Geosci. Model Dev., 10, 843-872, 2017
www.geosci-model-dev.net/10/843/2017/
doi:10.5194/gmd-10-843-2017

© Author(s) 2017. CC Attribution 3.0 License.

The interactions between soil-biosphere—atmosphere land surface
model with a multi-energy balance (ISBA-MEB) option in
SURFEXYvVS8 - Part 1: Model description

Aaron Boone!, Patrick Samuelsson?, Stefan Gollvik”, Adrien Napoly', Lionel Jarlan®, Eric Brun', and

Bertrand Decharme!

ICNRM UMR 3589, Météo-France/CNRS, Toulouse, France
Rossby Centre, SMHI, 601 76 Norrkoping, Sweden

3CESBIO - UMR 5126 UPS, CNRS, CNES, IRD, Toulouse, France

Correspondence to: Aaron Boone (aaron.a.boone @ gmail.com)

Received: 14 October 2016 — Discussion started: 27 October 2016
Revised: 23 January 2017 — Accepted: 27 January 2017 — Published: 21 February 2017

Abstract. Land surface models (LSMs) are pushing towards
improved realism owing to an increasing number of obser-
vations at the local scale, constantly improving satellite data
sets and the associated methodologies to best exploit such
data, improved computing resources, and in response to the
user community. As a part of the trend in LSM develop-
ment, there have been ongoing efforts to improve the rep-
resentation of the land surface processes in the interactions
between the soil-biosphere—atmosphere (ISBA) LSM within
the EXternalized SURFace (SURFEX) model platform. The
force—restore approach in ISBA has been replaced in recent
years by multi-layer explicit physically based options for
sub-surface heat transfer, soil hydrological processes, and the
composite snowpack. The representation of vegetation pro-
cesses in SURFEX has also become much more sophisticated
in recent years, including photosynthesis and respiration and
biochemical processes. It became clear that the conceptual
limits of the composite soil-vegetation scheme within ISBA
had been reached and there was a need to explicitly separate
the canopy vegetation from the soil surface. In response to
this issue, a collaboration began in 2008 between the high-
resolution limited area model (HIRLAM) consortium and
Meétéo-France with the intention to develop an explicit rep-
resentation of the vegetation in ISBA under the SURFEX
platform. A new parameterization has been developed called
the ISBA multi-energy balance (MEB) in order to address
these issues. ISBA-MEB consists in a fully implicit numer-
ical coupling between a multi-layer physically based snow-

pack model, a variable-layer soil scheme, an explicit litter
layer, a bulk vegetation scheme, and the atmosphere. It also
includes a feature that permits a coupling transition of the
snowpack from the canopy air to the free atmosphere. It
shares many of the routines and physics parameterizations
with the standard version of ISBA. This paper is the first of
two parts; in part one, the ISBA-MEB model equations, nu-
merical schemes, and theoretical background are presented.
In part two (Napoly et al., 2016), which is a separate com-
panion paper, a local scale evaluation of the new scheme is
presented along with a detailed description of the new forest
litter scheme.

1 Introduction

Land surface models (LSMs) are based upon fundamental
mathematical laws and physics applied within a theoretical
framework. Certain processes are modeled explicitly while
others use more conceptual approaches. They are designed
to work across a large range of spatial scales, so that unre-
solved scale-dependent processes represented as a function
of some grid-averaged state variable using empirical or statis-
tical relationships. LSMs were originally implemented in nu-
merical weather prediction (NWP) and global climate mod-
els (GCMs) in order to provide interactive lower boundary
conditions for the atmospheric radiation and turbulence pa-
rameterization schemes over continental land surfaces. In the
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past 2 decades, LSMs have evolved considerably to include
more biogeochemical and biogeophysical processes in order
to meet the growing demands of both the research and the
user communities (Pitman, 2003; van den Hurk et al., 2011).
A growing number of state-of-the-art LSMs, which are used
in coupled atmospheric models for operational numerical
weather prediction (Ek et al., 2003; Boussetta et al., 2013),
climate modeling (Oleson et al., 2010; Zhang et al., 2015),
or both (Best et al., 2011; Masson et al., 2013), represent
most or all of the following processes: photosynthesis and
the associated carbon fluxes, multi-layer soil water and heat
transfer, vegetation phenology and dynamics (biomass evo-
lution, net primary production), sub-grid lateral water trans-
fer, river routing, atmosphere—lake exchanges, snowpack dy-
namics, and near-surface urban meteorology. Some LSMs
also include processes describing the nitrogen cycle (Castillo
et al., 2012), groundwater exchanges (Vergnes et al., 2014),
aerosol surface emissions (Cakmur et al., 2004), isotopes
(Braud et al., 2005), and the representation of human im-
pacts on the hydrological cycle in terms of irrigation (de Ros-
nay et al., 2003) and ground water extraction (Pokhrel et al.,
2015), to name a few.

As a part of the trend in LSM development, there have
been ongoing efforts to improve the representation of the
land surface processes in the Interactions between the soil—
biosphere—atmosphere (ISBA) LSM within the EXternalized
SURFace (SURFEX; Masson et al.,2013) model platform.
The original two-layer ISBA force—restore model (Noilhan
and Planton, 1989) consists in a single bulk soil layer (gen-
erally having a thickness on the order of 50cm to sev-
eral meters) coupled to a superficially thin surface compos-
ite soil-vegetation—snow layer. Thus, the model simulates
fast processes that occur at sub-diurnal timescales, which
are pertinent to short-term numerical weather prediction,
and it provides a longer-term water storage reservoir, which
provides a source for transpiration, a time filter for water
reaching a hydro-graphic network, and a certain degree of
soil moisture memory in the ground amenable to longer-
term forecasts and climate modeling. Additional modifica-
tions were made to this scheme over the last decade to in-
clude soil freezing (Boone et al., 2000; Giard and Bazile,
2000), which improved hydrological processes (Mahfouf and
Noilhan, 1996; Boone et al., 1999; Decharme and Douville,
2006). This scheme was based on the pioneering work of
Deardorff (1977) and it has proven its value for coupled
land—atmosphere research and applications since its incep-
tion. For example, it is currently used for research within
the mesoscale non-hydrostatic research model (Meso-NH)
(Lafore et al., 1998). It is also used within the operational
high-resolution short-term numerical weather prediction at
Météo-France within the limited area model AROME (Seity
etal.,2011) and by HIRLAM countries within the ALADIN-
HIRLAM system as the HARMONIE-AROME model con-
figuration (Bengtsson et al., 2017). Finally, it is used for cli-
mate research within the global climate model (GCM) Ac-
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tion de Researche Petite Echelle Grande Echelle (ARPEGE-
climat; Voldoire et al., 2013) and by HIRLAM countries
within the ALADIN-HIRLAM system as HARMONIE-
AROME and HARMONIE-ALARO Climate configurations
(Lind et al., 2016).

1.1 Rationale for improved vegetation processes

Currently, many LSMs are pushing towards improved re-
alism owing to an increasing number of observations at
the local scale, constantly improving satellite data sets and
the associated methodologies to best exploit such data,
improved computing resources, and in response to the
user community via climate services (and seasonal fore-
casts, drought indexes, etc...). In the SURFEX context, the
force—restore approach has been replaced in recent years
by multi-layer explicit physically based options for sub-
surface heat transfer (Boone et al., 2000; Decharme et al.,
2016), soil hydrological processes (Boone et al., 2000;
Decharme et al.,, 2011, 2016), and the composite snow-
pack (Boone and Etchevers, 2001; Decharme et al., 2016).
These new schemes have recently been implemented in
the operational distributed hydro-meteorological hindcast
system SAFRAN-ISBA-MODCOU (Habets et al., 2008),
Meso-NH, and ARPEGE-climat and ALADIN-HIRLAM
HARMONIE-AROME and HARMONIE-ALARO Climate
configurations. The representation of vegetation processes in
SURFEX has also become much more sophisticated in re-
cent years, including photosynthesis and respiration (Calvet
et al., 1998), carbon allocation to biomass pools (Calvet and
Soussana, 2001; Gibelin et al., 2006), and soil carbon cycling
(Joetzjer et al., 2015). However, for a number of reasons it
has also become clear that we have reached the conceptual
limits of using of a composite soil-vegetation scheme within
ISBA and there is a need to explicitly separate the canopy
vegetation from the soil surface:

— in order to distinguish the soil, snow, and vegetation
surface temperatures since they can have very differ-
ent amplitudes and phases in terms of the diurnal cy-
cle, and therefore accounting for this distinction facili-
tates (at least conceptually) incorporating remote sens-
ing data, such as satellite-based thermal infrared tem-
peratures (e.g., Anderson et al., 1997), into such mod-
els;

— as it has become evident that the only way to simu-
late the snowpack beneath forests in a robust and a
physically consistent manner (i.e., reducing the depen-
dence of forest snow cover on highly empirical and
poorly constrained snow fractional cover parameteriza-
tions) and including certain key processes (i.e., canopy
interception and unloading of snow) is to include a for-
est canopy above or buried by the ground-based snow-
pack (e.g., Rutter et al., 2009);
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— for accurately modeling canopy radiative transfer,
within or below canopy turbulent fluxes and soil heat
fluxes;

— to make a more consistent photosynthesis and carbon al-
location model (including explicit carbon stores for the
vegetation, litter, and soil in a consistent manner);

— to allow the explicit treatment of a ground litter layer,
which has a significant impact on ground heat fluxes and
soil temperatures (and freezing) and, by extension, the
turbulent heat fluxes.

In response to this issue, a collaboration began in 2008
between the high-resolution limited area model (HIRLAM)
consortium and Météo-France with the intention to develop
an explicit representation of the vegetation in ISBA under the
SURFEX platform. A new parameterization has been devel-
oped called the ISBA multi-energy balance (MEB) in order
to account for all of the above issues.

MEB is based on the classic two-source model for snow-
free conditions, which considers explicit energy budgets (for
computing fluxes) for the soil and the vegetation, and it has
been extended to a three-source model in order to include
an explicit representation of snowpack processes and their
interactions with the ground and the vegetation. The vegeta-
tion canopy is represented using the big-leaf method, which
lumps the entire vegetation canopy into a single effective leaf
for computing energy budgets and the associated fluxes of
heat, moisture, and momentum. One of the first examples of
a two-source model designed for atmospheric model studies
is Deardorff (1978), and further refinements to the vegetation
canopy processes were added in the years that followed lead-
ing to fairly sophisticated schemes, which are similar to those
used today (e.g., Sellers et al., 1986). The two-source big-leaf
approach has been used extensively within coupled regional
and global scale land—atmosphere models (Xue et al., 1991;
Sellers et al., 1996; Dickinson et al., 1998; Lawrence et al.,
2011; Samuelsson et al., 2011). In addition, more recently
multi-layer vegetation schemes have also been developed for
application in GCMs (Bonan et al., 2014; Ryder et al., 2016).

ISBA-MEB has been developed taking the same strat-
egy that has been used historically for ISBA: inclusion
of the key first-order processes while maintaining a sys-
tem that has minimal input data requirements and compu-
tational cost while being consistent with other aspects of
ISBA (with the ultimate goal of being used in coupled op-
erational numerical weather forecast and climate models,
and spatially distributed monitoring and hydrological mod-
eling systems). In 2008, one of the HIRLAM partners, the
Swedish Meteorological and Hydrological Institute (SMHI),
had already developed and applied an explicit representa-
tion of the vegetation in the Rossby Centre Regional Cli-
mate Model (RCA3) used at SMHI (Samuelsson et al., 2006,
2011). This representation was introduced into the opera-
tional NWP HIRLAMv7.3 system, which became opera-
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tional in 2010. In parallel, the dynamic vegetation model
LJP-GUESS was coupled to RCA3 as RCA-GUESS (Smith
et al., 2011), making it possible to simulate complex biogeo-
physical feedback mechanisms in climate scenarios. Since
then RCA-GUESS has been applied over Europe (Wram-
neby et al., 2010), Africa (Wu et al., 2016), and the Arc-
tic (Zhang et al., 2014). The basic principles developed by
SMHI have been the foundation since the explicit represen-
tation of the vegetation was introduced in ISBA and SUR-
FEX, but now in a more general and consistent way. Im-
plementation of canopy turbulence scheme, longwave radi-
ation transmission function, and snow interception formu-
lations in MEB largely follows the implementation used in
RCA3 (Samuelsson et al., 2006, 2011). In addition, we have
taken this opportunity to incorporate several new features
into ISBA-MEB compared to the original SMHI scheme:

— a snow fraction that can gradually bury the vegetation
vertically thereby transitioning the turbulence coupling
from the canopy air space directly to the atmosphere
(using a fully implicit numerical scheme);

— the use of the detailed solar radiation transfer scheme
that is a multi-layer model that considers two spectral
bands, direct and diffuse flux components, and the con-
cept of sunlit and shaded leaves, which was primarily
developed to improve the modeling of photosynthesis
within ISBA (Carrer et al., 2013);

— a more detailed treatment of canopy snow interception
and unloading processes and a coupling with the ISBA
physically based multi-layer snow scheme;

— a reformulation of the turbulent exchange coefficients
within the canopy air space for stable conditions, such
as over a snowpack;

— afully implicit Jacobean matrix for the longwave fluxes
from multiple surfaces (snow, below-canopy snow-free
ground surface, vegetation canopy);

— all of the energy budgets are numerically implicitly cou-
pled with each other and with the atmosphere using the
coupling method adapted from Best et al. (2004), which
was first proposed by Polcher et al. (1998);

— an explicit forest litter layer model (which also acts
as the below-canopy surface energy budget when litter
covers the soil).

This paper is the first of two parts: in part one, the ISBA-
MEB model equations, numerical schemes, and theoretical
background are presented. In part two, a local-scale evalu-
ation of the new scheme is presented along with a detailed
description of the new forest litter scheme (Napoly et al.,
2016). An overview of the model is given in the next section,
followed by conclusions.

Geosci. Model Dev., 10, 843-872, 2017



846 A. Boone et al.: The interactions between ISBA-MEB in SURFEXvS

2 Model description

SURFEX uses the tile approach for the surface, and separate
physics modules are used to compute surface—atmosphere
exchange for oceans or seas, lakes, urbanized areas, and the
natural land surface (Masson et al., 2013). The ISBA LSM
is used for the latter tile, and the land surface is further split
into upwards of 12 or 19 patches (refer to Table 1), which
represent the various land cover and plant functional types.
Currently, forests make up eight patches for the 19-class op-
tion, and three for the 12-class option. The ISBA-MEB (re-
ferred to hereafter simply as MEB) option can be activated
for any number of the forest patches. By default, MEB is
coupled to the multi-layer soil (ISBA-DF: explicit DiFfu-
sion equation for heat and Richard’s equation for soil water
flow; Boone et al.,2000; Decharme et al., 2011) and snow
(ISBA-ES: multi-layer Explicit Snow processes with 12 lay-
ers by default; Boone and Etchevers, 2001, Decharme et al.,
2016) schemes. These schemes have been recently updated
(Decharme et al., 2016) to include improved physics and in-
creased layering (14 soil layers by default). MEB can also
be coupled to the simple three-layer soil force—restore (3-L)
option (Boone et al., 1999) in order to be compatible with
certain applications, which have historically used 3-L, but by
default, it is coupled with ISBA-DF since the objective is to
move towards a less conceptual LSM.

A schematic diagram illustrating the various resistance
pathways corresponding to the turbulent fluxes for the three
fully (implicitly) coupled surface energy budgets is shown
in Fig. 1. The water budget prognostic variables are also
indicated. Note that the subscripts, which are used to rep-
resent the different prognostic and diagnostic variables and
the aerodynamic resistance pathways, are summarized in Ta-
ble 2. The canopy bulk vegetation layer is represented using
green, the canopy-intercepted snow and ground-based snow-
pack are shaded using turquoise, and the ground layers are in-
dicated using dark brown at the surface, which fade to white
with increasing depth.

There are six aerodynamic resistance, R, (s~'), pathways
defined as being between (i) the non-snow-buried vegeta-
tion canopy and the canopy air, R,vg—c, (ii) the non-snow-
buried ground surface (soil or litter) and the canopy air,
Ryg ¢, (iii) the snow surface and the canopy air, Ran—c,
(iv) the ground-based snow-covered part of the canopy and
the canopy air, Ryyn—c, (V) the canopy air with the overly-
ing atmosphere, R,.—3), and (vi) the ground-based snow sur-
face (directly) with the overlying atmosphere, Ryn—o. Pre-
vious papers describing ISBA (Noilhan and Planton, 1989;
Mahfouf and Noilhan, 1991) expressed heat fluxes using a
dimensionless heat and mass exchange coefficient, Cy; how-
ever, for the new MEB option, it is more convenient to ex-
press the different fluxes using resistances (s m~!), which are
related to the exchange coefficient as R, = 1/ (V, Cy), where
Va represents the wind speed at the atmospheric forcing level

(indicated by using the subscript a) in ms™!.
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Figure 1. A schematic representation of the turbulent aerodynamic
resistance, R,, pathways for ISBA-MEB. The prognostic tempera-
ture, liquid water, and liquid water equivalent variables are shown.
The canopy air diagnostic variables are enclosed by the red-dashed
circle. The ground-based snowpack is indicated using turquoise, the
vegetation canopy is shaded green, and ground layers are colored
dark brown at the surface, fading to white with depth. Atmospheric
variables (lowest atmospheric model or observed reference level)
are indicated using the a subscript. The ground snow fraction, ppg,
and canopy-snow-cover fraction, ppy, are indicated.

The surface energy budgets are formulated in terms of
prognostic equations governing the evolutions of the bulk
vegetation canopy, 7y, the snow-free ground surface (soil or
litter), T, and the ground-based snowpack, T, (K). The prog-
nostic hydrological variables consist of the liquid soil water
content, Wg, equivalent water content of ice, Wgf, snow wa-
ter equivalent (SWE), Wy, vegetation canopy-intercepted lig-
uid water, Wy, and intercepted snow, Wy, (kg m’2). The di-
agnosed canopy air variables, which are determined implic-
itly during the simultaneous solution of the energy budgets,
are enclosed within the red-dashed circle and represent the
canopy air specific humidity, g. (kgkg™'), air temperature
T., and wind speed V.. The ground surface specific humidity
is represented by gg. The surface snow cover fraction area is
represented by ppe while the fraction of the canopy buried by
the ground-based snowpack is defined as pyy. The snowpack
has N, layers, while the number of soil layers is defined as
Ng where k is the vertical index (increasing from 1 at the sur-
face downward). The ground and snowpack uppermost layer
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Table 1. Description of the patches for the natural land surface sub-grid tile. The values for the 19-class option are shown in the leftmost
three columns, and those for the 12-class option are shown in the rightmost three columns (the name and description are only given if they
differ from the 19-class values). MEB can currently be activated for the forest classes: 4—6 (for both the 12- and 19-class options), and 13-17.

Index Name Description Index Name  Description

1 NO Bare soil 1
2 ROCK Rock 2
3  SNOW Permanent snow or ice 3
4 TEBD  Temperate broad leaf 4 TREE Broad leaf
5 BONE Boreal evergreen needle leaf 5 CONI Evergreen needle leaf
6 TRBE  Tropical evergreen broad leaf 6 EVER Evergreen broad leaf
7 C3 C3 crops 7
8§ C4 C4 crops 8
9 IRR Irrigated crops 9

10 GRAS  Temperate grassland 10

11 TROG  Tropical grassland 11

12 PARK  Bog, park, garden 12

13 TRBD  Tropical broad leaf

14 TEBE  Temperate evergreen broad leaf

15 TENE  Temperate evergreen needle leaf

16 BOBD  Boreal broad leaf

17 BOND  Boreal needle leaf

18 BOGR  Boreal grassland

19 SHRB  Shrubs

temperatures correspond to those used for the surface energy
budget (i.e., k = 1).

2.1 Snow fractions

Snow is known to have a significant impact on heat conduc-
tion fluxes, owing to its relatively high insulating properties.
In addition, it can significantly reduce turbulent transfer ow-
ing to reduced surface roughness, and it has a relatively large
surface albedo thereby impacting the surface net radiation
budget. Thus, the parameterization of its areal coverage turns
out to be a critical aspect of LSM modeling of snowpack—
atmosphere interactions and sub-surface soil and hydrologi-
cal processes. The fractional ground coverage by the snow-
pack is defined as

Png = Wa/Wherit (0= png <1), )

where currently the default value is Wy e =1 (kg m’z).
Note that this is considerably lower than the previous value of
10kg m~2 used in ISBA (Douville et al., 1995), but this value
has been shown to improve the ground soil temperatures, us-
ing an explicit snow scheme within ISBA (Brun et al., 2013).

The fraction of the vegetation canopy, which is buried by
ground-based snow, is defined as

Pno = (Dn - Zhv,b) / (Zhv - Zhv,b) O=<pn =1, (2

where Dy is the total ground-based snowpack depth (m) and
Znvb represents the base of the vegetation canopy (m) (see
Fig. 2), which is currently defined as

Zhvb = @hy (Zhy — Zhv.min) (Zhvo = 0), 3

www.geosci-model-dev.net/10/843/2017/

where ap, = 0.2 and the effective canopy base height is set to
Zhv,min = 2 (m) for forests. The foliage distribution should be
reconsidered in further development since literature suggests,
e.g., Massman (1982), that the foliage is not symmetrically
distributed in the crown but skewed upward.

2.2 Energy budget

The coupled energy budget equations for a three-source
model can be expressed for a single bulk canopy, a ground-
based snowpack, and a underlying ground surface as

a7y
VW ZRHV_HV_LEV +qu>V7 (4)
0Ty 1
g.1 ; = (1= png) (Rng — Hy —LE,)
+ Png (ng + Tn, N, Swnet,n)
— Gg1 + Lt @g,1, ®)
0Th.1
Cn,l 3;’ =Rnn — Hy —LE; — Tn,]swnet,n + %-n,l
- Gn,l + Lfcbn,la (6)

where T is the uppermost ground (surface soil or litter
layer) temperature, Ty ; is the surface snow temperature, and
Ty is the bulk canopy temperature (K). Note that the sub-
script 1 indicates the uppermost layer or the base of the layer
(for fluxes) for the soil and snowpack. All of the following
flux terms are expressed in W m~2. The sensible heat fluxes
are defined between the canopy air space and the vegetation
Hy, the snow-free ground Hg, and the ground-based snow-

Geosci. Model Dev., 10, 843-872, 2017
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Table 2. Subscripts used to represent the prognostic and diagnostic variables. In addition, the symbols used to represent the acrodynamic
resistance pathways (between the two elements separated by the dash) are also shown (refer also to Fig. 1). These symbols are used throughout

the text.
Subscript  Name Description
v Vegetation Bulk canopy layer
g Ground Temperature or liquid water (for Ng layers)
gf  Ground Frozen water (for Ng layers)
Atmosphere At the lowest atmospheric or forcing level

Canopy air space

n  Ground-based snowpack
ng  Ground-based snowpack
an  Ground-based snowpack

r Interception reservoir

m Interception reservoir
vg-c  Aerodynamic resistance
g-c  Aerodynamic resistance
n-c  Aerodynamic resistance
vn-c  Aerodynamic resistance
c-a  Aerodynamic resistance
n-a  Aerodynamic resistance

Diagnosed variables

For Ny layers

Fractional ground snow coverage

Fractional vegetation snow coverage

Intercepted rain and snow meltwater

Intercepted snow and frozen meltwater or rain
Non-snow-buried vegetation canopy and canopy air
Non-snow-buried ground surface and canopy air
Snow surface and canopy air

Ground-based snow-covered canopy and canopy air
Canopy air with overlying atmosphere
Ground-based snow surface and overlying atmosphere

pack Hy. In an analogous fashion to the sensible heat flux,
the latent heat fluxes are defined for the vegetation canopy
Ey, the snow-free ground Eg, and the ground-based snow-
pack Ey. The net radiation fluxes are defined for the vege-
tation canopy, ground, and snowpack as Ry, Rng, and Ry,
respectively. Note that part of the incoming shortwave radia-
tion is transmitted through the uppermost snow layer, and this
energy loss is expressed as 7,1 SWpet n, Where 7 is the di-
mensionless transmission coefficient. The conduction fluxes
between the uppermost ground layer and the underlying soil
and the analogue for the snowpack are defined as Gg,1 and
G, 1, respectively. The conduction flux between the base of
the snowpack and the ground surface is defined as Ggn. The
last term on the right-hand side (RHS) of Eq. (6), &, 1, repre-
sents the effective heating or cooling of a snowpack layer
caused by exchanges in enthalpy between the surface and
sub-surface model layers when the vertical grid is reset (the
snow model grid-layer thicknesses vary in time).

The ground-based snow fraction is defined as png. Note
that certain terms of Eq. (5) are multiplied by py,e to make
them patch relative (or grid box relative in the case of single-
patch mode) since the snow can potentially cover only part of
the patch. Within the snow module itself, the notion of ppg is
not used (the computations are snow relative). But note that
when simultaneously solving the coupled equations Eqs. (4)—
(6), Eq. (6) must be multiplied by py, since again, snow only
covers a fraction of the area: further details are given in Ap-
pendices G and I. The formulation for pyg is described in
Sect. 2.1.

The phase change terms (freezing less melting: expressed
in kgm~2s~!) for the snow water equivalent intercepted by
the vegetation canopy, the uppermost ground layer, and the

Geosci. Model Dev., 10, 843-872, 2017

uppermost snowpack layer are represented by @, &g 1, and
@, 1, respectively, and Ly represents the latent heat of fusion
(Jkg™1). The computation of @, 1 uses the Gibbs free-energy
method (Decharme et al., 2016), @, 1 is based on available
liquid for freezing or cold content for freezing (Boone and
Etchevers, 2001), and &, is described herein (see Eq. 83).
Note that all of the phase change terms are computed as ad-
justments to the surface temperatures (after the fluxes have
been computed); therefore, only the energy storage terms are
modified directly by phase changes for each model time step.

The surface ground, snow, and vegetation effective heat
capacities, Cg 1, Cy, and Cy1 (J m~2 K_l) are defined, re-
spectively, as

Co1=Azg10g1 (7
Cv = va + Ci Wr,n + Cw Wr’ (8)
Cn,l = Dn,l Cn,1, 9

where C; and Cy, are the specific heat capacities for
solid (2.106 x 103 Tkg=' K1) and liquid water (4.218 x
103 Tkg~' K—1), respectively. The uppermost ground-layer
thickness is Azg 1 (m), and the corresponding heat capac-
ity of this layer is defined as cg1 (J m—3 K1), The upper-
most soil layer ranges between 0.01 and 0.03 m for most
applications so that the interactions between surface fluxes
and fast temperature changes in the surface soil layer can be
represented. There are two options for modeling the ther-
mal properties of the uppermost ground layer. First, they
can be defined using the default ISBA configuration for a
soil layer with parameters based on soil texture properties,
which can also incorporate the thermal effects of soil or-
ganics (Decharme et al., 2016). The second option, which
is the default when using MEB, is to model the uppermost
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Figure 2. A schematic sketch illustrating the role of ppy, the fraction of the vegetation canopy, which is buried by ground-based snow.
In panel (a), the snow is well below the canopy base, zhyp, resulting in pne = 0, and the snow has no direct energy exchange with the
atmosphere. In panel (b), the canopy is partly buried by snow (0 < pny < 1) and the snow has energy exchanges with both the canopy air
and the atmosphere. In panel (c), the canopy is fully buried by snow (pny = 1) and the snow has energy exchange only with the atmosphere,
whereas the soil and canopy only exchange with the canopy air space (png < 1). Finally, in panel (d), both ppg = 1 and png = 1 so that the

only exchanges are between the snow and the atmosphere.

ground layer as forest litter. The ground surface in forest
regions is generally covered by a litter layer consisting of
dead leaves and or needles, branches, fruit, and other organic
material. Some LSMs have introduced parameterizations for
litter (Gonzalez-Sosa et al., 1999; Ogée and Brunet, 2002;
Wilson et al., 2012), but the approach can be very differ-
ent from one case to another depending on their complex-
ity. The main goal of this parameterization within MEB is to
account for the generally accepted first-order energetic and
hydrological effects of litter; this layer is generally accepted
to have a strong insulating effect owing to its particular ther-
mal properties (leading to a relatively low thermal diffusiv-
ity), it causes a significant reduction of ground evaporation
(capillary rise into this layer is negligible), and it constitutes
an interception reservoir for liquid water, which can also lose
water by evaporation. See Napoly et al. (2016) for a detailed
description of this scheme and its impact on the surface en-
ergy budget.

The canopy is characterized by low heat capacity, which
means that its temperature responds fast to changes in
fluxes. Thus, to realistically simulate diurnal variations in
2m temperature this effect must be accounted for. Sellers
et al. (1986) defined the value as being the heat capacity
of 0.2kgm™2 of water per unit leaf area index (m?>m~2).
This results in values on the order of 1 x 10*Jm~2K~! for
forest canopies in general. For local-scale simulations, Cyp
can be defined based on observational data. In spatially dis-
tributed simulations (or when observational data is insuffi-
cient), Cyp = 0.2/Cy where the vegetation thermal inertia
Cy is defined as a function of vegetation class by the SUR-
FEX default physiographic database ECOCLIMAP (Faroux
et al., 2013). Note that Cy has been determined for the com-
posite soil-vegetation scheme, and the factor 0.2 is used to
reduce this value to be more representative of vegetation and
on the order of the value discussed by Sellers et al. (1986).
Numerical tests have shown that using this value, the canopy
heat storage is on the order of 10 W m~2 at mid-day for a typ-
ical mid-latitude summer day for a forest. The minimum veg-
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etation heat capacity value is limited at 1 x 10* Jm=2K™")
in order to model, in a rather simple fashion, the thermal in-
ertia of stems, branches, trunks, etc. The contributions from
intercepted snow and rain are incorporated, where W; , and
W; (kg m~2) represent the equivalent liquid water content of
intercepted canopy snow and liquid water, respectively.

The uppermost snow-layer thickness is Dy 1 (m), and the
corresponding heat capacity is represented by ¢, 1 (Boone
and Etchevers, 2001). Note that Dy, ; is limited to values no
larger than several centimeters in order to model a reason-
able thermal inertia (i.e., in order to represent the diurnal cy-
cle) in a fashion analogous to the soil. For more details, see
Decharme et al. (2016).

The numerical solution of the surface energy budget, sub-
surface soil and snow temperatures, and the implicit numeri-
cal coupling with the atmosphere is described in Appendix L.

2.3 Turbulent fluxes

In this section, the turbulent heat and water vapor fluxes in
Egs. (4)—(6) are described.

2.3.1 Sensible heat fluxes

The MEB sensible heat fluxes are defined as

(T, —1c)
Hy =p, R—y (10)
av—C
T, — T,
Hy =paM, (11)
Ragfc
(Th — 7o) (Tn _7;):|
H, = l = pre) —(—— e~ | 12
Pa |:( Pna) Rane o Ranoa (12)
T. — T,
He =p, =1, (13)
Racfa
(7. — To) (Tn —Ta)
H =pa |:(1 — Pna png) R + Pna Png R7_:|’ (14)

where p, represents the lowest atmospheric layer average air
density (kg m~3). The sensible heat fluxes appear in the sur-
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face energy budget equations (Eqs. 4-6). The sensible heat
flux from the ground-based snowpack (Eq. 12) is partitioned
by the fraction of the vegetation, which is buried by the
ground-based snowpack py,, between an exchange between
the canopy air space, and the overlying atmosphere (Eq. 2).
The heat flux between the overlaying atmosphere and the
canopy air space is represented by H., and it is equivalent
to the sum of the fluxes between the different energy budgets
and the canopy air space. The total flux exchange between the
overlying atmosphere and the surface (as seen by the atmo-
sphere) is defined by H. It is comprised of two components:
the heat exchange between the overlying atmosphere and the
canopy air space and the part of the ground-based snowpack
that is burying the vegetation. This method has been devel-
oped to model the covering of low vegetation canopies by a
ground-based snowpack. Finally, the final fluxes for the given
patch are aggregated using png and pye: the full expressions
are given in Appendix CI.

The thermodynamic variable (7: J kg~!) is linearly related
to temperature as

7;=Bx+Axsz (15)

where x corresponds to one of the three surface temperatures
(Ty, Ty, or Ty), canopy air temperature, ¢, or the overlying
atmospheric temperature, T,. The definitions of A, and B,
depend on the atmospheric variable in the turbulent diffu-
sion scheme and are usually defined to cast 7 in the form
of dry static energy, or potential temperature and are deter-
mined by the atmospheric model in coupled mode (see Ap-
pendix A). The total canopy aerodynamic resistance is com-
prised of snow buried, R,yn—c, and non-snow buried, Ryvg—c,

resistances from
(1= pra) (1= pog) |
Rav—c=|: Pna) Png + Png :| . (16)
Ravg—c

Ra vn—cC

The separation of the resistances is done to mainly account
for differences in the roughness length between the buried
and non-covered parts of the vegetation canopy; therefore,
the primary effect of snow cover is to increase the resis-
tance relative to a snow-free surface assuming the same tem-
perature gradient owing to a lower surface roughness, and
thus Ryvn—c¢ > Ravg—c. The formulation also provides a con-
tinuous transition to the case of vanishing canopy turbulent
fluxes as the canopy becomes entirely buried (as ppg — 1).
In this case, the energy budget equations collapse into a sim-
ple coupling between the snow surface and the overlying at-
mosphere, and the ground energy budget simply consists in
heat conduction between the ground surface and the snow-
pack base. The formulations of the resistances between the
different surfaces and the canopy airspace and the overlying
atmosphere are described in detail in Sect. 2.6. The canopy
air temperature, which is needed by different physics rou-
tines, is diagnosed by combining Eqs. (10)—(14) and solving
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for 7; and using Eq. (15) to determine T¢ (see Appendix A
for details).

2.3.2 Water vapor fluxes

The MEB water vapor fluxes are expressed as

E, zpahsvw, (17)
Rav—c
dg — 4
Eg =p (ge=ac) : (18)
Rag—c
Ey =pahsn |:(1 — Pna) (QSzI\;in ) + Pra (f]s;t’in _fja)]’
an—c an—a
(19)
Ec =pa M7 (20)
Raca
(gc — qa)
E =p, |:(1 — Pna png) 1(; -
ac—a
(gsatin — ga)
+ Pna Pnghsn ——— | (21)
Ran—a

The vapor flux between the canopy air and the overlying at-
mosphere is represented by E., and the total vapor flux ex-
changed with the overlying atmosphere is defined as E. The
specific humidity (kgkg™!) of the overlying atmosphere is
represented by g,, whereas gs,; and gsagi represent the spe-
cific humidity at saturation over liquid water and ice, respec-
tively. For the surface specific humidities at saturation, the
convention gy = @sat (Ty) is used. The same holds true for
saturation over ice so that ggagin = gsai (7n)- The canopy air
specific humidity g, is diagnosed assuming that E. is bal-
anced by the vapor fluxes between the canopy air and each
of the three surfaces considered (the methodology for diag-
nosing the canopy air thermal properties is described in Ap-
pendix I, Sect. I3). The effective ground specific humidity is
defined as

Clg:hsgCIsatg + (I +ha)qe, (22)
where the humidity factors are defined as
L L
hsg :8g hug (1 - ng) (Tv) + 8gfhugfpgf (f) s (23)
L Ly
hy =85 (1 — pyf) (Tv) + 8ot pgf<f‘) : (24)

The latent heats of fusion and vaporization are defined as
Lsand L, (Jkg™"), respectively. The fraction of the surface
layer that is frozen, pgf, is simply defined as the ratio of the
liquid water equivalent ice content to the total water content.
The average latent heat L is essentially a normalization factor
that ranges between Lg and L, as a function of snow cover
and surface soil ice (see Appendix B). The soil coefficient g
in Egs. (23)—(24) is defined as

Rag—c

0o = | ——————— ) Socors 25
g (Ragc+Rg> gcor (25)
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where the soil resistance Ry is defined by Eq. (67). Note that
the composite version of ISBA did not include an explicit
soil resistance term, and therefore this also represents a new
addition to the model. This term was found to further im-
prove results for bare-soil evaporation within MEB, and its
inclusion is consistent with other similar multi-source mod-
els (e.g., Xue et al., 1991). See Sect. 2.6 for further details.
The delta function §gcor is @ numerical correction term that is
required owing to the linearization of g, ¢ and is unity unless
both hyg gsarg < gc and gsarg > e, in which case it is set to
zero. The surface ground humidity factor is defined using the
standard ISBA formulation from Noilhan and Planton (1989)
as

h —l|:1 —cos(wg’ln):| (0<hy <1) (26)
ug — 2 * = yg = .
wfc,l

In the case of condensation (¢gsatg < ¢a), hug = 1 (see Mah-
fouf and Noilhan, 1991, for details). The effective field ca-
pacity wg, | is computed relative to the liquid water content
of the uppermost soil layer (it is adjusted in the presence of
soil ice compared to the default field capacity). The analo-
gous form holds for the humidity factor over the frozen part
of the surface soil layer, hyef, with wg 1 and wz‘c’l replaced by

Wgf,1 and w;fcfyl (m*m~3) in Eq. (26), respectively (Boone
et al., 2000). Note that it would be more accurate to use gsas
in place of ggy for the sublimation of the canopy-intercepted
snow and the soil ice in Egs. (17)—(18), respectively, but this
complicates the linearization and this has been neglected for
now. The snow factor is defined as kg, = Lg/L. This factor
can be modified so that E, includes both sublimation and
evaporation (Boone and Etchevers, 2001), but the impact of
including a liquid water flux has been found to be negligible;
thus, for simplicity only sublimation is accounted for cur-
rently.

The leading coefficient for the canopy evapotranspiration
is defined as

hsy = (1 — pny) hsvg (Lv/L) + pavhsva (Ls/L), 27

where ppy is an evaporative efficiency factor that is used to
partition the canopy interception storage mass flux between
evaporation of liquid water and sublimation (see Eq. 79).
When part of the vegetation canopy is buried (i.e., ppy > 0),
a different roughness is felt by the canopy air space so that a
new resistance is computed over the p,-covered part of the
canopy as is done for sensible heat flux. This is accounted for
by defining

Ry
hsvg :png(l — Pna) (Rav - ) hyn

avn—cC

Rav—
#1525 e

avg—c
Rav—c )
Ravn—c
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(28a)

hsyn =Png (1 = pna) (

R,v_
+ (l—png)( e ) (28b)
Ravg—c
The Halstead coefficients in Eq. (28a) are defined as
h —(&)(1—3”5 (292)
7\ Ravg—c + Ry ’
Ra vn—cC )
= ————) (1 —=98)+34. (29b)
" (Ravn—c + RSH

The stomatal resistance Rs can be computed using either the
Jarvis method (Jarvis, 1976) described by Noilhan and Plan-
ton (1989) or a more physically based method that includes
a representation of photosynthesis (Calvet et al., 1998). The
stomatal resistance for the partially snow-buried portion de-
fined as

Rsn =Rs/[1 — min (Pnou 1 - Rs/Rs‘max)]
(Rsn = Rs,max) (30)

so that the effect of coverage by the snowpack is to increase
the canopy resistance. Note that when the canopy is not par-
tially or fully buried by ground-based snowpack (p,, = 0)
and does not contain any intercepted snow (pny = 0), the
leading coefficient for the canopy evapotranspiration simpli-
fies to the Halstead coefficient from the composite version of
ISBA (Mahfouf and Noilhan, 1991)

Ravg—c )
he =(—22C ) (1-6)+35
sv ( Rave—c + s (1-9)

(Pne =0 and pyy =0). 31

The fraction of the vegetation covered by water is § and is
described in Sect. 2.8.2.

The evapotranspiration from the vegetation canopy, Ev, is
comprised of three components:

Ey=FEy + E; + En, (32)

where the transpiration, evaporation from the canopy liquid
water interception store, and sublimation from the canopy
snow interception store are represented by Ey, E;, and Eqy,
respectively. The expressions for these fluxes are given in
Appendix C.

2.4 Radiative fluxes

The R, terms in Eqgs. (4)—(6) represent the surface net radia-
tion terms (longwave and shortwave components)

Rnx = Swnet,x + Lwnet,x’ (33)
where x =n, g, or v. The total net radiation of the surface is
Ry =Rnn + Rng + Rnv

=SW | —SW1 +LW | —LW 1, (34)
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where the total down-welling solar (shortwave) and atmo-
spheric (longwave) radiative fluxes (W m~2) at the top of
the canopy or snow surface (in the case snow is burying
the vegetation) are represented by SW |, and LW |, respec-
tively. The total upwelling (towards the atmosphere) short-
wave and longwave radiative fluxes SW 1 and LW 1, respec-
tively, are simply defined as the downward components less
the total surface net radiative fluxes (summed over the three
surfaces). The effective total surface albedo and surface ra-
diative temperature (and emissivity) can then be diagnosed
(see the Sect. 2.4.2) for coupling with the host atmospheric
model. The t, is defined as the solar radiation transmission at
the base of a snowpack layer, so for a sufficiently thin snow-
pack, solar energy penetrating the snow to the underlying
ground surface is expressed as th, n,SWnetn, Where N, rep-
resents the number of modeled snowpack layers (for a deep
snowpack, this term becomes negligible).

2.4.1 Shortwave radiative fluxes

The total land surface shortwave energy budget can be shown
to satisfy

SW |= SWnetg + SWhetv + SWhetn +SW 1, (35)

where SWyetg, SWherv, and SWpey represent the net short-
wave terms for the ground, vegetation canopy, and the
ground-based snowpack. The effective surface albedo (which
may be required by the atmospheric radiation scheme or for
comparison with satellite-based data) is diagnosed as

@ =SW1 /SW | . (36)

The multi-level transmission computations for direct and
diffuse radiation are from Carrer et al. (2013). The dis-
tinction between the visible (VIS) and near-infrared (NIR)
radiation components is important in terms of interactions
with the vegetation canopy. Here, we take into account two
spectral bands for the soil and the vegetation, where visible
wavelengths range from approximately 0.3 to 0.7 x 10™° m,
and NIR wavelengths range from approximately 0.7 to
1.4 x107%m. The spectral values for the soil and the veg-
etation are provided by ECOCLIMAP (Faroux et al., 2013)
as a function of vegetation type and climate.

The effective all-wavelength ground (below-canopy)
albedo is defined as

agn = PngCn + (1 - png) Qg, 37

where o represents the ground albedo.

The ground-based snow albedo, ay, is prognostic and de-
pends on the snow grain size. It currently includes up to three
spectral bands (Decharme et al., 2016); however, when cou-
pled to MEB, only the two aforementioned spectral bands are
currently considered for consistency with the vegetation and
soil.
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The effective canopy albedo, @y, represents the combined
canopy vegetation, oy, and intercepted snow albedos. Cur-
rently, however, we assume that o, = oy, Which is based
on recommendations by Pomeroy and Dion (1996). They
showed that multiple reflections and scattering of light from
patches of intercepted snow together with a high probabil-
ity of reflected light reaching the underside of an overlying
branch implied that trees actually act like light traps. Thus,
they concluded that intercepted snow had no significant influ-
ence on the shortwave albedo or the net radiative exchange
of boreal conifer canopies.

In addition to baseline albedo values required by the ra-
diative transfer model for each spectral band, the model re-
quires the direct and diffusive downwelling solar compo-
nents. The diffuse fraction can be provided by observations
(offline mode) or a host atmospheric model. For the case
when no diffuse information is provided to the surface model,
the diffuse fraction is computed using the method proposed
by Erbs et al. (1982).

2.4.2 Longwave radiative fluxes

The longwave radiation scheme is based on a representa-
tion of the vegetation canopy as a plane-parallel surface. The
model considers one reflection with three reflecting surfaces
(ground, ground-based snowpack, and the vegetation canopys;
a schematic is shown in Appendix E). The total land surface
longwave energy budget can be shown to satisfy

LW |= LWnetg +LWhetv +LWhpern + LW 1, (38)

where LW e g, LWpety, and LW e, represent the net long-
wave terms for the ground, vegetation canopy, and the
ground-based snowpack. The effective surface radiative tem-
perature (which may be required by the atmospheric radia-
tion scheme or for comparison with satellite-based data) is
diagnosed as

[LW 4 —LW | (1 —ES):|]/4
Trad = — s

€0

(39)

where o is the Stefan—Boltzmann constant, and €, represents
the effective surface emissivity. In Eq. (39), there are two that
are known (LW fluxes) and two that are unknown (7;,q and
€;). Here we opt to pre-define € in a manner that is consistent
with the various surface contributions as

€5 = Png€snt+ (1 - png) €sg. (40)

The canopy-absorption-weighted effective snow and ground
emissivities are defined, respectively, as

€n =0nLwey + (1 —0nLw) €n, 41)
€sg =0 gLWE€y + (1 _EgLW) €g, (42)

where €y, €g, and €, represent the emissivities of the vegeta-
tion, snow-free ground, and the ground-based snowpack, re-
spectively. The ground and vegetation emissivities are given
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by ECOCLIMAP are vary primarily as a function of vege-
tation class for spatially distributed simulations, or they can
be prescribed for local scale studies. The snow emissivity is
currently defined as €, =0.99. The effect of longwave ab-
sorption through the non-snow-buried part of the vegetation
canopy is included as

OnLwW =[1 — Png — Pna (1 - Png)]GLW + [Png
+ Dna (1 - png)]UfLWv (43)
OgLwW =[1 — Png (r- pna)] oLw + png(l — Pna)otLw,  (44)

where the canopy absorption is defined as
ow =1 —exp(—twLAD) =1 — xy (45)

and tpw represents a longwave radiation transmission fac-
tor that can be species (or land classification) dependent, xv
is defined as a vegetation view factor, and LAI represents the
leaf area index (m? m~2). The absorption over the understory
snow-covered fraction of the grid box is modeled quite sim-
ply from Eq. (45)

ortw = 1 —exp[—tow LAI(1 — ppo) ]
= 1 —exp[—tLw LAL] (46)

so that transmission is unity (no absorption or reflection by
the canopy: oLw = orLw = 0) when py, = 1 (i.e., when the
canopy has been buried by snow); LAI; is used to repre-
sent the LAI, which has been reduced owing to burial by
the snowpack. From Egs. (40)—(44), it can be seen that when
there is no snowpack (i.e., png = 0 and ppy = 0), then the ef-
fective surface emissivity is simply an absorption-weighted
soil-vegetation value defined as €; = opw €y + (1 —oLw) €.
See Appendix E for the derivation of the net longwave radi-
ation terms in Eq. (38).

2.5 Heat conduction fluxes

The sub-surface snow and ground heat conduction fluxes are
modeled using Fourier’s law (G = 19T /dz). The heat con-
duction fluxes in Egs. (5)—(6) are written in discrete form as

2(Teq — T,
Ce1= (e = Ty2) = Ag1 (Tg1 — Ty2),
(Bzg1/2e1) + (Azg2/hg2)
(47)
2 (TH 1— T 2)
G’= . . =A’ T,_T7 , (48)
™ (Dn,1/An,1) + (Dn,2/*n.2) nt (o1 —Th2)
2(Tyn, — T,
ng= ( Ny g,l) =Agn (Tn,N,, — Tg,l), (49)

(D",Nn/)“ﬂ;Nn) + (Azg,l/kgvl)

where G, represents the snow—ground inter-facial heat flux
which defines the snow scheme lower boundary condition.
All of the internal heat conduction fluxes (k =2, N — 1) use
the same form as in Eq. (48) for the snow (Boone and Etchev-
ers, 2001) and Eq. (47) for the soil (Boone et al., 2000;
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Decharme et al., 2011). The heat capacities and thermal con-
ductivities A¢ for the ground depend on the soil texture, or-
ganic content (Decharme et al., 2016), and potentially on the
thermal properties of the forest litter in the uppermost layer
(Napoly et al., 2016); all of the aforementioned properties
depend on the water content. The snow thermal property pa-
rameterization is described in Decharme et al. (2016).

2.6 Aerodynamic resistances

The resistances between the surface and the overlying atmo-
sphere, Ran—a and R,c—_,, are based on Louis (1979) modi-
fied by Mascart et al. (1995) to account for different rough-
ness length values for heat and momentum as in ISBA: the
full expressions are given in Noilhan and Mahfouf (1996).

2.6.1 Aerodynamic resistance between the bulk
vegetation layer and the canopy air

The aerodynamic resistance between the vegetation canopy
and the surrounding airspace can be defined as

-1
Ravg—c = (gav + g:v) : (50)

The parameterization of the bulk canopy aerodynamic con-
ductance g,, between the canopy and the canopy air is based
on Choudhury and Monteith (1988). It is defined as

2LAIayy ( Uhy
o \Iw

where up, represents the wind speed at the top of the canopy
(ms~1),and 1w represents the leaf width (m: see Table 3).
The remaining parameters and their values are defined in Ta-
ble 3. The conductance accounting for the free convection
correction from Sellers et al. (1986) is expressed as

. |:LAI(TV—TC)1/4:|
8av = (Iy=2Te). (52)

1/2 ,
gov = )l —exp(=g/2)). (51

% Iw

Note that this correction is only used for unstable conditions.
The effect of snow burying the vegetation impacts the aero-
dynamic resistance of the canopy is simply modeled by mod-
ifying the LAI using

LAL, =LAI(1 — png). (53)

The LAI, is then used in Eq. (50) to compute R,yn—c, and
this resistance is limited to 5000 s m~! as LAIL, — 0.

2.6.2 Aerodynamic resistance between the ground and
the canopy air

The resistance between the ground and the canopy air space
is defined as

Rag—c = Rag n/VH, (54)
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Table 3. Surface vegetation canopy turbulence parameters that are constant.

.: The interactions between ISBA-MEB in SURFEXvS

Symbol  Definition Unit Value Reference Comment

aay Canopy conductance scale factor m s~1/2 0.01 Choudhury and Monteith (1988)  Eq. (26)
¢ Attenuation coeff. for wind - 3 Choudhury and Monteith (1988) p. 386

lw Leaf width m 0.02

by Attenuation coeff. for mom. - 2 Choudhury and Monteith (1988)  p. 386

20g Roughness of soil surface m 0.007

XL Ross—Goudriaan leaf angle dist. - 0.12 Monteith (1975) p. 26

uy Typical local wind speed ms~! 1 Sellers et al. (1996) Eq. (B7)
v Kinematic viscos. of air m?s~! 0.15 x 10~4

where Rygn is the default resistance value for neutral con-
ditions. The stability correction term ¥y depends on the
canopy structural parameters, wind speed, and temperature
gradient between the surface and the canopy air. The aerody-
namic resistance is also based on Choudhury and Monteith
(1988). It is assumed that the eddy diffusivity K (m2 s~ 1) in
the vegetation layer follows an exponential profile:

K (z) = K (znv) exp |:¢v (1 - i)} ,
Zhv

where zpy represents the canopy height. Integrating the recip-
rocal of the diffusivity defined in Eq. (55) from zgg to d +zoy
yields

_ Zhv . Zﬁ
Ragn _¢v K (zny) [ exp |:¢V ( Zhv)]

(35)

d+z
— exp [¢V (1 _ ﬂ)} ] (56)
Zhv
The diffusivity at the canopy top is defined as
K (zny) = kttsny (zny — d). (57)

The von Karman constant k has a value of 0.4. The displace-
ment height is defined as Choudhury and Monteith (1988)
d:].lzhvln[l+(chAI)1/4], (58)

where the leaf drag coefficient cq,is defined from Sellers et al.
(1996)

2 1 1.6
ca=1328 [W} +0.45[;(1 _ XL)} , (59)

where xp, represents the Ross—Goudriaan leaf angle distribu-
tion function, which has been estimated according to Mon-
teith (1975) (see Table 3), and R, is the Reynolds number
defined as

o Iw

R ="V, (60)
v
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The friction velocity at the top of the vegetation canopy is
defined as

kuny
Ushy = ) (61)
I [(Zhv —d) /ZOV]
where the wind speed at the top of the canopy is
Uhy = fhv Va (62)

and V, represents the wind speed at the reference height
Za above the canopy. The canopy height is defined based
on vegetation class and climate within ECOCLIMAP as a
primary parameter. It can also be defined using an external
dataset, such as from a satellite-derived product (as a func-
tion of space and time). The vegetation roughness length
for momentum is then computed as a secondary parameter
as a function of the vegetation canopy height. The factor
Jhv (£ 1) is a stability-dependent adjustment factor (see Ap-

pendix D).
The dimensionless height scaling factor is defined as
(zhv — d)
$o="—— (=), (63)

T

The reference height is defined as z; = z; —d for simulations
where the reference height is sufficiently above the top of
the vegetation canopy. This is usually the case for local scale
studies using observation data. When MEB is coupled to an
atmospheric model, however, the lowest model level can be
below the canopy height; therefore, for coupled model simu-
lations z; = max (za, Zhy — d + Zmin) Where Zmin = 2 (m).

Finally, the stability correction factor from Eq. (54) is de-
fined as

Y = (1 — any R)'?

1 R;
- () o)
1+bR,-(1+cRi)1/2|: R; crit (o= 1D

(Ri =0), (64a)

(Ri > 0and R; < R crit) , (64b)
sz
= R; > R; &it) » 64c
14+bR;(1+cR;)\ (Ri > Ricrn) (029
where the Richardson number is defined as
— T, — T,
R; = 8 zny (T c)- (65)

T ”hv2
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Note that strictly speaking, the temperature factor in the de-
nominator should be defined as (7 + T¢) /2, but this has only
a minor impact for our purposes. The critical Richardson
number, R; i, is set to 0.2. This parameter has been de-
fined assuming that some turbulent exchange is likely always
present (even if intermittent), but it is recognized that even-
tually a more robust approach should be developed for very
stable surface layers (Galperin et al., 2007). The expression
for unstable conditions (Eq. 64a) is from Sellers et al. (1996)
where the structural parameter is defined as apy, = 9.

It is generally accepted that there is a need to improve the
parameterization of the exchange coefficient for extremely
stable conditions typically encountered over snow (Niu and
Yang, 2004; Andreadis et al., 2009). Since the goal here is not
to develop a new parameterization, we simply modify the ex-
pression for stable conditions by using the standard function
from ISBA. The standard ISBA stability correction for sta-
ble conditions is given by Eq. (64c), where b = 15and ¢ =5
(Noilhan and Mahfouf, 1996). The factor that takes into ac-
count differing roughness lengths for heat and momentum is
defined as

_ In(zny/z0g)

= , 66
In (zhy /z0gh) (©0)

120
where zogh is the ground roughness length for scalars. The
weighting function (i.e., ratio of R; to R; ¢rir) in Eq. (64b) is
used in order to avoid a discontinuity at R; = 0 (the rough-
ness length factor effect vanishes at R; = 0) in Eq. (64¢). An
example of Eq. 64c is shown in Fig. 3 using the zoy from Ta-
ble 3, and for zogn/zog 0f 0.1 and 1.0. Finally, the resistance
between the ground-based snowpack R;,—. and the canopy
air use the same expressions as for the aerodynamic resis-
tance between the ground and the canopy air outlined herein,
but with the surface properties of the snowpack (namely the
roughness length and snow surface temperature).

2.6.3 Ground resistance

The soil resistance term is defined based on Sellers et al.
(1992) as

R = exp[arg — brg (We/Wsat)] - (67)

The coefficients are arg = 8.206 and brg = 4.255, and the
vertically averaged volumetric water content and saturated
volumetric water content are given by We and Wgy, respec-
tively. The averaging is done from one to several upper lay-
ers. Indeed, the inclusion of an explicit ground surface energy
budget makes it more conceptually straightforward to include
a ground resistance compared to the original composite soil—
vegetation surface. The ground resistance is often used as a
surrogate for an additional resistance arising due to a forest
litter layer, therefore the soil resistance is set to zero when
the litter-layer option is activated. Finally, the coefficients
arg and bgrg were determined from a case study for a spe-
cific location, and could possibly be location dependent. But
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Figure 3. Stability correction term is shown using the Sellers for-
mulation for R; < 0 while the function for stable conditions adapted
from ISBA (R; > 0) for two ratios of zgg/zogh. The ground surface
roughness length is defined in Table 3.

currently these values are used, in part, since the litter for-
mulation is the default configuration for MEB for forests as
it generally gives better surface fluxes (Napoly et al., 2016).

2.7 Water budget

The governing equations for (water) mass for the bulk
canopy, and surface snow and ground layers are written as

oW,

ar = Py + max (0, —Ey) — E; — Dy — @y, (68)
aW,
8tm =1l — Uy — Eyn + Oy (69)
oWn 1
pngT:Ps - In+Un+png
(Pr_ Pw+Drv_ nl,l_En+¢'n,l+En1,l)a (70)
ow 1
Pw AZg,la_;fJ = (Pr — Py + Dy — Eg) (1 _png)
+Pnanl,Nn - RO_Fg,l - qu,la (71)
dwgf, 1
Pw AZg 1 agt =g — Eg (1— png) (72)

where W, and W;, represent the vegetation canopy wa-
ter stores (intercepted water) and the intercepted snow and
frozen water (all in kg m™2), respectively. Wh,1 represents the
snow liquid water equivalent (SWE) for the uppermost snow
layer of the multi-layer scheme. The soil liquid water content
and water content equivalent of frozen water are defined as
wy and wef, respectively (m> m~3).

The interception reservoir W; is modeled as single-layer
bucket, with losses represented by evaporation E;, and
canopy drip Dy of liquid water that exceeds a maximum
holding capacity (see Sect. 2.8.2 for details). Sources include
condensation (negative E; and Ey) and P, which repre-
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sents the intercepted precipitation. The positive part of Ey
is extracted from the sub-surface soil layers as a function of
soil moisture and a prescribed vertical root zone distribution
(Decharme et al., 2016). This equation is the same as that
used in ISBA, except for the addition of the phase change
term, &, (kg m~2 s~1). This term has been introduced ow-
ing to the introduction of an explicit canopy snow intercep-
tion reservoir W;q; the canopy snow and liquid water reser-
voirs can exchange mass via this term which is modeled as
melt less freezing. The remaining rainfall (P, — Py ) is parti-
tioned between the snow-free and snow-covered ground sur-
face, where P; represents the total grid cell rainfall rate. The
canopy snow interception is more complex, and represents
certain baseline processes such as snow interception I, and
unloading Uy; see Sect. 2.8.1 for details.

The soil water and snow liquid water vertical fluxes at
the base of the surface ground and snow are represented, re-
spectively, by Fg | using Darcy’s Law and by Fy),; using a
tipping-bucket scheme (kg m~2 s~!). The liquid water flux
at the base of the snowpack Fy y, is directed downward into
the soil and consists in the liquid water in excess of the low-
est model liquid water-holding capacity. A description of the
snow and soil schemes are given in (Boone and Etchevers,
2001) and (Decharme et al., 2011), respectively. Rq is the
surface runoff. It accounts for sub-grid heterogeneity of pre-
cipitation, soil moisture, and for when potential infiltration
exceeds a maximum rate (Decharme and Douville, 2006).
The soil liquid water equivalent ice content can have some
losses owing to sublimation in the uppermost soil layer Eqf
but it mainly evolves owing to phase changes from soil water
freeze-thaw ®,. The remaining symbols in Egs. (68)—(69)
are defined and described in Sect. 2.8.2 and 2.8.1.

2.8 Precipitation interception
2.8.1 Canopy snow interception

The intercepted snow mass budget is described by Eq. (69),
while the energy budget is included as a part of the bulk
canopy prognostic equation (Eq. 4). The positive mass con-
tributions acting to increase intercepted snow on canopy are
snowfall interception I, water on canopy that freezes ®, <
0, and sublimation of water vapor to ice Ey < 0. Unload-
ing Uy, sublimation Ey, > 0, and snowmelt ®, > 0, are the
sinks. All of the terms are in kgm™2s~!. It is assumed that
intercepted rain and snow can co-exist on the canopy. The
intercepted snow is assumed to have the same temperature as
the canopy T7y; thus, there is no advective heat exchange with
the atmosphere that simplifies the equations. For simplicity,
when intercepted water on the canopy freezes, it is assumed
to become part of the intercepted snow.

The parameterization of interception efficiency is based
upon Hedstrom and Pomeroy (1998). It determines how
much snow is intercepted during the time step and is defined
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as
Inv,0 = (W — Wen) [1 — exp (—kn,y Ps Al)], (73)

where W;,* is the maximum snow load allowed, P the
frozen precipitation rate, and k, v a proportionality factor.
kn.y is a function of W;,* and the maximum plan area of
the snow—leaf contact area per unit area of ground Cy, yp:

_ Cayp

kny = .
d *
Wrn

(74)

For a closed canopy, Cy, vp would be equal to one, but for
a partly open canopy it is described by the relationship

Cn,vc

, (75)
1 — Cc Uhy Zhv/ (wn Jn)

Cn,vp -

where Cp y¢ is the canopy coverage per unit area of ground
which can be expressed as 1 — yy where yy is the sky-view
factor (see Eq. 45), and uy, represents the mean horizontal
wind speed at the canopy top (Eq. 62), which corresponds
to the height zp, (m). The characteristic vertical snow-flake
velocity, wy, is set to 0.8ms! (Isymov, 1971). J, is set to
103 m, which is assumed to represent the typical size of the
mean forested down wind distance.

For calm conditions and completely vertically falling
snowflakes, Cp vp = C. For any existing wind, snow could
be intercepted by the surrounding trees so that high wind
speed increases interception efficiency. Generally for open
boreal conifer canopies, Cpve < Cnvp < 1. Under normal
wind speed conditions (i.e., wind speeds larger than 1 ms™!),
Ch,vc (and Cy vp) values are usually close to unity.

The maximum allowed canopy snow load, W;,*, is a func-
tion of the maximum snow load per unit branch area, S, v
(kg m’2), and the leaf area index:

Win* = Sp.yLAI (76)

where Sy, y is defined as

_ 46
Sn.v = Snv {0.27 + . a7
Pn,v

Based on measurements, Schmidt and Gluns (1991) esti-
mated average values for S,  of 6.6 for pine and 5.9 kg m~2
for spruce trees. Because the average value for this param-
eter only varies by about 10 % across these two fairly com-
mon tree species, and ECOCLIMAP does not currently make
a clear distinction between these two forest classes, we cur-
rently use 6.3 as the default value for all forest classes. py v is
the canopy snow density (kg m—>) defined by the relationship

Py = 67.92+51.25exp [(T — Tt) /2.59] (Tt < Temax), (78)

where 7 is the canopy air temperature and T max is the tem-
perature corresponding to the maximum snow density. As-
suming a maximum snow density of 750 kg m~3 and solving
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Eq. (78) for canopy temperature yields T; max = 279.854 K.
This gives values of Sy, y in the range 4-6 kg m~2.

The water vapor flux between the intercepted canopy snow
and the canopy air E;, (Eq. C6), includes the evaporative ef-
ficiency ppy. This effect was first described by Nakai et al.
(1999). In the ISBA-MEB parameterization, the formulation
is slightly modified so that it approaches zero when there is

no intercepted snow load:

0.89 Sy 03

= ; (79
1+ exp[—4.7(Spy — 0.45)]

Pnv

where Syy is the ratio of snow-covered area on the canopy to
the total canopy area

Wrn
Sny = W O=<Sw=D. (80)

rn

A numerical test is performed to determine if the canopy
snow becomes less than zero within one time step due to
sublimation. If this is true, then the required mass is removed
from the underlying snowpack so that the intercepted snow
becomes exactly zero during the time step to ensure a high
degree of mass conservation. Note that this adjustment is
generally negligible.

The intercepted snow unloading, due to processes such as
wind and branch bending, has to be estimated. Hedstrom and
Pomeroy (1998) suggested an experimentally verified expo-
nential decay in load over time ¢, which is used in the param-
eterization:

Un,v = In,v,OeXp(_UnLt) = In,v,O CnL, 81)

where Uy, is an unloading rate coefficient (s_l) and ¢y, the
dimensionless unloading coefficient. Hedstrom and Pomeroy
(1998) found that ¢, =0.678 was a good approximation
that, with a time step of 15min, gives Uy = —4.498 x
10765~ 1. A tuned value for the RCA-LSM from the Snow
Model Intercomparison Project phase 2 (SnowMIP2) exper-
iments (Rutter et al., 2009) is Uy = —3.4254 x 1076 s~L,
which has been adopted for MEB for now. All unloaded snow
is assumed to fall to the ground where it is added to the snow
storage on forest ground. Further, corrections to compensate
for changes in the original LSM due to this new parameter-
ization have been made for heat capacity, latent heat of va-
porization, evapotranspiration, snow storages, and fluxes of
latent heat.

Finally, canopy snow will partly melt if the temperature
rises above the melting point and become intercepted water,
where the intercepted (liquid and frozen) water phase change
is simply proportional to the temperature:

_ Ci Win

®, — Ci Syy W*

= (Tr =Ty, (82)

(Tf_ Tv) =

L¢te L¢te

where &, < 0 signifies melting. 77 represents the melting
point temperature (273.15K) and the characteristic phase
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change timescale is 7o (s). If it is assumed that the available
heating during the time step for phase change is proportional
to canopy biomass via the LAI then Eq. (82) can be written
(for both melt and refreezing) as

Dy = Sy kd>v (Tf - Tv) . (83)

Note that if energy is available for melting, the phase change
rate is limited by the amount of intercepted snow, and like-
wise freezing is limited by the amount of intercepted liquid
water. The melting of intercepted snow within the canopy
can be quite complex, thus currently the simple approach in
Eq. (83) adopted herein. The phase change coefficient was
tuned to a value of kgy =5.56 x 107 %kgm=2s~ ! K~! for
the SNOWMIP2 experiments with the RCA-LSM. Currently,
this value is the default for ISBA-MEB.

2.8.2 Canopy rain interception

The rain intercepted by the vegetation is available for poten-
tial evaporation, which means that it has a strong influence
on the fluxes of heat and consequently also on the surface
temperature. The rate of change of intercepted water on veg-
etation canopy is described by Eq. (68). The rate that water
is intercepted by the overstory (which is not buried by the
ground-based snow) is defined as

Py =P (1= xv) (1_Pngpan)a (34)

where x, is a view factor indicating how much of the pre-
cipitation that should fall directly to the ground (see Eq. 45).
The overstory canopy drip rate Dy is defined simply as the
value of water in the reservoir which exceeds the maximum
holding capacity:

D,y = max (07 Wi — er,max) /At» (85)

where the maximum liquid water-holding capacity is defined
simply as

er,max = Ccwrv LAL (86)

Generally speaking, cyry =0.2 (Dickinson, 1984), al-
though it can be modified slightly for certain vegetation
cover. Note that Eq. (68) is first evaluated with D, =0, and
then the canopy drip is computed as a residual. Thus, the fi-
nal water amount is corrected by removing the canopy drip
or throughfall. This water can then become a liquid water
source for the soil and the ground-based snowpack.

The fraction of the vegetation covered with water is de-

fined as
W, )2/3
Wr,max

+ wry Wy
(1+aw LAI) Wr,max —ay W; )

Sy = (1 — ) (

87)
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Delire et al. (1997) used the first term on the RHS of Eq. (87)
for relatively low vegetation (Deardorff, 1978) and the sec-
ond term for tall vegetation (Manzi and Planton, 1994). Cur-
rently in ISBA, a weighting function is used which intro-
duces the vegetation height dependence using the roughness
length as a proxy from

oy =220y — 1 0<ww <1), (88)

where the current value for the dimensionless coefficient is
Ay = 2.

2.8.3 Halstead coefficient

In the case of wet vegetation, the total plant evapotranspira-
tion is partitioned between the evaporation of intercepted wa-
ter, and transpiration via stomata by the Halstead coefficient.
In MEB, two such coefficients are used for the non-snow-
buried and buried parts of the vegetation canopy, ivg and Ay
(Egs. 29a and 29b, respectively). In MEB, the general form
of the Halstead coefficient, as defined in Noilhan and Planton
(1989), is modified by introducing the factor &, to take into
account the fact that saturated vegetation can transpire, i.e.,
when §, = 1 (Bringfelt et al., 2001). Thus, for MEB we de-
fine 6 = ky 6y. The intercepted water forms full spheres just
touching the vegetation surface when k, = 0, which allows
for full transpiration from the whole leaf surface. In contrast,
ky = 1 would represent a situation where a water film covers
the vegetation completely and no transpiration is allowed. To
adhere to the interception model as described above, where
the intercepted water exists as droplets, we set the value of
ky to 0.25. Note that in the case of condensation, i.e., E < 0,
hy=1.

Without a limitation of hyg and hyy, the evaporative de-
mand could exceed the available intercepted water during a
time step, especially for the canopy vegetation which experi-
ences a relatively low aerodynamic resistance. To avoid such
a situation, a maximum value of the Halstead coefficient is
imposed by calculating a maximum value of the §,. See Ap-
pendix F for details.

3 Conclusions

This paper presents the description of a new multi-energy
balance (MEB) scheme for representing tall vegetation in the
ISBA land surface model component of the SURFEX land—
atmosphere coupling and driving platform. This effort is part
of the ongoing effort within the international scientific com-
munity to continually improve the representation of land sur-
face processes for hydrological and meteorological research
and applications.

MEB consists in a fully implicit numerical coupling be-
tween a multi-layer physically based snowpack model, a
variable-layer soil scheme, an explicit litter layer, a bulk
vegetation scheme, and the atmosphere. It also includes a
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feature that permits a coupling transition of the snowpack
from the canopy air to the free atmosphere as a function of
snow depth and canopy height using a fully implicit numer-
ical scheme. MEB has been developed in order to meet the
criteria associated with computational efficiency, high cod-
ing standards (especially in terms of modularity), conserva-
tion (of mass, energy, and momentum), numerical stability
for large (time step) scale applications, and state-of-the-art
representation of the key land surface processes required for
current hydrological and meteorological modeling research
and operational applications at Météo-France and within the
international community as a part of the HIRLAM consor-
tium. This includes regional scale real-time hindcast hydro-
meteorological modeling, coupling within both research and
operational non-hydrostatic models, regional climate mod-
els, and a global climate model, not to mention being used
for ongoing offline land surface reanalysis projects and fun-
damental research applications.

The simple composite soil-vegetation surface energy bud-
get approach of ISBA has proven its ability to provide solid
scientific results and realistic boundary conditions for hy-
drological and meteorological models since its creation over
2 decades ago. However, owing to the ever increasing de-
mands of the user community, it was decided to improve
the representation of the vegetation processes as a priority.
The key motivation of the MEB development was to move
away from the composite scheme in order to address cer-
tain known issues (such as excessive bare-soil evaporation
in forested areas, the neglect of canopy snow interception
processes), to improve consistency in terms of the represen-
tation of the carbon cycle (by modeling explicit vegetation
energy and carbon exchanges), to add new key explicit pro-
cesses (forest litter, the gradual covering of vegetation by
ground-based snow cover), and to open the door to potential
improvements in land data assimilation (by representing dis-
tinct surface temperatures for soil and vegetation). Finally,
note that while some LSMs intended for GCMs now use
multiple-vegetation layers, a single bulk vegetation layer is
currently used in MEB since it has been considered as a rea-
sonable first increase in complexity level from the composite
soil-vegetation scheme. However, MEB has been designed
such that the addition of more canopy layers could be added
if deemed necessary in the future.

This is part one of two companion papers describing the
model formulation of ISBA-MEB. Part two describes the
model evaluation at the local scale for several contrasting
well-instrumented sites in France, and for over 42 sites en-
compassing a wide range of climate conditions for several
different forest classes over multiple annual cycles (Napoly
et al., 2016). This two-part series of papers will be followed
by a series of papers in upcoming years that will present the
evaluation and analysis of ISBA-MEB with a specific focus
(coupling with snow processes, regional to global scale hy-
drology, and finally fully coupled runs in a climate model).
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4 Code availability

The MEB code is a part of the ISBA LSM and is avail-
able as open source via the surface modeling platform
called SURFEX, which can be downloaded at http://www.
cnrm-game-meteo.fr/surfex/. SURFEX is updated at a rela-
tively low frequency (every 3 to 6 months) and the devel-
opments presented in this paper are available starting with
SURFEX version 8.0. If more frequent updates are needed,
or if what is required is not in Open-SURFEX (DrHOOK,
FA/LFI formats, GAUSSIAN grid), you are invited to follow
the procedure to get a SVN account and to access real-time
modifications of the code (see the instructions at the previous
link).
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Appendix A: Thermodynamic coupling variable

If potential temperature is used as the thermodynamic vari-
able in the coupled model diffusion scheme, then the thermo-
dynamic variable 7 (Jkg™!; see Egs. 10-14) coefficients are

defined as

BX :O (-x - Va ga na Ca a) ’ (Al)
Ay =Cp,/Tls(x =V, g,n,c), (A2)
Ay =C, /T, (A3)

where IT is the non-dimensional Exner function and C, is
the heat capacity of dry air (Jkg~! K~1). If the atmospheric
variable being diffused is dry static energy then

By =0 (x=v,g,n,c), (A4)
B, =& Za, (AS)
A, =Cp, (x=v,g,n,c,a), (A6)

where z, is the height (m) of the simulated or observed over-
lying atmospheric temperature, T, and g is the gravitational
constant. The choice of the atmospheric thermodynamic vari-
able is transparent to ISBA-MEB (it is made within the
surface—atmosphere coupler). The default (in offline mode
and in inline mode with certain atmospheric models) is us-
ing Eqgs. (A1)-(A3). Note that the method can be extended to
use the actual air heat capacity (including water vapor) if a
linearization of the heat capacity is used.

Appendix B: Latent heat normalization factor

The L is a normalization factor (L, < L < L), which could
be determined in a number of ways. This coefficient ensures
conservation of mass between the different surfaces and the
atmosphere.

One possible method is to diagnose it by inverting the
equation for LE; (multiplying Eq. 20 by L thereby elimi-
nating it from the RHS of this equation, and then solving
for L), but the resulting equation is difficult to apply since
the terms can be either positive or negative, and division by
a small number is possible. Here, a more smooth (in time)
function is proposed, which accounts for each of the surfaces
weighted by its respective fraction:

L= ausLs +arvLy (B1)
ars + ary

where

ar,= [Uf (1= pu) + (1 - Png) (1 - ng)] (1 - pngl’na)’ (B2)
ar,= [o1 pov + (1= Pog) Pet + Pog] (1= PogPrc)

+ PngPna- (B3)
In the limit as the snow totally buries the canopy vegetation,

L — L. In contrast, for snow and surface ice-free condi-
tions, L = L.

Geosci. Model Dev., 10, 843-872, 2017

Appendix C: Turbulent flux expressions

The turbulent fluxes of heat and water vapor can be further
decomposed into different components, which are required
for computing different diagnostics and coupling with the
water budgets. They are presented herein.

C1 Sensible heat flux

It is convenient to split H, into two components since one
governs the coupling between the canopy air space and
the snow surface, while the other modulates the exchanges
with the overlying atmosphere (as the canopy layer becomes
buried).

The ground-based snowpack heat flux, H, (Eq. 12), can
be split into a part that modulates the heat exchange with
the canopy air space, H,_. and the other part which controls
the exchanges directly with the overlying atmosphere, H,_,,
defined as

T — 71
Hy—c =pa Ms (C1)
Ran—c
 G-T)
Hyp—a =pa ——. (C2)
Ran—a

7. is diagnosed by imposing conservation of the heat fluxes
between the surface and the canopy air (as described in Ap-
pendix I). Using the definition in Eq. (C2), the total sensible
heat flux exchange with the atmosphere (Eq. 14) can also be
written in more compact form as

H=p, [(1 — Png pna) Hc + png Pra Hn—a] . (C3)
C2 Water vapor flux

The various water vapor flux terms must be broken into dif-
ferent components for use within the different water balance
equations for the vegetation, soil, and snowpack. Using the
definitions in Eqgs. (27)—(29b), the components of the canopy
evapotranspiration Ey can be expressed as

Ly
Ey = pa T (gsatv — qc)

|:png (1 = pna)
Ra vn—cC + Rsn

- Png
Ravg—c + Rs

} (I'=po) (1 =9),
(C4

Ly
E;=pa T (Gsatv — qc)

|:png(1_17na) n l_pngi| (1= puy) 8, (C5)

Ravg—c

Ra vn—cC

Ly
Em = pa f (gsatv — qc)

Png (1 = pna) 1 _Png:|
+ Pov- (C6)
|: Ravn—c Ravg—c "
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The complex resistances (bracketed terms in Eqs. C4-C6)
arise owing to the inclusion of the effects of burying the snow
canopy by the ground-based snowpack. If the ground-based
snowpack is not sufficiently deep to bury any of the canopy
(Pna = 0), then the bracketed term in Eq. (C4) simplifies to
1/ (Ravg—c + Rs) (note that Ryyg—c = Ray—c When ppe =0
from Eq. 16), and likewise the bracketed terms in Egs. (C5)—
(C6) simplify to 1/R,vg—c. Finally, the partitioning between
the vapor fluxes from intercepted snow and the snow-free
canopy reservoir and transpiration is done using pyy, Which
represents the fraction of the snow interception reservoir that
is filled (see Eq. 79).

Using the definitions of gg from Eq. (22) together with
those for the humidity factors, hse and h, (Egs. 23 and 24,
respectively) and the soil coefficient, §; (Eq. 25), the bare-
soil evaporation E, components can be expressed as

L 8
Egl: Pa (TV) (hug (satg — QC) (&

e Rg) (1=pu). (€D

Ly 8gfc0r )
Eq. = — ) (h — _— , C8
of = Pa (L ) ( ugf gsat g CIC) (Rag+Rgf DPef (C8)

where Eg = Eg) + Eg. The delta function, Sgfcor, is a nu-
merical correction term, which is required owing to the lin-
earization of g, ¢ and is unity unless both fyef gsatg < gc and
Gsatg > {c,in which case it is set to zero. Note that the ground
resistances, Ry and Ryf, are set to zero if the forest litter op-
tion is active (the default for forests).

The ground-based snowpack sublimation, E, (Eq. 19), can
be partitioned into a vapor exchange with the canopy air
space, E,_. and the overlying atmosphere, E,_,, as

Ly {satin — qc
n—c a\ 7 Rane

E =0 5 Gsatin — ga
n—a a\ 7 —Ran—a .

The corresponding latent heat fluxes can be determined by
simply multiplying Eqgs. (C4)—(C8) by L. Finally, using the
definition in Eq. (C10), the total vapor exchange with the at-
mosphere (Eq. 21) can also be written in more compact form
as

(C10)

E=p, [(1 — Png Pna) Ec + png Pna En—a] . (C1D)

Appendix D: Canopy-top wind stability factor

The expressions for the stability factor fy (Eq. 62), which is
used to compute the wind at the top of the vegetation canopy
Uy, are taken from Samuelsson et al. (2006, 2011). They are
defined as

fiov=(Cy.n + Cy5)v/Cp /k (R >0), (Dla)
=(Cy.n + Cvu)VCp/k (R <0), (D1b)
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Figure E1. Simple schematic for longwave radiation transfer for
one reflection and up to three emitting surfaces (in addition to the
down-welling atmospheric flux). Hollow arrows indicate fluxes af-
ter one reflection.

where the Richardson number R; is defined in Eq. (65). The
coefficients are defined as

k
CV’N=1“|”">Z[“P(¢?DN)‘1”’ 2
Cvs=—¢ (L—L) (D3)
A W oSN Y A

ol ool ) )

where the drag coefficient Cp and the drag coefficient for
neutral conditions Cpn are computed between the canopy
air space and the free atmosphere above using the standard
ISBA surface-layer transfer functions (Noilhan and Mahfouf,
1996).

Appendix E: Longwave radiative flux expressions

The complete expression for the vegetation canopy net long-
wave radiation with an infinite number of reflections can
be expressed as a series expansion (e.g., Braud, 2000) as
a function of the temperatures of the emitting surfaces (7,
Tg,1, Tn,1), their respective emissivities (ey, € and €,) and
the canopy longwave absorption function, orw (Eq. 45). The
MEB expressions are derived by explicitly expanding the se-
ries and assuming one reflection from each emitting source,
which is a good approximation since emissivities are gener-
ally close to unity (fluxes from a single reflection are propor-
tional to 1 — €, where x represents g, v, or n, and € is close
to unity for most natural surfaces).

Snow is considered to be intercepted by the vegetation
canopy and to accumulate on the ground below. The cor-
responding schematic of the radiative transfer is shown in
Fig. E1. The canopy-intercepted snow is treated using a
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composite approach so that the canopy temperature 7, rep-
resents the effective temperature of the canopy-intercepted
snow composite. The canopy emissivity is therefore simply
defined as

€y =(1— pny) €y + puyén. (ED

In order to facilitate the use of a distinct multi-layer snow-
process scheme, we split the fluxes between those interacting
with the snowpack and the snow-free ground. The expres-
sions for the snow-free surface are

Ag=LW | (1= py), (E2a)
By = Agorw (1—¢,), (E2b)
Ce=Ag (1—o1w), (E2¢)
Dy=Cqy (1—¢), (E2d)
Ey =D, (1 —ofy), (E2e)
Fo=0{wo &y T} (1— png), (E2f)
Gg=Fy (1 —¢g). (E2g)
Hy =G, (1—ofy), (E2h)
le=0ea T (1— pre), (E2i)
Jo=lyoly (1—2,) (1 - p;g) , (E2j)
Ky = Iyo{y (1 =&) ppo. (E2K)
Le=1Iq (1—ofy), (E21)
Phg = Png (1 = Poa) , (E2m)

and the equations for the snow-covered understory fraction
are

Ay =1W ] Png; (E3a)
By =Aportw (1 —€y), (E3b)
Ch=Ay (1 —orw), (E3c)
D,=Ch(1—¢,), (E3d)
Eyn=Dy (1 —ofy), (E3e)
Fo=Gr1wo € Ty g, (E3f)
Gh="F,(—-e€), (E3g)
Ha=Gy (1—oly), (E3h)
Iy=0 e T, pog. (E3i)
I =thoty (1 =€) (1= l). (E3j)
Kn=Ioly (1 —¢€) pgg, (E3k)
Lo=1I (1—ofyw), (E31)
ng = Dng + Pne (1 - Png) ) (E3m)

where the different terms are indicated in Fig. E1. In MEB,
the ground-based snowpack depth can increase to the point
that it buries the canopy; thus, for both the snow-covered and
snow-free understory fractions a modified snow fraction is

Geosci. Model Dev., 10, 843-872, 2017

defined as
olw = (1 - P;g) oLw + P;g OfLW. (E4)

The factor, ofLw, over the understory snow-covered fraction
of the grid box is modeled quite simply from Eq. (46). The
net longwave radiation for the understory, snowpack, and
vegetation canopy are therefore defined, respectively, as

LWietg =Cg 4+ Fg + Jg + Jo — Dg — Gy — Iy, (E5a)
LWpetn =Ch + Fn + Ky + Kg — Dy — Gn — Ly, (ESb)
LWhetv =Ag + Dg + Gy + Iy + Ay + Dy + Gy

+ Iy — By — Cg — Eg — Hy — 2F,

—Jg— Ly — Kg — By — Cy — Ey

— Hy — 2F, — Jo — Ly — Ko, (E5¢)

where the upwelling longwave radiation is computed from
LW 1t=LW | _LWnetg — LWhetn — LWhetv. (E6)

The inclusion of the snow-buried canopy fraction in
Egs. (E2m) and (E3m) causes all of the vegetation transmis-
sion and below canopy fluxes to vanish as p,g and ppe — 0
so that the only longwave radiative exchanges occur between
the atmosphere and the snowpack in this limit.

E1 Net longwave radiation flux derivatives

The first-order derivatives of the net longwave radiation
terms are needed in order to solve the system of linearized
surface energy budget equations (Egs. I1-13). The Taylor se-
ries expansion (neglecting higher-order terms) is expressed
as

+ St 0 Leti +
LW =LWaeti + >~ (1 -1))
= o
(i =1, Nsep), (E7)

where Ngp, represents the number of surface energy budgets,
and i and j represent the indexes for each energy budget. The
superscript + represents the variable at time # + A¢, while by
default, no superscript represents the value at time ¢. Equa-
tion (E7) therefore results in a Ngep X Ngep Jacobian matrix
(3 x 3 for MEB). The matrix coefficients are expressed as

MWty  0Gg  0Hy 23Fg 9G,  9H,
aT,  aT, 9T, aT, 9T, T,
dF,
—2= (E8a)
AT,
ILWhety 2% _ % _ _BKg _ %’ (ESb)
T, 3T, Ty, 3Ty, 0T,
—8Lwn°“’ 2% _ % _ _aK“ _ %’ (ESc)
AT, T, 3T, 9T, 0T,
MWherg  0Fy aGg’ E8d)

oT, 0T, 9T,
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MWoetg  0Jg 3l

— —& (E8e)
0T, T, 3T,

MWaety _ 0/ EsD
aTn Ty’

Wietn _ 0Fn 3G (E8¢)
oT, 9T, 9T, &

LW petn =8K o (E8h)
0T, ATy’

0L Wpetn =8Jn Oy (ESi)
aT, T, 0Ty

Using Eq. (ES) to evaluate the derivatives we have

LW, 4

— 2 (Gy— Hy —2Fg+ Gy — Hy —2F,), (E9a)
aTy Ty

ILWpety 4

—=— (- Js—K;—L,), E9b
oT, T, (I —Je e~ Le) (E9b)

LW, 4

Tt =7 (= o= Kn—Lu). (E9c)

MWyee 4

—  —t — _(F,—G,), E9d
aTv Tv( g g) ( )

LW, 4

— e (Je— 1), (E9¢)
T, T,

MWyee 4

——=—/Jn, E9
dTn " £

OLWpetn 4

——— =— (Fh — Gn), E9
T, T (Fa n) (E92)

LW, 4

= Mnetn _ 7 Kq, (E9h)
T, Ty

LWpetn 4 :

— = (Jy=1), E9
oT, T (Jn—1n) (E91)

and therefore from a coding perspective, the computation of
the derivatives is trivial (using already computed quantities).

Appendix F: Halstead coefficient maximum

A maximum Halstead coefficient is imposed by estimating
which value of §, that is needed to just evaporate any existing
intercepted water Wy, given the conditions at the beginning
of the time step. Assuming that phase changes are small, and
neglecting canopy drip and any condensation from transpira-
tion, the time-differenced prognostic equation for intercepted
water on canopy vegetation (Eq. 68) can be approximated as

VVrvJr - er
At
Assuming that all existing water evaporates in one time step
(.e., Wrt =0), and substituting the full expression for E;

(Eqg. C5) into Eq. (F1), the maximum value of 8, can be de-
termined as

Z(I_Xv)(l_PngPom)Pr_Er- (F1)

5v,max = (FZ)
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[(1 = Xv) (1 - Pngpom) P+ (er/Al)] (L/Ly)
pa(l— /’nv)kv{ [an (1= pan) /Ravnfc] + [(1 - ﬁng) /Ravgfc] ] (Gsatv — qc)

Equation (F2) is an approximation since all of the variables
on the RHS use conditions from the start of the time step;
however, this method has proven to greatly reduce the risk
for occasional numerical artifacts (jumps) and the associated
need for mass corrections (if net losses in mass exceed the
updated test value for interception storage).

Appendix G: Energy and mass conservation

G1 Energy conservation

The soil and snowpack prognostic temperature equations can
be written in flux form for k = 1, N, soil layers and k = 1, N,
snow layers as

aTg,k

Cg,kT =Ggi-1 — Gor + Lt Pg g, (G1)
0Tk
Cn,k ar;’ =Gnk—1 — Gnk + Lt Pnk + &njk—1

- Sn,k + Swnet,n (tn,k—l - Tn,k) . (G2)

The total energy balance of the vegetation canopy—soil—
snowpack system is conserved at each time step At and can
be obtained by summing the discrete time forms of Egs. (4),
(G1), and (G2) for the vegetation and all soil and snow lay-
ers, respectively, yielding

Ng Nn
CVAT,y + Z Cg,k ATg,k + Png Z Cn,k ATn,k =
k=1 k=1

At|:(1 - png) Gg’() + +png (ng + Tn,NnSWnet,n + Gn,O) ,

Ng
+ Ryv— Hy—LE, + L¢ (q)v + Z cI)g,k
k=1

Nn
+ Png Z (N :|,
k=1
(G3)

where ATy = T, (t + At) — Ty (t). Note that Eq. (G2) must
first be multiplied by png in order to make it patch or grid
cell relative when it is combined with the soil and vegeta-
tion budget equations. The surface boundary conditions for
Egs. (4) and (6) are, respectively,

Gg0= Rng— Hy — LEqg, (G4)
Gn,O - Rnn - Hn - LE[lv (GS)
Tn0 =1, (G6)
£n0=0. (G7)

Equation (G6) signifies that the net shortwave radiation at the
surface enters the snowpack, and Eq. (G7) represents the fact
that energy changes owing to the time-evolving snow grid
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can only arise in the surface layer owing to exchanges with
the sub-surface layer. Snowfall is assumed to have the same
temperature as the snowpack; thus, a corresponding cool-
ing/heating term does not appear in Eq. (G5), although the
corresponding mass increase must appear in the snow water
budget equation (see Sect. 2.7).

The lower boundary conditions for Eqs. (G1) and (G2) are,
respectively,

G, =0, (G8)
&n,N, = 0. (G9)

The appearance of the same discrete form for @ in both
the energy and mass budget equations ensures enthalpy con-
servation. Owing to Egs. (G7) and (G9), the total effective
heating of the snowpack owing to grid adjustments is

Dy,

/gnan =0,
0

(G10)

where Dy, represents the total snow depth. Thus, this term
only represents a contribution from contiguous snow layers,
not from a source external to the snowpack. The energy stor-
age of the snow—soil-vegetation system is balanced by the
net surface radiative and turbulent fluxes and internal phase
changes (solid and liquid phases of water substance).

G2 Mass conservation

The soil and snowpack prognostic mass equations can be
written in flux form for k = 2, Ny, soil layers and k =1, N,
snow layers as

oWh
8:’ = Fuk—1 — Faik — Pnk
+~’;:nl,k _Enl,k—l (k =21 Nn)v (Gll)
8wg,k
Pw AZg 1 T =Fgk—1— Fgx — Dy
— Fo rmax (0, Ey) (k =2, Ngw) , (G12)
Jw
Pw Azg,la—gtf’k =®g; (k=2,Ngy). (G13)

The total grid box water budget at each time step is ob-
tained by summing the budget equations for the surface lay-
ers (Egs. 68—72) together with those for the sub-surface lay-
ers (Egs. G11-G13) to have

Np Ngw
AW, + AWy + pngZAWn,k + prAZg,k (wgk + wgfk)
k=1 k=1

— At[Pr + Py — Ry — Fy np, — (1= png) Eg — Ey
Ng Nn

— PngbEn — @y — z‘bg,k - Pngzq)n,kjl’ (G14)
k=1 k=1
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where Eq. (G11) has been multiplied by pyg to make it patch
or grid box relative (as was done for energy conservation in
Sect. G1). Ry can simply be a diagnostic or coupled with a
river routing scheme (Habets et al., 2008; Decharme et al.,
2012; Getirana et al., 2015). The soil water lower boundary
condition Fy n,,, represents the base flow or drainage leaving
the lowest hydrological layer, which can then be transferred
as input to a river routing scheme (see references above) or
to a ground water scheme. In such instances, it can be neg-
ative if an option to permit a ground water inflow is acti-
vated (Vergnes et al., 2014). The soil liquid water and equiva-
lent frozen water equivalent volumetric water content extend
down to layer Ngy, where Ngw < N,. Note that the verti-
cal soil water transfer or evolution is not computed below
Zg (k = Ngw), whereas heat transfer can be. In order to com-
pute the thermal properties for deep soil temperature (thermal
conductivity and heat capacity for example), soil moisture
estimates are needed: values from the soil are extrapolated
downward assuming hydrostatic equilibrium A detailed de-
scription of the soil model is given by Decharme et al. (2011)
and Decharme et al. (2013).

Note that Eq. (G11) is snow relative; therefore, this equa-
tion must be multiplied by the ground-based snow fraction
Png to be grid box relative for coupling with the soil and
vegetation water storage terms. The lower boundary condi-
tion for liquid water flow Fy y, is defined as the liquid wa-
ter exceeding the lowest maximum snow-layer liquid water-
holding capacity. &y represents the internal mass changes of
a snowpack layer when the vertical grid is reset. When in-
tegrated over the entire snowpack depth, this term vanishes
(analogous to Eq. (G10) for the snowpack temperature equa-
tion). See Boone and Etchevers (2001) and Decharme et al.
(2016) for details on the snow model processes.

The equations describing flooding are not described in de-
tail here as this parameterization is independent of MEB, and
it is described in detail by Decharme et al. (2012). The cou-
pling of MEB with the interactive flooding scheme will be
the subject of a future paper.

Appendix H: Implicit numerical coupling with the
atmosphere

The land—atmosphere coupling is accomplished through the
atmospheric model vertical diffusion (heat, mass, momen-
tum, chemical species, aerosols, etc.) and radiative schemes.
Owing to the potential for relatively large diffusivity, espe-
cially in the lower atmosphere near the surface, fairly strict
time step constraints must be applied. In this section, a fully
implicit time scheme (with an option for explicit coupling)
is described. There are two reasons for using this approach;
(i) an implicit coupling is more numerically stable not only
for time steps typical of GCM applications but also for some
NWP models, and (ii) the methodology permits code modu-
larity in that the land surface model routines can be indepen-
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dent of the atmospheric model code and they can be called
using a standard interface, which is the philosophy of SUR-
FEX (Masson et al., 2013). The coupling follows the method-
ology first proposed by Polcher et al. (1998), which was fur-
ther generalized by Best et al. (2004).

The atmospheric turbulence scheme is generally expressed
as a second-order diffusion equation in the vertical (which is
assumed herein) and it is discretized using the backward dif-
ference time scheme. Note that a semi-implicit scheme, such
as the Crank—Nicolson (Crank and Nicolson, 1947), could
also be used within this framework. Thus, the equations can
be cast as a tri-diagonal matrix. Assuming a fixed for zero
(the general case) upper boundary condition at the top of the
atmosphere, the diffusion equations for the generic variable
¢ can be cast as a linear function of the variable in the layer
below (Richtmeyer and Morton, 1967) as

¢r =Bpi + Apx by, (k=1,N,—1), (H1)

where N, represents the number of atmospheric model lay-
ers, k = 1 represents the uppermost layer with k increasing
with decreasing height above the surface, and the superscript
+ indicates the value of ¢ at time 7 4+ At (at the end of the
time step). The coefficients Ag x and By  are computed in a
downward sweep within the turbulence scheme and thus con-
sist in atmospheric prognostic variables, diffusivity, heat ca-
pacities, and additional source terms from layer k£ and above
evaluated at time level 7 (Polcher et al., 1998). As shown by
Best et al. (2004), the equation for the lowest atmospheric
model layer can be expressed using a flux lower boundary
condition as

On, = Bo.N, + Ap.N, Fy 11 (H2)

where F (; Nyt is the implicit surface flux from one or mul-
tiple surface energy budgets. Technically, only the By n,
and Ay n, coefficients are needed by the LSM in order to
compute the updated land surface fluxes and temperatures,
which are fully implicitly coupled with the atmosphere. Once
FJ Nyt has been computed by the LSM, it can be returned
to the atmospheric turbulence scheme, which can then solve
for (]),;|r from k = N, to k =1 (i.e., the upward sweep). For
explicit land—atmosphere coupling or offline land-only ap-
plications, the coupling coefficients can be set to Ag y, =0
and By n, = ¢y, in the driving code.

Appendix I: Numerical solution of the surface energy
budgets

I1 Discretization of surface energy budgets

The surface energy budget equations (Eqs. 4-6) are in-
tegrated in time using the implicit backward difference
scheme. They can be written in discretized form as

(Tv+ B TV) _ L Wnery

C
YN aT,
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avanetv +
(TF=T) + Ty (Tg,l - Tg,l)
LW
+ BT—nTtV (Tn—f_l - Tn,l) + SWhetv + LWhety
n,

+ oy (AT — A T))

0¢satv (

+ hs L | garv +
sv @v |:5]satv T,

T, -T)) - qj], (I1)

+
c (Tg,l_Tgvl)_ L Woero
el At | ar,
LW
+ netg +_
(Tv TV)+ Ty (Tg,l Tg.,l)

OLWhet g (
8Tn,l

+ ¢g (Ag T, — A Tj)

dq
+ @ L {hsg | garg + —t (Tg+ - Tg) — hag?
3T,

TT] - Tn,l) + Swnetg + LWnetg

n

:| (1 - Png) + PngAgn (T:,Nn - TgJ,rl)’

+ +
— Agi (Tg,1 . Tgyz), 1)
(T+ -T 1)
n1 — In, LW et
Png Ca,1 At = [ 3Tne 1 (TV+ — TV)
\%
8L\Nnetn( +
CMnetn (04 _ 7o )
Tt Ver e
aLV\/netn

(Tn+l - Tn,l) + SWhetn + LWhetn
3Tn,1 ’

+ (1 = pna) ¢n—c (An Tn+ - Ac Tc+)
+ Pna $n—a (Bn — By + A Tn+ — A, Ta+)

0¢sati
+ (1 = pna) ¢n—c Ls |:CIsatin + as;tln (Tn+ - Tc+) - CI:_:|
n

0¢sati
+ Pne @n—a Ls |:CIsatin + %ﬂn (Tn+ - Ta+) - qz_i|
n

— A1 (T = T5) ] Prg. (13)

Note that Eq. (I3) has been multiplied by pyg since the snow-
pack must be made patch relative when solving the coupled
equations. The g, , and longwave radiation terms have been
linearized with respect to T (the longwave radiation deriva-
tives are given by Eq. E9). The superscript + corresponds
to the values of variables at time ¢ + A¢, while the absence
of a superscript indicates variables evaluated at time ¢. Note
that we have defined ¢, = p,/Ra, (kgm~2s~!) for simplic-
ity. The thermodynamic variable, 7, in the sensible heat flux
terms have been expressed as a function of T using Eq. (15).
Several of the 13, terms have canceled out in the sensible heat
flux terms in Eqs. (I1)—(I3) since they are defined such that
B. = By = B; = By,. Note that compared to Egs. (4)—(6), the
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phase change terms (®, ) do not appear in Egs. (I1)—(I3). This
is because they are evaluated as an adjustment after the en-
ergy budget and the fluxes have been computed.

In Eq. (12), Tn*j «, Tepresents a test temperature for the low-
est snowpack layer. It is first computed using an implicit cal-
culation of the combined snow—soil layers to get a first esti-
mate of the snow—ground heat conduction inter-facial flux
when simultaneously solving the surface energy budgets.
The final snow temperature in this layer, TnJ,ans is computed
afterwards within the snow scheme; any difference between
the resulting conduction flux and the test flux in Eq. (I2) is
added to the soil as a correction at the end of the time step
in order to conserve energy. In practice, this correction is
generally small, especially since the snow fraction goes to
unity very rapidly (i.e., for a fairly thin snowpack when us-
ing MEB; see Eq. 1). Thus, in this general case, the difference
between the test flux and the final flux arise only owing to up-
dates to snow properties within the snow scheme during the
time step. Since 7' w, 18 computed using an implicit solution
method for the entire soil-snow continuum, it is also quite
numerically stable. The use of a test flux permits a modular
coupling between the snow scheme and the soil-vegetation
parts of ISBA-MEB.

In order to solve Egs. (I1)—(I3) for the three unknown sur-
face energy budget temperatures, T,", Tgir , and Tr:rl, equa-
tions for the six additional unknown surface energy budget
temperatures, 7,5, T.", ¢, qF, T;‘z, and Tn-f_2’ must be de-
fined. They can be expressed as linear equations in terms of
7,5, T, ,, and T}, and their derivations are presented in the

gl . . .
remaining sections of this Appendix.

I2  Atmospheric temperature and specific humidity

The first step in solving the surface energy budget is to elim-
inate the lowest atmospheric energy and water vapor vari-
ables from the snow surface energy budget equation. They
will also be used to diagnose the final flux exchanges be-
tween the canopy air space and overlying atmosphere.

From Eq. (H2), the thermodynamic variable of the lowest
atmospheric model variable at time ¢ + At is defined as

Ty =Br.n, + ATN, HT. a4)

Note that using Eq. (15), we can rewrite Eq. (I4) in terms of
air temperature as

T,2W=Br, + A, HT, as)

where By, = (B n, — Ba) /Aa, A1, = AT N,/ Aa, and T, is
shorthand for T (k = N,). Substitution of Eq. (14) for H in
Eq. (I5) and solving for 7" yields

Ta+ = ETa =+ AvTa Tc+ + 5Ta Tn+’ (16)

where

C= Aa{l +Ar, [wcfa (1 — Png Pan) =+ Png Dan (Pnfa] },
(I7a)
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A1, = A, ¢e—a Ac (1 = Pog pan) /C, (I7b)

Br, = {BTa — B. + Ag, [(1 — Png Pan) @e—a (Be — Ba) +
Png Pan Pn—a (Be — Ba) ] }/ C, I7¢)

Cr, = AT, Pog Pan @n—a Ac/ C. (17d)

In analogous fashion to determining the air temperature,
the specific humidity of the lowest atmospheric model vari-
able at time 7 + At is defined from Eq. (H2) as

45 =Bga+ Ay ET, (I8)

where again the subscript ¢, a represents the values of the
coefficients A and B for the lowest atmospheric model layer
(k = N,). Substitution of Eq. (21) for E in Eq. (I8) and solv-
ing for T, yields

a3 =Bga+ Agagqd + gq,aq:;ﬁn’ a9)
where the coefficients are defined as

C=1+ Aq,a [(1 — Png Pan) ®e—a + Pn—altsn Pan Png] s

(110a)
Aga=Agqa¥e—a(l = Prg Pan) /C, (110b)
Bya=Bya/C, (I10c)
Cq.a = Ag.aPn—alisn Pan Png/ C- (110d)

I3 Canopy air temperature and specific humidity

In order to close the energy budgets, 7.% and gl must be
determined.
Assuming conservation of the heat flux between the differ-
ent surfaces and the canopy air space, we have
(1 - Pnana) Hc+ = Png (I — pna) Hntc
+ (1 pog) HY + H, (1)

which can be expanded as
¢c—a (1 = Png Pan) X
(Be+ A TH = Ba— A T,H) =
Aoe (7~ 72) (1 g
+o (I = T)
onc (T, = T25) pog (1= pan) . 112)

Note that the above conservation equation does not include
the part of the snow sensible heat flux, which is in direct
contact with the atmosphere (Hj—,), since it was already ac-
counted for in the expression for 7, via Eq. (I5). Eliminating
T," using Eq. 16 and solving for 7" yields

Tf =ar, + br, T, + cr, Ty +dr, T, 113)
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with the coefficients
C =@c—a (1 — Png Pom) (-Ac — A, AVT a) +
Ae [(Pv +¢g (1 - Png) + ¢n—c Png (1 — Pan)] ,
ar Z[‘pcfa (1 — Png Pan) (Ba - B+ Aa §T a) :I/Cv (I14b)

(114a)

br. =Acpy/C, (I14¢)
cr, =Ac (%4 (1 - png) /C, (I14d)
dr, =[Ac ¢n—c png (1 = pan)

+ A Cra¢e—a (1 = Png Pan)]/C- (I14e)

In an analogous fashion for canopy air temperature deter-
mination, assuming conservation of the vapor flux between
the different surfaces and the canopy air space,

+=

(1 - png[)na) Ec Png (1= pna) E;__C

+ (1—pug) Ef + E, (115)

which can be expanded using the definitions of the evapora-
tive fluxes E, from Eqgs. (17)—(I15) together with the defini-
tions of ¢, from Eq. (22) and ¢;" from Eq. (I9) as

Pc—a (1 — Png pan) X
[a5 (1= Ag) = Bga = Cqadgyin] =
(2 (se @cg = ol ) (1= pag) + @ (s — )
on-chn (a5 = 4) Pog (1= pan) |- 116)

Owing to the linearization of the ggx, terms about Ty,
Eq. (I16) can be solved for ¢ as a function of the surface
energy budget temperatures as

q(j_ = al{c + ch TV+ + ch Tg+ + d(IC Tn+’ (117)

where the coefficients are defined as

C=pea (1 = pog Pra) (1 = Ag.a) + @ehn (1= pog)

+ @vhsy + @n—chsn Png (1 — pna) s (I18a)
~ g,
Ag. Z{ (1 ~ Png Pna) $c—a Bga+ oy Ny (QSatv - gs;tv Tv)
v
dq
+ pehse (antg - ﬁ:tg Tg) (1 —Png)
g
O
+ ¢n—chsn | Gsatin — Hsatin Ty (I18b)
0T,
Pog (1 = pua) |/ €, (118¢)
8‘]satv
by, =hsy ¢y B—TV/C’ I118d)
dq
Cq. =hsg Pg 8;;% (1 - Png) /C, (I18e)
g
0¢sati n
dqc =hsn Pn—c aT Png (I = pna) /C. (118f)
n
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I4 Sub-surface temperatures

The sub-surface conduction heat fluxes (Eqs. 47-49) can be
expressed in compact form as

+ + +
Ghy=nuk (T35 - T

Fer): (119)

where A, ; represents the ratio of the inter-facial thermal
conductivity to the thickness between the mid-points of con-
tiguous layers (k and k+ 1). Using the methodology de-
scribed in Appendix H for the atmospheric diffusion scheme,
the soil and snow heat diffusion equation (both using the
form of Eq. G1) can be defined in an analogous fashion as

Tgfk = Bgx + Agk Tgfk_l (k=2,Ng), (120)
where the coefficients By x and Ay are determined during
the upward sweep (first step of the tri-diagonal solution) from
the base of the soil to the sub-surface soil and snow layers as
described by Richtmeyer and Morton (1967). The resulting
coefficients for the soil are defined as

C =(Cor/At) + Agi—1 + Agi (1 — Agis1), (I121a)
Bgi =[(Cox/At) Tgk + Agi Bgit1]

/C (2<k<Ng—1), (121b)

Agk =Agi—1/C. (121c)

The same form holds for the snow layers. The upward sweep
is performed before the evaluation of the energy budget; thus,
Eq. (I20) is used to eliminate T‘fz and Tn‘f’z from Eqs. (I2) and
(I3), respectively. To do this, the sub-surface implicit fluxes
in Egs. (5) and (6) can be expressed, respectively, as

G;r,l =Ag.1 [TgJ,r1 (1 - Ag,Z) + Bg,z], (I22a)

Grtl =An,1 I:Tr:_l (1 - An,z) + Bn,z]. (I22b)

I5 Surface stresses

Using the same surface—atmosphere coupling methodology
as for temperature and specific humidity, the ¥ wind compo-
nent in the lowest atmospheric model layer can be expressed
as

uf = Bya + Ayat). (123)
The surface u component momentum exchange with the at-
mosphere is expressed as

t

x = _u: [(1 — Png pnot) @Dc—a + Png Pna(pDn—a] , 124)

where it includes stresses from the snow-buried and non-
snow-buried portions of the surface consistent with the fluxes
of heat and water vapor. For simplicity, we have defined

¢YD, = Pa Va CDX (125)
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and Cp is the surface drag coefficient, which is defined fol-
lowing Noilhan and Mahfouf (1996). Eliminating ;" from
Eq. (I124) using Eq. (I125) gives

B
uf=—>"-4 (126)
1+ Aua‘PDC

where for convenience we have defined the average drag co-
efficient as

¢D, = (1 — Png pna) ¥Dc—a + Png Pna¥Dn—a- 127)

The net u-momentum flux from the surface to the canopy air
space is expressed as

B
L\ L - (128)

(1 + Aua‘PDC).

Finally, the scalar friction velocity can be computed from

v\ 12
u* = (—‘m 2 ) , (129)
P

where V" is the updated wind speed (computed from ;" and
vy). Note that v and 7\ are computed in the same manner,
but using By, from the atmosphere (note that Ay, = A ,).

I6 Summary: final solution of the implicitly coupled
equations

The fully implicit solution of the surface and atmospheric
variables proceeds for each model time step as follows:

1. Within the atmospheric model, perform the downward
sweep of the tri-diagonal matrix within the turbulent
diffusion scheme of the atmospheric model to obtain
the Ay and By i coefficients for each diffused vari-
able (¢ =7, g, u, and v) for each layer of the atmo-
sphere (k =1, N,). Update A, and B,, then pass these
values along with the aforementioned coupling coeffi-
cients at the lowest atmospheric model layer (i.e., A7 ,,
B7.a, Ag,a, By as Aua, Bu,a, and By ) to the land surface
model. These coefficients are then used to eliminate 7,
and ¢, from the implicit surface energy budget equa-
tions (Egs. I1-13).

2. Within the land surface model, perform the upward
sweep of the tri-diagonal matrix within the soil and
snow layers to determine the Ay, , By k, Agk, and Bg i,
coefficients for the soil and snow layers (from soil-layer
Ng to layer 2, and again from soil-layer N, to layer 2 of
the snow scheme). Note that coefficients for layer 1 of
the snow and soil schemes are not needed since they cor-
respond to the linearized surface energy budgets (next

step).

3. Within the land surface model, the expressions for Ta+
(Eq. I6), qj (Eq. 19), TCJr (Eq. 113), qCJr (Eq. 117), Tgfz
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(Eq. I122a)and Tnf'z (Eq. 122b) can now be substituted
into the energy budget equations (Eqgs. I1-I3), which

can then be readily solved for TV+, Tngl, and Tnfl.

4. Within the land surface model, perform back substitu-
tion (using Tg+l as the upper boundary condition) to ob-

tain Tg‘fk for soil layers k = 2, Ng using Eq. (120).

5. Within the land surface model, call the explicit snow-
process scheme to update the snow scheme tempera-
ture, Tnfk, and the snow mass variables for snow layers
k =2, Ny. The implicit snow surface fluxes, RI 0 H
and E, are used as the upper boundary condition along
with the implicit soil temperature, T+1, to compute the
updated lower snowpack boundary condition (i.e., the
snow—soil inter-facial flux, Ggn).

6. Within the land surface model, compute VaJr (see
Sect. I5). Diagnose T,", T+, ¢;” and g (again, using
the equations mentioned in step 3) in order to compute
the updated (implicit) fluxes. The updated evapotranspi-
ration (Egs. C4-C8) and snowmelt water mass fluxes
are used within the hydrology schemes to update the
different water storage variables for the soil and vegeta-
tion canopy (Egs. 68-72).

7. Within the atmospheric model, perform back substitu-
tion (using H*, E*, 77 and ry+ as the lower bound-
ary conditions: Eq. H2) to obtain updated profiles (or
turbulent tendencies, depending on the setup of the at-
mospheric model) of 7%, gk, ux and vi for atmospheric
layers k = 1, N,. Finally, the updated upwelling short-
wave, SW 41, and implicit longwave flux, LW4™ (or
equivalently, the effective emissivity and implicit long-
wave radiative temperature, Tr;'d) are returned to the at-
mospheric model as lower boundary conditions for the
respective radiative schemes.

Alternately, in offline mode, Ay, = 0 and By o = ¢, in the
driving routine in step 1, and the solution procedure ends at
step 6. Finally, if multiple patches and/or tiles are being used
within the grid call of interest, the corresponding fractional-
area-weighted fluxes are passed to the atmospheric model in
step 7.
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