evaluated at five forest FLUXNET sites with different plant
function types, soils, and background climates. Table 1 provides the details on the FLUXNET sites. The FLUXNET datasets
were post-processed to filter for only the time periods when high-confidence data were available. Based on the data availabil-
ity, we decided the simulation start and end dates. All the FLUXNET data were aggregated to 1 hour temporal resolution.

Additionally, the Richards equation fails when 0y < 0, v due to soil water freezing. The current model also does not have
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Figure 7. Model flowchart that shows how the inputs are read, the order in which the model executes, state variable aggregation, and output

storage. Note: not all processes are shown in this Figure.

snow-related processes, which will be included in the future. Thus, we further narrowed our simulation time period to the warm

months.

The model was initialized using the observed values for both the canopy and soil. The observed 6;;4 and soil temperatures

were interpolated onto the 20-layer or the 4-layer sub-surface grids, depending on the choice of the sub-surface model. How-

ever, at DE-HAI, US-MMS, and AU-Tum sites, deeper 6}, and soil temperatures were not available. Thus, we performed a

multi-year spin-up using the community Noah-MP column model within the high-resolution land data assimilation system

(HRLDAS) modeling framework (Chen et al., 2007), which was forced by site-level FLUXNET meteorological observations.

The model was initialized by repeatedly cycling through a complete 1-year forcing dataset ten consecutive times, resulting
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Table 1. List of FLUXNET sites over which the model was evaluated. Vegetation, soil type, and K&ppen climate classification are shown
along with the simulation time period. Leaf area index, vegetation canopy height, and forcing tower height are also provided. Vegetation
type: DBF- Deciduous broadleaf forest, ENF- Evergreen needleleaf forest, EBF- Evergreen broadleaf forest. Koppen classification: Dfb -
Snow fully humid warm summer, Cfb - Warm temperate fully humid with warm summer, Csb - Warm temperate with dry, warm summer, Cfa
- Warm temperate fully humid with hot summer, Cfb - Warm temperate fully humid with warm summer. Number of data points: US-UMB
(Gough et al., 2015) = 1153, DE-HAI (Knohl et al., 2016) = 1290, US-Me2 (Law, 2016) = 2953, US-MMS (Novick and Phillips, 2016) =
791 and AU-Tum (Woodgate et al., 2016) = 655.

Leaf area Canopy Tower
Vegetation Soil Koppen Time index height height

Site type type classification ~ period (m?m~32) (m) (m)
US-UMB DBF Sand Dfb Aug-Sept 2017 4.2 21 46
DE-HAI DBF Clay loam Cfb Sept—Oct 2005 4.5 34 44
US-Me2 ENF Sandy loam Csb Apr—Aug 2009 3.8 18 33
US-MMS DBF Silt loam Cfa Jul-Aug 2005 4.7 27 46
AU-Tum EBF Sandy clay loam Cfb Apr-May 2011 4.5 41 70

Table 2. Experiments were conducted using the community Noah-MP model, the community Noah-MP model with new parameterizations,

and the Noah-MP-ML? model. MOST: Monin-Obukhov Similarity theory, H&F RSL: Harman and Finnigan roughness sublayer theory.

Stomatal Richards

Experiments Canopy type  Radiation conductance  Turbulence solver
Community Noah-MP Single-layer ~ gap probability = Ball-Berry MOST Default Noah-MP
Noah-MP Medlyn Single-layer ~ gap probability = Medlyn MOST Default Noah-MP
Noah-MP RSL Single-layer  gap probability ~ Ball-Berry H&F RSL  Default Noah-MP
Noah-MP Medlyn + RSL Single-layer  gap probability Medlyn H&F RSL  Default Noah-MP
Noah-MP-ML? 4 sub-surface layers Multi-layer SPARTACUS Medlyn H&F RSL  Default Noah-MP
Noah-MP-ML?2 20 sub-surface layers ~ Multi-layer SPARTACUS Medlyn H&F RSL  Detailed solver

in a 10-year effective spin-up. This procedure allowed the deeper soil layers to equilibrate. After the final spin-up cycle, the

simulated 6};4 and soil temperature profiles were extracted and interpolated on the soil grids.
6.1 Experiments

We conducted six experiments with increasing complexity to evaluate Noah-MP-ML?2. These experiments are shown in Table
2. The detailed model set-up parameters for all the experiments are provided in Appendix B.
Community Noah-MP: Noah-MP v5.0 was implemented as a column model within HRLDAS. Radiative transfer is calculated

using a 2-stream approximation with a ©, dependent gap probability. Stomatal conductance follows the Ball-Berry formula-
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tion, and MOST was applied over vegetated and bare surface fractions separately. Soil water diffusion was solved using the
default Noah-MP Richards equation solver with a free drainage lower boundary condition, while surface infiltration and runoff
were parameterized using the Schaake scheme.

Noah-MP Medlyn: Same as the community Noah-MP configuration, but the Medlyn stomatal conductance model was used
instead of Ball-Berry.

Noah-MP RSL: Same as the community Noah-MP configuration, but the single-layer Harman-Finnigan RSL scheme imple-
mented by Abolafia-Rosenzweig et al. (2021) was used instead of MOST.

Noah-MP Medlyn + RSL: Same as the community Noah-MP configuration, but uses Medlyn stomatal conductance model
and the single-layer RSL scheme for turbulence.

Noah-MP-ML? 4 sub—surface layers: Uses SPARTACUS radiation transfer model, Medlyn stomatal conductance model,
and Harman-Finnigan RSL scheme for turbulence, all implemented in a multilayer configuration as discussed in the paper. The
model, however, uses the community Noah-MP 4-layer sub-surface grid and the default Noah-MP Richards equation solver.
Noah-MP-ML? 20 sub-surface layers: Same as the Noah-MP-ML2 4-layer sub-surface model but uses the detailed Richards

solver with van Genuchten water retention curves, solved on the 20-layer stretched soil grid.
6.2 Validation

We compared the net radiation, sensible heat flux, latent heat flux, friction velocity, and soil moisture and soil temperature
profiles for all six experiments against the observations. This section only discusses the behavior of the model experiments in

simulating these variables and the explanation for the observed behavior is presented later in Section 7.
6.2.1 Canopy variables

To provide an integrated assessment of model performance across sites and variables, we quantified the model skill for simu-
lating net radiation, friction velocity, and turbulent heat fluxes using the Taylor skill score (Taylor, 2001). The Taylor score is a
value between 0 and 1, where values closer to unity indicate higher agreement with observations. Table 3 provides the average
Taylor skill scores for all the experiments at the selected sites. The Taylor diagrams for individual sites are provided in Figures
S1 to S5 in the supplementary material.

Additionally, hourly data over the time period of the simulation were aggregated to study the diurnal profiles of variables
for all the experiments. Figure 8 shows the diurnal profile for the US-UMB station along with the root mean squared error
(RMSE) and mean bias for the entire time period of simulation. These metrics quantify the overall model error and systematic
bias, respectively, which are not fully captured by the Taylor scores. Similar Figures for all the stations are provided in Figures
S6 to S9 in the supplementary material.

Results from Table 3 show that the simulation of u, consistently improved across most sites for the multilayer model exper-
iments with the RSL parameterization when compared to the community Noah-MP model. The RSL implementation within
the single-layer configuration only showed improved skill over the US-Me2 and AU-Tum sites. Site-specific analyses indicate

that although the single-layer RSL formulation reduced nighttime underestimation of w,, daytime values were often lower
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Table 3. Average Taylor skill scores for the net radiation, friction velocity (u«), and turbulent heat fluxes for all the experiments across the
validation sites selected. The community Noah-MP model is used as a benchmark (italics), and all the model experiments that outperformed

the community Noah-MP model are shown in bold.

Experiments US-UMB  DE-HAI = US-Me2  US-MMS  AU-Tum
Net Radiation Community Noah-MP 0.99 0.99 0.99 0.99 0.98
Noah-MP Medlyn 0.99 0.99 0.99 0.99 0.98
Noah-MP RSL 0.99 0.99 0.99 0.99 0.99
Noah-MP Medlyn + RSL 0.99 0.99 0.99 0.99 0.99
Noah-MP-ML? 4 sub—surface layers 0.99 0.99 0.99 0.99 0.98
Noah-MP-ML? 20 sub—surface layers 0.99 0.99 0.99 0.99 0.98
U Community Noah-MP 0.61 0.48 0.56 0.58 0.23
Noah-MP Medlyn 0.61 0.48 0.56 0.57 0.23
Noah-MP RSL 0.46 0.45 0.63 0.20 0.28
Noah-MP Medlyn + RSL 0.45 0.41 0.61 0.19 0.27
Noah-MP-ML? 4 sub—surface layers 0.79 0.84 0.83 0.59 0.63
Noah-MP-ML?2 20 sub—surface layers 0.79 0.83 0.83 0.58 0.63
Sensible heat flux ~ Community Noah-MP 0.70 0.87 0.86 0.51 0.69
Noah-MP Medlyn 0.80 0.86 0.83 0.59 0.77
Noah-MP RSL 0.60 0.73 0.81 0.33 0.54
Noah-MP Medlyn + RSL 0.67 0.71 0.81 0.37 0.59
Noah-MP-ML? 4 sub—surface layers 0.84 0.59 0.85 0.56 0.60
Noah-MP-ML?2 20 sub—surface layers 0.75 0.63 0.90 0.54 0.64
Latent heat flux Community Noah-MP 0.75 0.72 0.56 0.89 0.59
Noah-MP Medlyn 0.88 0.86 0.69 0.89 0.72
Noah-MP RSL 0.67 0.69 0.49 0.85 0.57
Noah-MP Medlyn + RSL 0.81 0.78 0.66 0.86 0.71
Noah-MP-ML? 4 sub—surface layers 0.74 0.82 0.76 0.85 0.68
Noah-MP-ML?2 20 sub—surface layers 0.71 0.83 0.65 0.83 0.71

than those simulated using MOST-based formulations (e.g., Figure 8 for US-UMB and supplementary section S2). Additional
stability-dependent diagnostics are required to better understand this behavior and to further evaluate the performance of the
RSL parameterization within both single-layer and multilayer configurations.

515 Overall, all experiments show good agreement in the simulation of net radiation. The Taylor scores remained consistently
high across sites. However, the use of SPARTACUS provides a physically consistent multiband solution to the canopy radiative
transfer in both shortwave and longwave spectral bands.

Across the five sites, the Taylor scores for sensible heat flux varied over a wide range, similar to u., indicating strong
sensitivity to the canopy turbulence formulations. The highest skill for sensible heat flux was observed at US-Me?2 and DE-

520 HAI, where the multilayer configurations reached scores up to 0.9. In contrast, US-MMS represented a more challenging
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Figure 8. Averaged diurnal profiles of net radiation, friction velocity, sensible heat flux, and latent heat flux for all the experiments at the

US-UMB FLUXNET station. RMSE and bias are also shown for different experiments.

site. US-UMB and AU-Tum show moderate to good performance depending on the configuration. Among all experiments,
the Noah-MP Medlyn experiment provided consistently strong results across sites. The multilayer configurations also perform
well. The single-layer RSL implementations generally reduced the sensible heat flux skill at several sites, most prominently
at US-MMS. This reduction in performance was due to a consistent large negative nighttime sensible heat flux predicted by
the single-layer RSL implementation (e.g., Figure 8 for US-UMB and supplementary section S2). Despite these differences,
all experiments broadly captured the timing of the daytime peak in sensible heat flux, while disagreements arose primarily in
peak magnitude and nighttime behavior.

For latent heat flux, Taylor scores were generally higher and less variable than those of sensible heat flux. US-MMS was
the most skillful site across all experiments, while US-UMB and DE-HAI also showed good overall performance. In contrast,
US-Me2 and AU-Tum were more challenging sites for latent heat flux simulation. The Noah-MP Medlyn experiment again

demonstrated a robust performance across sites. The multilayer experiments are generally competitive, especially at DE-HAI
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Figure 9. Soil liquid water (in this case equals the volumetric soil moisture) simulation at different depths for various experiments conducted
at the US-UMB FLUXNET station.

and US-MMS. The single-layer RSL experiment showed a degraded performance that was partially mitigated when combined
with the Medlyn stomatal conductance scheme. The diurnal profiles of latent heat flux showed behavior similar to those of
sensible heat flux: all experiments reproduced the diurnal profile, but the differences emerged in the magnitude of the daytime
peak. Lastly, the RSL experiments showed a non-negligible nighttime latent heat flux even when observations are close to zero

(e.g., Figure 8 for US-UMB and supplementary section S2).

6.2.2 Sub-surface variables

RMSE, bias, and correlation coefficient (R) were used to evaluate soil temperature and soil moisture simulations across all
model experiments and sites. Because the exact measurement depths do not always coincide with the midpoints of model
soil layers, the nearest model grid midpoint available to each observed depth was used for comparison. The standard 4-layer
community Noah-MP sub-surface column corresponds to midpoint depths of 5, 25, 70, and 150 cm. In contrast, the 20-layer
sub-surface configuration employs a finer vertical discretization (see Table A1 in appendix). This allowed more observed depths
to align with the modeled midpoints. Figures 9 and 10 further show the simulated soil moisture and soil temperature for the six
experiments at the US-UMB site. Such plots at other sites are provided in sections S3 and S4 in the supplementary material.

Proper representation of near-surface soil moisture is important because a large fraction of the root biomass is concen-
trated within these layers (Jackson et al., 1996), which directly impacts the soil moisture stress to transpiration. Thus, Table
4 summarizes the evaluation metrics for soil moisture and soil temperature for the topmost observational depth at all sites.
For completeness, the full set of evaluation metrics across all available depths is provided in section S5 of the supplementary
material.

At US-UMB and DE-HALI, the multilayer model with 20 sub-surface layers showed reduced RMSE and bias for soil moisture

compared to the community Noah-MP experiments. The Medlyn experiments also provided moderate improvements relative
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Figure 10. Soil temperature simulation at different depths for various experiments conducted at the US-UMB FLUXNET station.
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Figure 11. Kling—Gupta efficiency (KGE) of simulated soil moisture across the five study sites and available observational depths. Model

performance is evaluated using the subsurface layer whose midpoint depth is closest to the corresponding observation level. C: Community

Noah-MP, M: Noah-MP Medlyn, R: Noah-MP RSL, M+R: Noah-MP Medlyn+RSL, ML4: Noah-MP-ML? 4 sub—surface layers, and ML20:

Noah-MP-ML? 20 sub—surface layers.

to the community Noah-MP experiment. Soil temperature simulations exhibited consistently high correlations across all ex-

periments, indicating that the temporal variability is generally well captured. But the differences primarily arose from the

magnitude. To provide a more integrated assessment that combines variability, correlation, and bias into a single diagnostic

metric, Figure 11 shows the Kling—Gupta Efficiency (KGE) (Gupta et al., 2009) for soil moisture at different observational

depths for the sites selected.
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Table 4. Validation of observed top-layer soil moisture and temperature against observations. Note that the nearest subsurface midpoint
was used for comparison. Also note that for US-MMS and AU-Tum, the soil moisture and temperature were measured at different depths.
US-MMS: 15cm and 5cm, and AU-Tum: 15cm and 2cm. The community Noah-MP model is used as a benchmark (italics), and all the

model experiments that outperformed the community Noah-MP model are shown in bold.

Soil moisture Soil temperature
Site and RMSE Bias RMSE  Bias
depth Model experiment m>m™3) @m3>m™3) R (K) (K) R
Community Noah-MP 0.05 0.05 0.62 2.74 2.40 0.90
Noah-MP Medlyn 0.04 0.04 0.71 2.65 230 090
US-UMB Noah-MP RSL 0.05 0.04 0.65 293 259  0.89
Scm Noah-MP Medlyn + RSL 0.04 0.04 0.74 2.84 250  0.90
Noah-MP-ML? 4 sub—surface layers 0.05 0.04 0.63 291 2.53 0.92
Noah-MP-ML? 20 sub-surface layers 0.02 0.01 0.72 248 2.01 0.93
Community Noah-MP 0.09 0.09 0.56 1.06 -0.19 098
Noah-MP Medlyn 0.09 0.08 0.60 1.06 -0.28  0.98
DE-HAI Noah-MP RSL 0.08 0.08 0.63 0.81 -0.12  0.99
8cm Noah-MP Medlyn + RSL 0.08 0.07 0.67 0.80 -0.14  0.99
Noah-MP-ML? 4 sub-surface layers 0.08 0.07 0.73 0.87 -0.36  0.99
Noah-MP-ML?2 20 sub-surface layers 0.03 0.02 0.74 0.69 0.06 0.99
Community Noah-MP 0.08 0.07 0.94 4.77 -2.26 0.85
Noah-MP Medlyn 0.06 0.05 0.97 4.74 -2.18 0.85
US-Me2 Noah-MP RSL 0.06 0.06 0.95 441 -0.37  0.83
10em Noah-MP Medlyn + RSL 0.05 0.04 098 451  -043 082
Noah-MP-ML? 4 sub-surface layers 0.05 0.04 0.97 441 -1.31  0.84
Noah-MP-ML? 20 sub-surface layers 0.04 -0.02 0.91 5.36 -1.49  0.75
Community Noah-MP 0.03 -0.01 0.93 4.90 4.64 0.81
Noah-MP Medlyn 0.04 -0.01 0.91 4.81 455 081
US-MMS Noah-MP RSL 0.04 -0.02 0.90 3.50 324 084
15 and 5cm Noah-MP Medlyn + RSL 0.04 -0.02 0.86  3.50 324 0.84
Noah-MP-ML? 4 sub-surface layers 0.04 -0.02 0.88 3.85 3.58 0.81
Noah-MP-ML? 20 sub-surface layers 0.05 -0.04 0.77 4.27 391  0.69
Community Noah-MP 0.05 0.05 0.96 1.56 -1.16  0.87
Noah-MP Medlyn 0.05 0.05 0.96 1.59 -1.22 0.87
AU-Tum Noah-MP RSL 0.05 0.04 0.95 1.32 -0.74  0.79
15cmand 2cm Noah-MP Medlyn + RSL 0.05 0.04 094 132 -0.77 0.79
Noah-MP-ML? 4 sub—surface layers 0.04 0.04 0.94 1.47 -1.10  0.86
Noah-MP-ML? 20 sub—surface layers 0.02 0.02 0.88 1.80 -0.89 0.73

The 20-layer sub-surface model simulations maintain comparatively strong performance across all depths. The single-layer

Medlyn experiments also showed increased skill with depth compared to the community Noah-MP model.
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7 Discussion

A consistent improvement in the simulation of u, with the multilayer canopy model is noticed across all sites (Table 3). This
finding is consistent with Bonan et al. (2018) and the behavior is expected because the vertical gradients of momentum within
and immediately above vegetated canopies deviate from the assumptions of MOST, and the Harman-Finnigan RSL scheme
accounts for these departures through modified stability functions in the roughness sublayer. These results further suggest that
the representation of momentum exchange over tall forests benefits from the inclusion of RSL physics within the multilayer
configuration. The differences between the single-layer and multilayer RSL w, results arise due to a subtle implementation
detail; in the multilayer canopy configuration, the RSL correction is applied during the iterative solution for the Obukhov
length and u,, while the single layer implementation modifies the integrated form of momentum and scalar stability RSL
functions, which is then used to calculate u, and aerodynamic resistance between the reference height and the effective canopy
surface.

For the sites tested, the community Noah-MP model tends to shift the energy partitioning toward sensible heat flux at the
expense of latent heat flux, but implementing the Medlyn stomatal conductance model led to consistent improvements in the
turbulent heat flux prediction skill. This is because of the stomatal conductance-VPD relationship in the Medlyn formulation
that predicts a higher stomatal conductance value (and transpiration) for a given VPD compared to the Ball-Berry model for
the Medlyn parameters used in this study. The differences in latent heat flux among experiments that used the Medlyn stomatal
conductance model (Noah-MP Medlyn, Noah-MP Medlyn+RSL, Noah-MP-ML? 4-layers sub-surface and Noah-MP-ML? 20-
layers sub-surface) are explained below. The results for sensible heat flux are somewhat complementary to latent heat flux as
different model configurations did not have a significant impact on the ground heat flux.

Canopy humidity constraint and stomatal conductance implementation method: In the community Noah-MP Ball-Berry
stomatal conductance model implementation, the canopy air vapor pressure used for the stomatal closure is constrained such
that the canopy relative humidity does not fall below 25 % of saturation for C3 vegetation and 40 % for C,4 vegetation (a numer-
ical stability safeguard). The same constraint was retained in the Noah-MP Medlyn and Noah-MP Medlyn+RSL experiments
for consistency. However, in the Noah-MP-ML? configurations, this constraint is not used as this implementation followed
Bonan et al. (2018). As a result, the Noah-MP Medlyn and Noah-MP Medlyn+RSL experiments effectively limit high VPD
stress. Thus, these experiments can sustain higher stomatal conductance under dry canopy conditions compared to the multi-
layer model simulations. Further, the Noah-MP Medlyn and Noah-MP Medlyn+RSL experiments use 3 iterations by default to
compute the intercellular COs to satisfy the gross carbon assimilation, while the Noah-MP-ML? configurations continue the
iteration until the CO4 diffusivity constraint is met for net carbon assimilation. These points mainly explain the differences in
latent heat flux simulations for Noah-MP Medlyn and Noah-MP-ML? 4-layer sub-surface model (same sub-surface grid and
the default Noah-MP Richards equation solver used in these experiments).

Influence of soil water dynamics and soil moisture stress: To understand why Noah-MP Medlyn implementation mostly
outperformed the Noah-MP-ML?2 20-layer sub-surface model, we need to examine vadose-zone hydrological representation

in both these configurations. The partitioning of turbulent heat fluxes is also controlled by 8y;,: when sufficient soil water is
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available, a larger fraction of the absorbed net radiation is partitioned to latent heat flux. Consequently, the representation of
the soil water column plays a critical role in land—atmosphere coupling. In the community Noah-MP configuration (and all 4-
layer sub-surface layer experiments), the soil moisture stress to transpiration is calculated by aggregating a layer-wise wetness
factor using layer thickness as the weighting factor for all the rooting layers. In contrast, in the 20-layer sub-surface model, the
wetness factor is aggregated using a root fraction weighting, where root distributions follow Jackson et al. (1996) root profiles.
This means that the layers containing more root fraction exert a stronger control on the soil moisture stress in the 20-layer
sub-surface model. Because root fractions are concentrated toward the near-surface in the 20-layer sub-surface model, it places
greater emphasis on upper soil layers, and also the Richards solver used in the 20-layer sub-surface model produces drier top
soil layers. As a result, the 20-layer sub-surface model tends to produce a stronger transpiration limitation under dry conditions
compared to the 4-layer sub-surface model. Another important contributing factor is that the default 4-layer sub-surface Noah-
MP Richards equation solver tends to retain water within the soil column (likely due to soil hydraulic properties, parameter
calibration or solution method) as evident in the soil moisture time series plots (Figure 9 and section S3 in the supplementary
material). This further reduces the soil moisture stress in all the 4-layer sub-surface model experiments.

In all the 4-layer sub-surface experiments, infiltration is parameterized using the Schaake scheme, and the 6, form of
the Richards equation is used to calculate the water diffusion within the soil column, where the soil hydraulic properties are
calculated based on the 6y;4 from the previous time step (no iterative solution). This formulation is numerically robust and is
unconditionally stable under most conditions. In contrast, solving the full Richards equation in the 20-layer sub-surface model
introduces additional numerical complexity due to iterative solution, and the convergence is not always guaranteed. The use
of van Genuchten soil water retention curves introduces additional uncertainty, as it is difficult to obtain these parameters for
different soil types. Although datasets such as Carsel and Parrish (1988) provide representative parameter values for common
soil textures, site-specific properties may deviate substantially from these standard values (Chavoshi et al., 2025).

At the US-UMB site, the turbulent heat flux partitioning illustrates how a more process-explicit representation of soil—-plant—
atmosphere interactions can reveal potential compensating errors. When the baseline Carsel and Parrish (1988) parameters
were used, rapid drainage from the coarse-textured soil produced dry upper layers and strong soil-moisture stress, ultimately
shifting the simulated energy partitioning toward sensible heat flux. Reducing the saturated hydraulic conductivity improved the
simulated soil-moisture profiles at US-UMB, although this adjustment should be regarded as site-specific parameter calibration.
Previous studies have similarly characterized US-UMB as a xeric site and shown that canopy water use depends on water
availability throughout the active root zone (Frasson et al., 2015; Matheny et al., 2014). The remaining discrepancies may
therefore reflect uncertainty in the prescribed soil hydraulic properties and root distribution, as well as plant hydraulic processes
that are not currently represented in Noah-MP-ML2. Incorporating an explicit plant-hydraulics scheme, such as that developed
for Noah-MP by Li et al. (2021), may improve the representation of soil-water uptake and turbulent heat flux partitioning at
sites such as US-UMB.

All simulations assumed a fully mineral soil profile without organic matter. Because soil organic matter modifies the hy-

draulic and thermal properties governing soil-water and heat diffusion (Lin et al., 2026), this assumption introduces additional
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uncertainty. The limitation may be particularly relevant at US-UMB, where litter and organic material strongly influence the
shallow soil layers.

Lastly, we found that the prediction skill for soil moisture at different depths improved in the 4-layer sub-surface Noah-MP
Medlyn experiment compared to the community Noah-MP model. This is again related to the higher transpiration rate with the

Medlyn model, which means that there is a higher root water uptake.

8 Conclusions

The comparison of model experiments demonstrates that land—atmosphere exchange and subsurface states are jointly influ-
enced by canopy physiology, radiative transfer, aerodynamic representation, and subsurface hydrology. The Taylor skill scores
show that the Medlyn-based experiments generally improved latent heat flux performance while maintaining good sensible
heat flux skill. The multilayer implementation of the RSL parameterization improved friction velocity skill at four sites and
maintained performance comparable to community Noah-MP at US-MMS. Compared with the single-layer Medlyn+RSL ex-
periment, the multilayer configuration generally improved or maintained sensible heat flux skill, except at DE-HAI. Latent heat
flux skill improved at DE-HAI, remained comparable at US-Me2 and AU-Tum, declined slightly at US-MMS, and declined
more substantially at US-UMB. The KGE results indicate that the 20-layer subsurface model with the detailed Richards solver
generally improved the representation of vertical soil-moisture dynamics at many of the evaluated sites and depths, although
its performance remained sensitive to the prescribed hydraulic parameters. Future work should investigate site-specific van

Genuchten parameters, organic-soil properties, root distributions, and plant hydraulics.

Code and data availability. The version of Noah-MP-ML? used in this study (v1.0), including the source code, user manual, model con-
figuration, and example forcing data, is archived at Zenodo: https://doi.org/10.5281/zenodo.21908465, (Kamath et al., 2026). The version
of community Noah-MP model used in our study can also be found on Zenodo: https://doi.org/10.5281/zenodo.7901854, He et al. (2023a).
The FLUXNET datasets used in this study can be found here - US-UMB: https://doi.org/10.18140/FLX/1440093, (Gough et al., 2015);
DE-HALI https://doi.org/10.18140/FLX/1440148, (Knohl et al., 2016); US-Me2: https://doi.org/10.18140/FLX/1440079, (Law, 2016); US-
MMS: https://doi.org/10.18140/FLX/1440083, (Novick and Phillips, 2016); AU-Tum: https://doi.org/10.18140/FLX/1440126, (Woodgate
et al., 2016).

Appendix A: Sub-surface setup

The sub-surface is set-up as non-uniform, vertically stretched grid with shallow layers near the top as discussed in the main
text. The soil properties and scalars like the volumetric liquid water content, matric potential, hydraulic conductivity, etc., are
on the grid midpoints as shown in Figure Al. In the present case, we used the thickness of the first layer to be 1 cm and a 20-
layer grid going up to 2 meters deep. The resulting layer thickness, cumulative depths and grid midpoint depths are presented
in Table Al.
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Surface

Figure Al. Illustration of sub-surface grid setup.

Appendix B: Detailed experiment set-up information

All the single-layer Noah-MP experiments shown in Table 2 of the main text were conducted as column models implemented
using the HRLDAS framework (Chen et al., 2007). The canopy and surface properties of these experiments were fetched from
the Noah-MP look-up table. Important community Noah-MP namelist options other than ones mentioned in Table 2 of the
main text are: (i) fully implicit soil temperature solver and time sub-step of 10 minutes within the hourly forcing interval. For
the SPARTACUS radiation transfer model, the namelist options used are provided in Table B1.

The properties of the canopy used for the multilayer model for the forest types simulated is shown in Table B2. For the
ground radiative properties, the emissivity was set to 0.96 and, the albedo was 0.18 and 0.36 in visible and NIR spectral bands,
respectively.

To simulate the sub-surface, soil properties are required. When the community Noah-MP model is run using HRLDAS, the
values are taken from the Noah-MP look-up table (Clapp and Hornberger, 1978). When the 20-layer sub-surface model is used,

important soil properties that are summarized in Table B3 are used. The van Genuchten (van Genuchten, 1980) properties are
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Table A1. Thickness, cumulative depths, and midpoint depths of the 20-layer stretched grid used in our study.

Thickness Cumulative depth Midpoint depth

Layer (cm) (cm) (cm)
1 1 1 0.5
2 1.2 2.2 1.6
3 1.5 3.7 2.95
4 1.8 5.5 4.6
5 2.1 7.6 6.55
6 2.5 10.1 8.85
7 3.1 13.2 11.65
8 3.7 16.9 15.05
9 4.5 214 19.15
10 54 26.8 24.1
11 6.5 333 30.05
12 7.8 41.1 37.2
13 9.4 50.5 45.8
14 11.4 61.9 56.2
15 13.7 75.6 68.75
16 16.5 92.1 83.85
17 19.9 112 102.05
18 24 136 124
19 29 165 150.5
20 34.9 200 182.45

Table B1. Namelist options for the SPARTACUS radiation transfer model.

SPARTACUS

Number of regions 3

Solution type 2-stream

Number of shortwave bands 2 (visible and NIR)
Number of longwave bands 1

Number of bands in the visible 1 (PAR)

Canopy set-up

Vertical resolution of the canopy 50cm
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Table B2. Canopy, leaf geometry, and radiative, stomatal conductance, and photosynthesis properties for: DBF- Deciduous broadleaf forest,

ENF- Evergreen needleleaf forest, EBF- Evergreen broadleaf forest.

DBF ENF EBF
Canopy structure and leaf geometry
Beta distribution p-parameter (—) 3.5 3.5 3.5
Beta distribution g-parameter (—) 2 2 2
Specific leaf area (m? g~! C) 0.03 0.008 0.012
Leaf dimensional length (m) 0.04 0.04 0.04
Leaf angle departure (—) 0.25 0.01 0.1
Photosynthesis and stomatal conductance
Photosynthetic pathway (—) Cs Cs Cs
Maximum carboxylation rate at 25°C
(umolm~2s71) 57.7 62.5 61.4
Medlyn minimum conductance (molm~2s71) 0.0001 0.0001 0.0001
Medlyn slope (kPa'/?) 4.45 2.35 4.12
Jackson beta (—) 0.98 0.98 0.966
Leaf radiative properties
Leaf transmittance in visible (—) 0.05 0.05 0.05
Leaf transmittance in NIR (—) 0.25 0.1 0.25
Leaf reflectance in visible (—) 0.1 0.07 0.1
Leaf reflectance in NIR (—) 0.45 0.35 0.45
Leaf emissivity (—) 0.98 0.98 0.98

from Carsel and Parrish (1988). However, note that the residual soil moisture is reduced for some soils to match the minimum

670 observed values. Further, the saturated hydraulic conductivity was reduced for coarser-textured soil as the water drained too

fast compared to the observations.
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Table B3. Soil properties for the 20-layer model. 6, vq: residual soil moisture, s v : saturated soil moisture, ay: inverse air entry potential,

nva: pore size distribution index and, Kvq sat: saturated hydraulic conductivity.

Sandy clay

Sand Clay loam Sandy loam Silt loam loam
Depth of soil for evaporation (cm) 10 10 10 10 10
Maximum pond depth (cm) 2 2 2 2 2
Soil heat capacity (Jm 3 K1) 2 x 106 2 x 106 2 x 106 2 x 106 2 x 106
Soil resistance parameter (—) 5 5 5 5 5
Soil quartz fraction (—) 0.92 0.35 0.6 0.25 0.6
van Genuchten parameters
0: va (m3m~3) 0.03 0.095 0.05 0.067 0.1
0s va (m3m~3) 0.43 0.41 0.41 0.45 0.39
avg (cm™1) 0.145 0.019 0.075 0.02 0.059
nva (=) 2.68 1.31 1.89 1.41 1.48
Kva sat (cm s~ 2.025 x 1073 7.22x107° 1.54 x 10~4 1.25 x 104 3.64 x 1074
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Table C1. Generalized symbols for indices, photosynthesis, and stomatal conductance. Units are given in brackets.

Symbol  Description

i Canopy or soil layer index [—].

k Shortwave spectral-band index [—].

l Longwave spectral-band index [—].

P Photosynthetically active radiation spectral-band index [—].
n Time-level index [—].

m Nonlinear iteration index [—].

N Number of discrete diffuse-radiation angles in each hemisphere [—].
Ag Gross COy assimilation [umol m~2s71].

A, Net COx assimilation [pmol m~2 sfl].

Cs CO2 concentration at the leaf surface [pmol mol_l].

G Intercellular CO2 concentration [Pa or pmol mol ™!, depending on the formulation].
Ve, max Maximum carboxylation rate [umol m~?2 s_l].

Bsoil Soil-moisture-stress factor applied to photosynthesis [—].
g Stomatal conductance for water vapor [mol m ™2 s~ 1].

g*° Stomatal conductance for CO2 [molm™2s71].

g>° Leaf boundary-layer conductance for CO3 [molm™2?s™].
g5 Minimum Medlyn stomatal conductance [molm™~2?s™*].
g1 Medlyn slope parameter [kPal/?].

Duc Ratio of the diffusivity of H2O to that of CO2 [—].

VPD Vapor pressure deficit [kPa].

LAIL; Leaf area index of canopy layer i [m? m~2].

Appendix C: Symbols and notation

The symbols used in the model are summarized below. Subscript 7 denotes a generalized canopy or soil layer; &, [, and p

denote shortwave, longwave, and photosynthetically active radiation spectral bands, respectively; n denotes a time level; and

m denotes a nonlinear iteration. The qualifiers x = sun, sha distinguish sunlit and shaded foliage, and y = veg, bare distinguish

vegetated and bare surfaces.
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Table C2. Generalized symbols for canopy and ground radiation. Units are given in brackets.

Symbol Description
Ext?ir/ dif Volumetric extinction coefficient for direct or diffuse radiation in layer ¢ [m™ .
G gir/aif Ross—Goudriaan leaf projection function for direct or diffuse radiation [—].
X1 Leaf-angle departure parameter [—].
b1, P2 Coefficients used in the Ross—Goudriaan leaf projection function [—].
O, Solar zenith angle [rad].
Sgir/ dif Incident direct or diffuse shortwave radiation in spectral band k [W m~2].
A?f,z/ dif /tot Vegetation absorption in layer ¢ per unit incident flux for direct, diffuse, or total radiation [—].

e Sunlit foliage fraction in canopy layer ¢ [—].

Pk Layer-integrated shortwave absorption by sunlit or shaded foliage per unit ground area, x = sun,sha
[Wm™2].

qf”,fw Absorbed shortwave radiation per unit leaf area for sunlit or shaded foliage [W m™2].
L?ky Incident downwelling longwave radiation from the sky in spectral band I [W m™2].

fffit Layer-integrated longwave absorption, including internal thermal emission, per unit ground area [W m~2].
Rf}l’s Foliage absorption response to unit downwelling longwave forcing [—].
qfflnit/ abs,LW Longwave flux per unit leaf area due to internal emission or downwelling-radiation absorption [W m~?].
RY Net radiative flux per unit leaf area for sunlit or shaded foliage, 2 = sun,sha [W m~?2].
PARY Photosynthetically active radiation for sunlit or shaded foliage [umol m ™2 s~ 1].
'yzl,) AR Energy-to-photon conversion factor for PAR band p [umol J~1].
Q;i';{ﬁf; & Ground shortwave-radiation response to unit direct or diffuse incident flux [—].

zrﬁjﬁnd’l Ground net longwave radiation due to internal thermal emission [W m™2].
Rgrbsund, ! Ground absorption response to unit downwelling longwave forcing [—].
szg‘fﬂv /"t Ground shortwave, longwave, or total net radiation per unit ground area [W m™?].
Qs Surface albedo [—].
Cveg Fractional vegetation coverage [—].

39



https://doi.org/10.5194/egusphere-2026-4875
Preprint. Discussion started: 21 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Table C3. Generalized symbols for canopy turbulence. Units are given in brackets.

Symbol Description

Zi Height of canopy or atmospheric layer ¢ above the ground [m].
he Canopy height [m].

dY Displacement height for surface type y = veg, bare [m].

LYo Obukhov length for surface type y = veg, bare [m].

25 Momentum roughness length for surface type y = veg, bare [m].
2y, Scalar roughness length for surface type y = veg, bare [m].

Zref Atmospheric forcing or reference height [m].

Im Within-canopy mixing length scale [m].

PHEE GHEE  Harman—Finnigan RSL-corrected stability functions for momentum and scalars [—].

Vm, Ve Monin—Obukhov stability functions for momentum and scalars [—].

Jm,{b\c Roughness-sublayer integral functions for momentum and scalars [—].

vke von Karman constant [—].

B Ratio of friction velocity to wind speed at canopy height [—].

u?(2) Wind speed at height z over surface type y = veg, bare [ms™'].

u? Friction velocity for surface type y = veg, bare [ms™!].

9Y(2i,zig1) Aerodynamic conductance between adjacent layers over surface type y = veg, bare [molm~2s™'].

gg, ground Aerodynamic conductance between the ground and the first model layer [molm~2s™'].

p Molar density of moist air [mol m~3].

Sc Turbulent Schmidt number [—].
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Table C4. Generalized symbols for the canopy implicit solution and surface energy balance. Units are given in brackets.

Symbol Description

0y, Air temperature in layer i over surface type y = veg, bare [K].

qvy ; Specific humidity in layer ¢ over surface type y = veg, bare [molmol~'].
QVeat (T) Saturation specific humidity at temperature 7" [mol mol .

Tz Leaf temperature for foliage class x = sun, sha in layer ¢ [K].

Az; Thickness of canopy layer ¢ [m].

At Model or solver time step [s].

Cp Moist-air specific heat at constant pressure [J mol ™' K~!].

a Leaf heat capacity per unit leaf area [Jm ™2 K~!].

A Latent heat of vaporization [J mol™'].

ghh Leaf boundary-layer conductance for heat [molm ™2 s™'].

v Leaf boundary-layer conductance for water vapor [molm ™2 s™'].

gf"t’z Total conductance to transpiration for foliage class = = sun,sha [molm™2s'].
gi‘z Effective leaf conductance for water vapor for foliage class = = sun, sha [molm~2s™!].
JA. féry Wet and dry foliage fractions in canopy layer 7 [—].

Oret Atmospheric forcing temperature at the reference height [K].

qV,of Atmospheric forcing specific humidity at the reference height [mol mol ~'].
Ty, eround Ground surface temperature for surface type y = veg, bare [K].

Gy Ground heat flux for surface type y = veg, bare [W m™2].

gtyoh ground Total conductance for soil evaporation [molm~2s'].

924 Soil surface conductance for water vapor [molm =2 s~ '].

rhglround Relative humidity at the ground surface [—].

Wte Soil matric potential at the surface [m].

grav Gravitational acceleration [m s~ 2].
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Table CS. Generalized symbols for subsurface thermal and hydrological processes. Units are given in brackets.

Symbol Description

N Number of soil layers [—].

Az Thickness of soil layer ¢ [m].

Zs,max Total soil-column depth [m].

Ts Common ratio of the geometrically stretched soil grid [—].

K Soil thermal conductivity [Wm ™" K~1].

Ksat» Kdry Saturated and dry soil thermal conductivities [W m~! K~].

K. Kersten number [—].

Cs Volumetric soil heat capacity [J m K1

Chiq/ice/soil/a Volumetric heat capacity of liquid water, ice, soil solids, or air [J m K1

aliq/ice/tot/sat
(5

wsat,h wwilt,i
Se

avae
mvaG,nva
0:va,bs,va
Kva

Volumetric soil-water content for the liquid, ice, total, or saturated state [m> m~=3].
Soil matric potential in layer ¢ [cm].

Saturated and wilting-point matric potentials in layer % [cm].

Effective soil saturation [—].

van Genuchten inverse air-entry potential [cm ™ '].

van Genuchten shape parameters [—].

Residual and saturated volumetric soil-water contents [m> m ™3]

Unsaturated hydraulic conductivity from the van Genuchten formulation [cm s71.

Kva sat Saturated hydraulic conductivity [cms™*].

C; Specific soil-moisture capacity, diq,:/0¢; [cm™].

Zs Soil depth, positive downward [cm].

F(z) Cumulative root fraction above soil depth zs [—].

Bs Jackson root-distribution parameter [—].

W; Soil-wetness factor in layer ¢ [—].

R; Root fraction in soil layer ¢ [—].

Nroot Number of soil layers containing roots [—].

Zsi Soil or rooting depth associated with layer ¢ [m].

Ss(z) Volumetric sink from soil evaporation and root-water uptake [s~'].
Ss,trans,i Transpiration component of the soil-water sink in layer i [s™*].
w Picard-iteration damping factor [—].

A Iterative matric-potential increment in soil layer ¢ [cm].

Tsoi,i Temperature of soil layer ¢ [K].
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