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Abstract. Urban areas change natural surface energy and
water balances, yet some land surface models still represent
cities as natural surfaces. In this study, we present the de-
velopment of a one-tile urban scheme for the ORCHIDEE
land surface model, designed to improve the representation
of urban processes, particularly for high-resolution applica-
tions. The scheme incorporates key urban parameters such
as albedo, building height, thermal properties, and imper-
viousness. We propose a novel physically-based approach
for representing imperviousness, by modifying saturated hy-
draulic conductivity to account for both surface and subsur-
face impacts. Off-line simulations across 20 urban flux tower
sites show improved performance in sensible and latent heat
fluxes with the new urban scheme, compared to the original
baresoil representation. Mean absolute error (MAE) evalu-
ation confirms improved model skill, aligning with bench-
mark results from the Urban-PLUMBER intercomparison.
The scheme also captures expected urban hydrological sig-
natures, such as increased surface runoff, though some re-
ductions in subsurface runoff may be less consistent with
observed urban recharge patterns. This work lays the foun-
dation for applying ORCHIDEE at the basin scale and in
high-resolution convection-permitting simulations for urban
hydroclimate studies. Perspectives include refining thermal
parameter choices, integrating anthropogenic heat fluxes, and
conducting high-resolution simulations to assess hydrologi-
cal performances using observed streamflow data.

1 Introduction

Land Surface Models (LSMs) simulate surface processes
such as the surface energy and water budgets and are de-
signed to be coupled to atmospheric models, with an em-
phasis on robust land–atmosphere exchanges across diverse
environments (Blyth et al., 2021). Historically, their devel-
opment followed two pathways shaped by the application
scale. GCM-oriented LSMs, such as ORCHIDEE, CLM, and
JSBACH, operate on coarse grids (tens to hundreds of kilo-
meters; e.g. Fisher and Koven, 2020) and focus on global
water and carbon cycles (Krinner et al., 2005; Lawrence et
al., 2019; Raddatz et al., 2007). By contrast, LSMs used
in mesoscale and limited-area models, such as Noah-MP,
TERRA, and ISBA-SURFEX, have long used finer resolu-
tions, favoring more accurate landscape representation and
parameterizations relevant at kilometer scale over restricted
domains or shorter periods (Doms et al., 2011; Masson et
al., 2013; Niu et al., 2011), but neglecting groundwater pro-
cesses (Barlage et al., 2021). Increasing computing power
is now blurring this distinction, as GCMs move toward
kilometer-scale grid spacing (Prein et al., 2026; Segura et
al., 2025; Stevens et al., 2019), and mesoscale models in-
creasingly run in climate-mode over large domains and long
periods (Lucas-Picher et al., 2021; Schär et al., 2020). This
convergence highlights the need for scalable, efficient pa-
rameterizations valid across a wide range of environments.
Urban land cover exemplifies this challenge: while explic-
itly represented for decades in mesoscale models (e.g., Mas-
son, 2000), it remains relatively new in GCM-oriented LSMs
where coarse grids previously limited its relevance. The
shift toward kilometer-scale modeling and rapid urban ex-
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pansion (Güneralp et al., 2020; Seto et al., 2012), motivate
the development of physically based urban schemes in these
models. Yet, urban processes are still insufficiently repre-
sented in GCM-oriented LSMs despite their strong influ-
ence on land–atmosphere (Langendijk et al., 2024; Michau
et al., 2025) and land–subsurface interactions (Bhaskar et
al., 2016; Oudin et al., 2018).

To reproduce the characteristic signatures of the urban
surface energy budget, an urban representation must ac-
count for several key surface properties and fluxes that differ
markedly from natural areas: (1) radiative properties, partic-
ularly albedo and longwave-radiation trapping; (2) aerody-
namic properties, including surface roughness and urban ge-
ometry; (3) thermal properties, especially heat capacity and
thermal conductivity; (4) vegetation cover, imperviousness,
and water availability; and (5) anthropogenic heat emissions.
First, cities modify the absorbed shortwave radiation through
changes in the effective urban canopy albedo relative to sur-
rounding rural areas because of the materials used in cities
and the geometry of buildings and streets (Kotopouleas et
al., 2021; Qin, 2015). Urban geometry also affects longwave
exchanges by trapping infrared radiation within the canopy.
Together with the high heat capacity and thermal conductiv-
ity of urban materials, these radiative effects contribute to
increased heat storage and often higher urban surface tem-
peratures. The sensible heat is modified by cities buildings,
which alter wind speed (depending on the street geometries
can either increase or decrease), and increase surface rough-
ness (Sun et al., 2024). The sensible heat is also modified by
the different surface temperatures (usually higher than sur-
rounding natural areas) of urban materials which change the
temperature gradient between the surface and the air (Bar-
low, 2014). By reducing the vegetation cover, and by increas-
ing impervious surfaces, cities typically decrease the latent
heat flux (Loridan and Grimmond, 2012). This reduction in
latent heat leaves more available energy at the surface to be
dissipated as sensible heat. In urban environments, ground
heat flux has been estimated to account for 30 %–40 % of
net radiation, in contrast to just 10 % in rural areas (Rigo
and Parlow, 2007). This larger heat storage results from both
the higher heat capacity and thermal conductivity of urban
materials and the greater surface area available for heat ex-
change and storage within the urban canopy (Bernabé et
al., 2015; Johra, 2021; Wonorahardjo et al., 2020). This refers
to what is typically called the storage heat in urban climate
studies, with urban materials storing significant heat during
the day and releasing it at night (Lindberg et al., 2020). Even
if not explored within this manuscript, the anthropogenic
heat flux (QF) is a term typically added to urban surface en-
ergy budgets. It refers to anthropogenic heat emissions from
buildings, from domestic and non-domestic sources (human
activities such as heating, cooling, transportation, and indus-
trial processes), with diurnal, seasonal, and regional patterns
(Hamilton et al., 2009).

Urban representations in LSMs began to evolve in the
early 2000s, moving from simple to increasingly process-
based descriptions. Early approaches treating urban surfaces
as natural land covers failed to capture distinct urban radia-
tive, momentum, and heat fluxes at higher spatial resolutions
(Lipson et al., 2024). The first step toward explicitly repre-
senting cities in LSMs was the introduction of urban bulk
schemes (Myrup, 1969; Oke, 1988), in which grid cell prop-
erties such as albedo, roughness length, and surface ther-
mal characteristics were adjusted to reflect urban conditions
while still treating the surface as a single homogeneous en-
tity. To improve the representation of the urban energy bal-
ance, and to address street scale climate questions, canyon-
based models were implemented in LSMs. The Town Energy
Budget (TEB; Masson, 2000) implemented an explicit urban
canyon geometry within a LSM, distinguishing roofs, walls,
and roads and allocating separate energy budgets to each
surface. This was followed by multi-layer configurations,
such as the Building Effect Parametrization (BEP; Martilli
et al., 2002), which added vertical discretization of urban el-
ements and enabled more refined exchanges of heat, momen-
tum, and moisture. The most recent classification of geome-
tries of urban schemes (Lipson et al., 2024) places them on
a continuum: (i) non-urban representations (bare soil, vege-
tation), (ii) one-tile “slab” schemes that aggregate urban sur-
faces, (iii) two-tile schemes distinguishing between roofs and
roads, (iv) canyon-based schemes resolving roofs, walls, and
roads separately usually with multi-layers in the canyon, and
(v) more complex three-dimensional approaches.

Beyond morphology, urban schemes in LSMs diverge in
the processes and fluxes they represent. Comparisons have
shown that latent heat flux is often the least well represented,
and historically even neglected, under the assumption that
vegetation and water availability are minimal in cities (Best
and Grimmond, 2015). Over the last decade, however, evi-
dence has emphasized the importance of vegetation for cor-
rectly simulating latent heat fluxes and model performance
during wet conditions. Current urban schemes differ in how
vegetation is represented: it may be excluded entirely, han-
dled through a sub-tile vegetation fraction with separate en-
ergy and water budgets, or integrated directly into the canyon
geometry (Krayenhoff et al., 2014; Lemonsu et al., 2012; Re-
don et al., 2020).

On top of vegetation, hydrology has also been shown as
a key element to capture correctly latent heat fluxes. Urban-
ization modifies surface and subsurface hydrological path-
ways by increasing soil sealing, compaction, changing pref-
erential flow pathways, and through water use infrastruc-
tures (Bhaskar et al., 2016; Fletcher et al., 2013). These
changes generally increase surface runoff and shorten hydro-
logical response times, while their effects on soil moisture,
groundwater recharge, low flows, and evapotranspiration de-
pend on local soil properties, vegetation, water use, drainage
connectivity, and sewer or stormwater networks (Bhaskar et
al., 2016; Fletcher et al., 2013; Oudin et al., 2018; Saadi et
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al., 2020). This complexity is partly reflected in the use of
the term “imperviousness”, which is not unique in urban hy-
drology. Depending on the modeling and spatial context, it
can refer to the total impervious surface fraction, the fraction
effectively connected to the drainage network, or an effective
hydrological control on infiltration and surface runoff gener-
ation (Jacobson, 2011; Saadi et al., 2020). This distinction
is important for ULSMs because urban hydrology influences
not only surface runoff, but also soil water availability and
evapotranspiration, which directly links the water and energy
budgets.

In ULSMs, urban hydrology has been introduced pro-
gressively through several modelling choices. Early urban
canopy schemes primarily focused on radiative, thermal, and
aerodynamic exchanges, while hydrological processes were
absent or simplified, with artificial surfaces commonly repre-
sented as impervious and water exchange mainly limited to
surface interception, evaporation from wet sealed surfaces,
and runoff (Kusaka et al., 2001; Martilli et al., 2002; Mas-
son, 2000). Later developments introduced more explicit
hydrological distinctions between urban surface types. One
direction was to distinguish hydrological behaviour be-
tween pervious and impervious urban fractions, for example
through pervious and impervious canyon-floor fractions in
CLM-U (Oleson et al., 2008). TEB-related developments add
infiltration through artificial surfaces, and connected rain-
fall interception on roofs and roads toward a soil component
(Lemonsu et al., 2007). Other schemes refined the represen-
tation of water stored on impervious surfaces and its evapora-
tion after rainfall, as in TERRA-URB (Wouters et al., 2015).
Hydro-microclimate approaches further extended urban hy-
drology to include subsoil beneath built surfaces, lateral wa-
ter transfer between pervious and impervious tiles, sewer
drainage, and irrigation, as in TEB-Hydro (Stavropulos-
Laffaille et al., 2021, 2018). Despite these advances, recent
intercomparison work shows that urban water-balance rep-
resentation remains uncertain in ULSMs, especially regard-
ing water-balance closure, storage dynamics, and runoff pa-
rameterization (Jongen et al., 2024). Progress is also con-
strained by observations, because urban sites providing tur-
bulent fluxes do not provide all water-balance terms needed
to evaluate runoff, irrigation, drainage, and storage changes
consistently at the same spatial scale (Jongen et al., 2024).

The Urban-PLUMBER intercomparison project (Lipson
et al., 2024) demonstrated that simpler models in terms of
morphology, when evaluated as a group, often outperformed
more complex ones in simulating local-scale fluxes for large-
scale applications such as regional or global climate model-
ing. The results from the Urban-PLUMBER intercomparison
also indicate that model performance is not strictly linked
to geometric complexity: schemes that represent hydrology,
vegetation, and imperviousness realistically, regardless of
whether they are slab, two-tile, or canyon, can perform well
across turbulent heat fluxes, whereas complex schemes of-
ten underperform when these elements are simplified (Lipson

et al., 2024). These findings underscore that accurately rep-
resenting water availability, imperviousness, and vegetation
may be as important as the level of geometric detail.

In its current configuration, the ORCHIDEE (Organis-
ing Carbon and Hydrology In Dynamic Ecosystems) land
surface model represents urban areas as natural surfaces,
more specifically, as bare soil. This simplification limits the
model’s ability to capture key urban processes, including
sensible and latent heat flux partitioning and urban runoff
generation. As ORCHIDEE is increasingly applied at fine
spatial resolutions, including in convection-permitting cou-
pled simulations below 3 km (Shahi et al., 2022), the absence
of an explicit urban representation becomes a critical lim-
itation. ORCHIDEE already includes a detailed and phys-
ically based hydrological scheme and a sub-tile vegetation
representation through plant functional types (PFTs). How-
ever, because urban areas are currently treated as bare soil,
ORCHIDEE lacks a mechanism to represent impervious sur-
faces and to assign surface parameters that reflect urban form
and materials.

To address the limited representation of urban processes
in ORCHIDEE, particularly the effects on energy and wa-
ter surface budgets, we propose the development of a one-
tile urban scheme within the model. This approach builds
on advancements in urban parameterizations already imple-
mented in other land surface models. Our goal is to de-
sign a scheme that can readily incorporate urban charac-
teristics datasets while remaining computationally efficient.
Our objectives are twofold. First, we design an urban one-
tile scheme that captures the dominant controls on the ur-
ban surface energy and water budgets while remaining con-
sistent with ORCHIDEE’s existing structure and computa-
tional constraints. We parameterize key urban characteristics
(e.g., albedo, thermal conductivity, heat capacity, building
height) such that they can be assigned from global or local
urban datasets. Second, we introduce a parsimonious, phys-
ically motivated, representation of imperviousness. Rather
than resolving separate water budgets for pervious and im-
pervious urban sub-tiles, the proposed approach preserves
the existing ORCHIDEE soil hydrology with an urban soil
tile where imperviousness is represented through its effect
on the hydraulic properties of the soil column. Specifically,
imperviousness modifies saturated hydraulic conductivity as
a function of depth, allowing it to influence infiltration, sur-
face runoff generation, soil water storage, and vertical water
transfer. This formulation is designed for one-tile, kilometer-
scale and coarser LSM applications, where the objective is
to represent their aggregate effect on the water budget and
surface fluxes feedback to the atmosphere. We evaluate the
new scheme at urban and suburban flux tower sites, compare
its performance to existing ORCHIDEE configurations, and
assess the relative importance of imperviousness-related hy-
drological processes for urban energy and water fluxes. Sec-
tion 2 describes the model and the new developments. Sec-
tion 3 presents the experimental setup and evaluation strat-
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egy. Section 4 provides the results, Sect. 5 discusses their
implications, and Sect. 6 summarizes the conclusions and
perspectives.

2 Model Development

2.1 ORganizing Carbon and Hydrology In Dynamic
EcosystEms (ORCHIDEE)

ORCHIDEE is the Land Surface Model developed at IPSL
(Institut Pierre-Simon Laplace) and used in global and re-
gional climate models, as well as in standalone mode. It sim-
ulates coupled water, energy, and carbon fluxes between the
land surface and the atmosphere (Boucher et al., 2020; Krin-
ner et al., 2005). This study uses ORCHIDEE version 2.2,
revision 8133; further details and access information are pro-
vided in the Code and data availability section.

As shown in Fig. 1, land cover is represented within each
grid cell as a mosaic of plant functional types (PFTs). The
standard configuration includes up to 15 PFTs: one bare-
soil PFT, eight high-vegetation PFTs (forest types), and six
low-vegetation PFTs (including grasslands and croplands).
Each PFT is associated with its own radiative, morpholog-
ical, physiological, and phenological characteristics. Water
and energy fluxes associated with vegetation and natural soils
including transpiration, evaporation of water intercepted by
the vegetation canopy, and soil evaporation, are computed at
the PFT level and are then aggregated to the grid cell scale
using a flux-aggregation approach (calculated separately for
each PFT and then aggregated to the grid-cell scale as area-
weighted fluxes). In contrast, energy fluxes associated with
radiative and aerodynamic parameters (e.g., albedo, rough-
ness length) are directly calculated at grid-cell scale using
PFT-weighted parameters.

Each grid cell contains three soil columns, one for bare
soil, one for high vegetation, and one for low vegetation.
These columns have the same depth, vertical discretiza-
tion, soil texture, and texture-dependent hydraulic proper-
ties. They differ in their vegetation-related processes: the
high- and low-vegetation columns have distinct rooting pro-
files and root-water uptake, whereas the bare-soil column has
no root extraction. Their soil-moisture states and water bud-
gets therefore evolve independently. Each soil column is ver-
tically discretized (12 layers, down to a depth of 2 m for hy-
drology, and 18 m for soil temperature computation), allow-
ing the model to simulate temperature and moisture transfer
through the soil profile. For each soil column, ORCHIDEE
calculates the surface runoff, and subsurface runoff, repre-
senting gravitational outflow at the bottom of the soil col-
umn. The organization of the PFT mosaic and associated soil
columns, together with the spatial scale at which the different
fluxes are calculated, is summarized in Fig. 1.

Figure 1. Schematic representation of the energy- and water-budget
calculations in ORCHIDEE for a single grid cell, its plant functional
types (PFTs), and the three associated soil columns representing
bare soil, high vegetation, and low vegetation. Yellow arrows de-
note fluxes calculated directly at the grid-cell scale, green arrows
denote fluxes calculated separately for each PFT and subsequently
aggregated to the grid-cell scale, and dark-blue arrows denote fluxes
calculated independently for each soil column. For example, sensi-
ble heat flux (H ) is calculated at the grid-cell scale, evapotranspira-
tion (ET) at the PFT scale, and surface runoff and subsurface runoff
at the soil-column scale. Each soil column is discretized into 12
hydrological layers extending to a depth of 2 m, while the thermal
discretization extends to 18 m. Abbreviations: P , precipitation; ET,
evapotranspiration; H , sensible heat flux; SW, shortwave radiation;
LW, longwave radiation; PFT, plant functional type.

2.1.1 Representation of the energy fluxes and surface
energy budget

The surface energy budget is often described as:

Rnet = H +LE+G (1)

where Rnet is the net radiation, representing the total balance
between incoming shortwave (SW) and longwave (LW) ra-
diation and their respective outgoing components, H is the
sensible heat flux, LE is the latent heat flux, and G is the
ground heat flux. The heat stored and released by the soil or
urban substrate is not neglected, but is represented through
(G), which is used as the upper boundary condition of the
one-dimensional heat diffusion equation for the soil temper-
ature profile. Thus, no additional storage term is introduced
in the surface energy budget.

ORCHIDEE computes these terms following its internal
energy budget formulation. Building upon previous PhD and
accreditation to supervise research (HDR) theses (Arboleda-
Obando, 2023; Arjdal, 2023; Chéruy, 2018), we summarize
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here only the components relevant to the development of
an urban one-tile scheme. For clarity, snow-covered condi-
tions and floodplain processes, although represented in OR-
CHIDEE, are omitted from the description below because
they are not relevant to the urban one-tile developments pre-
sented here. At each time step, at the grid cell scale, OR-
CHIDEE computes a surface temperature that is consistent
with the radiative, turbulent, and conductive fluxes. This sur-
face temperature is then used to compute the surface energy
fluxes at the current time step and is carried forward, together
with the updated soil temperature profile, as part of the ther-
mal state used at the following time step.

The net radiation term is computed as:

Rnet = (1−α)SWin+ εLWin− εσTsurf
4 (2)

where α is the albedo (unitless); σ is the Stefan–Boltzmann
constant (5.67×10−8 W m−2 K−4); ε (unitless) is the surface
longwave emissivity, fixed to 1 in these simulations, corre-
sponding to a blackbody approximation in the thermal in-
frared; and Tsurf is the surface temperature (K). Equation (2)
therefore defines the radiative term of Eq. (1). It is not inde-
pendent from the other fluxes because Tsurf also controls the
turbulent and conductive fluxes.

Each vegetation PFT has its own value of albedo (αleaf),
and the value of albedo for baresoil (αMODIS) is read from
MODIS (Moderate Resolution Imaging Spectroradiometer)
data (Lurton et al., 2020). The use of MODIS-derived bare-
soil albedo fields accounts for the spatial variability of soil
reflectance resulting from heterogeneities in soil composi-
tion, moisture, and texture. Unlike vegetation, where albedo
can be more homogeneously modeled based on physiological
properties, bare soil requires an empirical approach. MODIS
satellite data provides precise measurements of these varia-
tions, ensuring that local differences in soil reflectance are
accurately captured. The resulting albedo of a grid cell is a
mean of albedos of bare soil and of the PFTs constituting the
grid cell, weighted by the fractional areas of the PFTs of the
grid cell:

α = fPFT1αMODIS+

i∑
2–15

fPFTiαleafi (3)

where fPFT1 is the baresoil fraction of the grid cell; fPFTi is
the PFTi (vegetation PFTs) fraction of the grid cell; αleafi is
the albedo of each vegetated PFT.

For each grid cell at each time step, ORCHIDEE solves the
energy budget equations based on a bulk-diffusion approach
(Barella-Ortiz et al., 2013). It allows the calculation of the
sensible and latent heat fluxes exchanged between the land
surface and the atmosphere accounting for the various com-
ponents of the latent heat flux: soil evaporation, plant tran-
spiration, evaporation of water intercepted by the vegetation
canopy (interception loss), snow sublimation. The sensible
and latent heat fluxes are calculated respectively thanks to

Eqs. (4) and (5).

H = ρvCdcp (Tsurf− Tair) (4)
LE = LevapβρvCd (qsurf− qair) (5)

where ρ is air density (kg m−3); v is the horizon-
tal wind speed (m s−1); Cd is the drag coefficient
(unitless); cp is the specific heat capacity of dry air
(1004.675 J kg−1 K−1);Levap is the latent heat of evaporation
or sublimation (2.5008×106 or 2.8345×106 J kg−1); β is the
limiting factor of potential total evapotranspiration (unitless);
Tsurf and Tair are the surface and air temperature respectively
(K); and qsurf and qair are the specific moisture at the sur-
face and in the air (kg kg−1), respectively. Equations (4) and
(5) define the H and LE terms of Eq. (1). They are linked
to Eq. (2) through Tsurf as the same surface temperature con-
trols outgoing longwave radiation, the surface–air tempera-
ture gradient, and the saturation humidity entering the latent
heat flux calculation.

Turbulent transfer of the fluxes between the surface and
the atmosphere, is represented thanks to the drag coefficient
Cd. For each PFT in the standalone version of ORCHIDEE,
Cd which can also be expressed as 1/(rah ·u), where u is the
wind speed and rah the aerodynamic resistance, is calculated
as follows:

Cd =
k2

ln
(

zlev
hPFT·z0

)2 (6)

where k is the Von Karman constant; zlev is the height of
the first atmospheric layer (10 m in standalone simulations);
hPFT is the height of the canopy of the considered PFT (fixed)
and z0 is the dimensionless roughness-length-to-height ratio
and is fixed to 0.0625 (1/16, default value in ORCHIDEE
for all PFTs in standalone simulations). Thus, the product
hPFT · z0 in Eq. (6) corresponds to the aerodynamic rough-
ness length. The aerodynamic roughness length is therefore
not prescribed as an additional independent parameter but
is diagnosed from the PFT height. For the urban PFT, hPFT
corresponds to the prescribed site-specific building height;
consequently, its aerodynamic roughness varies among sites.
Because ORCHIDEE calculates a single energy budget per
grid cell, the PFT-level drag coefficients are subsequently ag-
gregated to the grid-cell scale using the corresponding land-
cover fractions.

The remaining term in Eq. (1) is the ground heat flux G.
It is computed from the thermal gradient between the surface
and the upper soil or substrate layer:

G =
λ

Cp

∂Tsurf

∂z
(7)

where λ (W m−1 K−1) and Cp (J kg−1 K−1) are respectively
the soil thermal conductivity and the soil heat capacity.
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This expression constitutes the upper boundary condition
of the one-dimensional heat diffusion equation used to com-
pute the evolution of soil temperature along the vertical pro-
file. The lower boundary condition is a zero-heat-flux con-
dition at the bottom of the soil column (18 m), following
the standard ORCHIDEE configuration. Soil temperature is
prognostically calculated by solving the Fourier heat diffu-
sion equation:

∂T

∂t
=

λ

Cp

∂2T

∂z2 (8)

where T is the soil temperature (K).
Finally, the soil thermal properties also change according

to the soil water content of each soil layer:

Cp =
(
Cwet+ 1−Cdry

)
S+Cdry (9)

λ =
(
λs · λw− λdry

)
S+ λdry (10)

where, λs and λw are the heat conductivities for solid soil
and water, respectively (W m−1 K−1); λdry is the heat con-
ductivity of dry soil (W m−1 K−1); S is the total soil satura-
tion degree (m3 m−3); Cdry and Cwet are respectively the dry
and saturated soil heat capacity (kJ m−3 K−1). The hydro-
logical and thermal discretizations are identical in the upper
2 m of the soil column. Within this common domain, hydro-
logical soil-moisture variables are transferred to the thermal
grid, including interpolation of volumetric water content to
the thermal-layer interfaces. Below 2 m, soil moisture is not
prognostically simulated. Instead, the volumetric water con-
tent is assumed to be vertically uniform and equal to that of
the deepest hydrological layer. The total water content as-
signed to each thermal layer therefore scales with its thick-
ness. This assumption is consistent with the gravitational-
drainage boundary condition at the bottom of the hydrologi-
cal column.

2.1.2 Representation of water fluxes at the grid cell
scale

The description of the computation of the water budget and
its different fluxes is detailed in the technical documen-
tation “The hydrol module of ORCHIDEE” (Ducharne et
al., 2018), as well as in PhD theses using the ORCHIDEE
model (Campoy, 2013; d’Orgeval, 2006). The following sec-
tions take up the description of this report and these PhD the-
ses, focusing on the relevant information for the development
of an urban one-tile scheme.

The surface water budget reflects the balance between wa-
ter inputs and outputs at the surface. In ORCHIDEE, it is
defined by the partitioning of precipitation into evapotran-
spiration, surface and subsurface runoff, and a change in soil
moisture. Each grid cell contains three soil columns for wa-
ter budget calculations: one for bare soil, one for high vegeta-
tion, and one for low vegetation. These columns are 2 m deep
and discretized into 12 layers whose thickness increases with

depth. The vertical redistribution of soil moisture, here volu-
metric water content θ (m3 m−3), in these columns follows a
diffusion-based scheme that relies on the Richards equation
(De Rosnay et al., 2002), with surface and subsurface runoff
acting as the upper and lower boundary conditions, respec-
tively and is stated as:

∂θ (z, t)

∂t
= −

∂J (z, t)

∂z
− s (z, t) (11)

where z is depth below the soil surface (m), t is time (s), J
is the flux field (m s−1), and s is the sink term (m3 m−3 s−1).
The flux J follows Darcy’s law (Darcy, 1856), later extended
to unsaturated soils by Buckingham (1907).

J (z, t) = −D(θ (z, t))
∂θ (z, t)

∂z
+K (θ (z, t)) (12)

where K (θ) and D(θ) are the hydraulic conductivity and
diffusivity (in m s−1 and m2 s−1 respectively). The relation-
ships betweenK ,D, and θ are given by the Mualem (1976)–
Van Genuchten (1980) model:

K (θ) = Ks
√
θf

(
1−

(
1− θ1/m

f

)m)2
(13)

D(θ) =
(1−m)K (θ)

mµ

1
θ − θr

θ
−1/m
f

(
θ

1/m
f − 1

)−m
(14)

where Ks is the saturated hydraulic conductivity (m s−1),
µ (m−1) corresponds to the inverse of the air entry suc-
tion, m is a dimensionless parameter, related to the classi-
cal Van Genuchten parameter n, by m = 1− 1/n; θr is the
residual water content (m3 m−3), and θf the relative humid-
ity (m3 m−3) defined as θf = (θ − θr)/(θs− θr), with θs the
saturated water content (m3 m−3).

In version 2.2 of ORCHIDEE, the vertical profile of satu-
rated hydraulic conductivityKs (z) is prescribed as a function
of depth. Its value at any depth z results from three compo-
nents:

i. Reference saturated hydraulic conductivity (K ref
s ) at the

depth zlim = 0.30 m, derived from the dominant USDA
(U.S. Department of Agriculture) soil texture of the grid
cell (12-class texture classification). Each grid cell’s
dominant soil texture influences soil transfer (Ducharne
et al., 2018; Tafasca et al., 2020).

ii. An exponential decrease with depth, controlled by the
dimensionless factor FK (z). This decrease applies from
zlim to the bottom of the soil column (2 m).

iii. A root-induced enhancement in the upper soil layers,
represented by a factor FKroots (z,c), where c denotes
the soil-column index. This enhancement is applied
only to vegetated soil columns, whereas FKroots (z,c) is
set to 1 for the bare soil column, which therefore re-
tains a constant Ks over the first 30 cm (d’Orgeval et
al., 2008; De Rosnay et al., 2002).
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The resulting expression for the saturated hydraulic con-
ductivity profile is:

Ks (z) = K
ref
s FK (z)FKroots (z,c) (15)

where FK (z) controls the exponential decrease with depth:

FK (z) = min
(

max
(

exp
(
−f (z− zlim) ,

1
Fmax
K

)
,1
))

(16)

Apart from the texture-dependent K ref
s , the other three pa-

rameters (zlim, f , Fmax
K ) are constants, i.e. they do not depend

on the PFT, the soiltile, and the soil texture. The depth zlim
is set to 0.30 m, the decay factor f is set to 2 m−1, and the
dimensionless parameter Fmax

K is set to 10. Therefore, FK (z)
cannot be smaller than 1/Fmax

K = 0.1.
Infiltration is computed using a Green–Ampt type ap-

proach (Green and Ampt, 1911). When precipitation exceeds
the infiltration capacity at the surface, the non-infiltrated
fraction becomes surface runoff (Horton or infiltration-
excess runoff). Surface runoff is computed independently for
each soil column, and the grid cell surface runoff is obtained
by summing the contributions from the three columns. At the
bottom of the 2 m soil column, ORCHIDEE applies a free
gravitational drainage boundary condition by default. This
means that water leaves the soil whenever hydraulic conduc-
tivity at the bottom layer is nonzero. This downward flux is
referred to as subsurface runoff. As for surface runoff, grid
cell subsurface runoff is the sum of the subsurface runoff
from the three soil columns. The total runoff is the sum of
subsurface runoff and surface runoff. There are no subsurface
lateral fluxes between adjacent soil grid cells in the model.

In the ORCHIDEE model, evapotranspiration includes
evaporation from soil, and vegetation canopy, along with
plant transpiration. Evapotranspiration (Etotal) is the link be-
tween the energy balance and the water balance, and can be
written as:

Etotal = βETEpot (17)

and:

Epot = ρvCd (qsurf− qair) (18)

The actual evapotranspiration Etotal (kg m−2 s−1) is
thus calculated from a potential evapotranspiration Epot
(kg m−2 s−1), and a stress function βET (unitless). This stress
function βET has its own value for each type of evaporation:

βET =
Av (β1+β2)+Agβ3

AL
(19)

where β1, β2 and β3 are the individual stress functions on
interception loss, transpiration and bare soil evaporation re-
spectively, and Av, Ag and AL are the fractions of vegetated
fraction, bare soil fraction, and total land area, respectively.
β1 = 1, since the local evaporation flux from the intercepted

water proceeds at its potential rate. The local stress functions
β2 and β3 are≤ 1, and become closer to zero as soil moisture
gets limiting.

Once the latent heat flux is calculated with Eqs. (5) and
(17), ORCHIDEE calculates the different terms contributing
to total evapotranspiration:

Etotal = Einter+Etrans+Esoil (20)

with each term depending on the different β previously men-
tioned, with for instance the Esoil being calculated as:

Esoil = β3ρ |V |Cd (qsurf− qair) (21)

with Levap the latent heat of vaporization.

2.2 New urban parametrization for ORCHIDEE v2.2

2.2.1 Adding an Urban PFT with prescribed albedo
and height

The first step in implementing the urban one-tile scheme
was to introduce an Urban PFT into ORCHIDEE’s land-
cover representation. Urban-specific parameter values are
prescribed for this PFT. For the energy budget, we assign
urban values of albedo, and height of roughness elements.
For the water budget, the key input parameter is the impervi-
ous surface fraction, ranging from 0 to 1. In this study, this
fraction is not used to define separate pervious and imper-
vious hydrological sub-tiles, nor does it represent the frac-
tion directly connected to the drainage network. Instead, it is
converted into an effective hydrological parameter that mod-
ifies saturated hydraulic conductivity as a function of depth,
thereby affecting infiltration, runoff generation, soil-water
storage, and vertical water transfer within the ORCHIDEE
soil columns. All other PFT attributes remain identical to
those of the bare-soil PFT, consistent with the slab-scheme
assumption of no vegetation within the urban tile.

In ORCHIDEE, albedo is first computed at the PFT level
and then aggregated to the grid cell scale by weighting each
PFT contribution by its fractional cover (Eq. 3). For the bare-
soil PFT, albedo is prescribed from MODIS, whereas vege-
tation PFTs use prescribed leaf albedo values ranging from
0.18 to 0.34, depending on vegetation type. For the new Ur-
ban PFT, albedo is handled in a flexible manner: it can either
be prescribed as a single constant value specified by the user
in the simulation namelist or read from an external urban-
albedo dataset that ORCHIDEE interpolates onto the model
grid. The same structure applies to the parameter controlling
effective urban height, which influences aerodynamic rough-
ness and turbulent fluxes. Urban height can correspond to a
uniform value defined by the user or be derived from a grid-
ded dataset describing building height or urban morphology.
This approach ensures that the urban representation remains
compatible with large-scale climate simulations while allow-
ing the use of more detailed datasets when available.
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2.2.2 Adding an urban soil column with
imperviousness-dependent hydraulic conductivity

In a second step, we introduce a dedicated soil column asso-
ciated with the Urban PFT, enabling soil water and heat pro-
cesses to be represented separately from those of bare soil,
high vegetation, and low vegetation. Water transfers into the
soil depend on several factors, including the saturated hy-
draulic conductivity Ks (Eqs. 13 and 15). To represent the
effects of imperviousness, Ks is reduced to limit water trans-
fer into the soil column. To represent imperviousness within
the urban soil column, we modify Eq. (15) by replacing the
vegetation root factor FKroots (z,c) with a constant urban fac-
tor Furb, which does not depend on depth:

Kurb
s (z) = K ref

s FK (z)Furb (22)

When Furb equals 1, the original profile of Ks for bare soil
remains unmodified. The lowest value assigned to Furb is 0.1,
as a value of 0 would imply no water transfer within the col-
umn, and values lower than 0.1 would result in unrealisti-
cally low saturated hydraulic conductivities for certain soil
textures (typically with clay). To define the new factor Furb,
two options are considered. Option “Urban1” considers Furb
as a constant (same over all urban soil column), while in op-
tion “Urban2” Furb depends on the imperviousness. The Ur-
ban1 option states Furb equal to 0.1 to have K ref

s reduced to
10 % of its original value:

Furb1 = 0.1 (23)

While the Urban2 option calculates Furb as follows:

Furb2 = 1− 0.9fimp (24)

where fimp is the value of imperviousness of the urban col-
umn and ranges from 0 to 1, so Ks (z) decreases proportion-
ally to fimp. When site-specific information is unavailable,
the modeler may prescribe a representative value. For exam-
ple, the Copernicus Urban Atlas distinguishes discontinuous
medium-density urban fabric (0.30< fimp ≤ 0.50), discon-
tinuous dense urban fabric (0.50< fimp ≤ 0.80), and con-
tinuous urban fabric (fimp > 0.80; European Environment
Agency, 2020).

These two options are illustrated in Fig. 2, which repre-
sents the saturated hydraulic conductivity for a loam soil over
the 2 m soil column. The orange line presents the original val-
ues from the baresoil column. The purple line presents the
saturated hydraulic conductivity for the Urban1 hypothesis.
The Urban1 hypothesis is designed to represent a very imper-
vious conceptualization of cities. The pink line presents the
saturated hydraulic conductivity for the Urban2 hypothesis,
considering an imperviousness equal to 55 %.

2.2.3 Assigning urban thermal properties to
urban-dominated grid cells

The thermal conductivity (λ) and heat capacity (Cp) of the
soil are calculated based on soil textures and soil water con-

tent (Eqs. 9 and 10), and are defined at the grid cell scale;
they do not depend on PFTs. To take into account the spe-
cific urban thermal conductivity and heat capacity, we change
the values of λ and Cp for the grid cells where urban ar-
eas cover 50 % or more of the grid cell. In grid cells where
the urban fraction is below 50 %, the standard ORCHIDEE
values calculated from soil texture and soil moisture are re-
tained. This straightforward binary approach (where the grid
cell is assigned either fixed urban values for thermal prop-
erties, or retains its initial values) was chosen because these
variables are defined at the grid cell scale, rather than at the
PFT or soil tile scale. The new prescribed values for urban
areas are taken from the Noah-MP land surface model (He
et al., 2023): thermal conductivity is set to 3.24 W m−1 K−1

and the heat capacity to 1890 kJ m−3 K−1. These fixed val-
ues are not adjusted according to urban typology, build-
ing morphology, or surface-area density. In comparison, the
range of values for grid cells with less than 50 % of urban
cover is between 0.79 and 2.02 W m−1 K−1 with a median
value of 1.20 W m−1 K−1 for thermal conductivity, and be-
tween 1191 and 2093 kJ m−3 K−1 with a median value of
1632 kJ m−3 K−1 for heat capacity. Urban areas therefore ex-
hibit thermal conductivities that exceed those of most other
soil textures.

3 Experiments and Methodology

3.1 Experiments

To evaluate the performance of the ORCHIDEE land sur-
face model with the new urban parameterization, includ-
ing urban albedo, building height, thermal conductivity, heat
capacity, and imperviousness, a comprehensive series of
1D standalone simulations is conducted. These simulations
are designed to systematically assess the model’s sensitiv-
ity to these urban parameters in varying climatic and land-
use contexts. The simulations are performed across 20 ur-
ban flux tower sites (Table 1), sourced from the harmo-
nized gap-filled dataset of Lipson et al. (2022b), part of the
Urban-PLUMBER project. For each site, the dataset pro-
vides all atmospheric forcing variables needed to force a one-
dimensional land surface model, as well as site-level infor-
mation on urban parameters and land use cover. These sites
span 13 different countries and encompass a diverse range of
climate zones: 11 sites are in temperate climates, 7 in con-
tinental climates, 1 in a tropical climate, and 1 in a dry cli-
mate. The Supplement provides a world map of these flux
tower sites, including their climates and observed periods
(Lipson et al., 2022b). Beyond climatic diversity, these ur-
ban sites also represent a wide spectrum of land-use charac-
teristics, ranging from highly urbanized areas to low-density
urban zones with significant vegetation cover (e.g., trees,
grasslands, or croplands). Table 1 also provides a detailed
breakdown of site-specific land-use characteristics. The Min-
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Figure 2. Example profiles of saturated hydraulic conductivity for a reference loam soil (in orange) modified by the two options of imper-
viousness for an imperviousness equal to 0.55, and a reference saturated hydraulic conductivity of 249.6 mm d−1, values as in Ducharne et
al. (2018).

neapolis station features two distinct datasets due to differ-
ing dominant wind influences, each capturing different land-
cover compositions.

The numerical framework consists of multiple simula-
tions for each urban site, each serving a specific purpose in
the model evaluation process. The simulations are catego-
rized into benchmark runs and urban parameterization exper-
iments, as outlined in Table 2. The benchmark simulations
are Baresoil and Lowveget. In all simulations, the observed
non-urban land-cover fractions of each site, including trees,
low vegetation, bare soil, and water, are retained. Only the
fraction classified as urban is represented differently among
the experiments. In Baresoil, the urban fraction is assigned
bare-soil properties, corresponding to the default treatment
of urban areas in ORCHIDEE. In Lowveget, the urban frac-
tion is assigned the properties of the dominant low-vegetation
type in the surrounding area, either grassland or cropland,
providing a non-urban baseline. Three distinct urban configu-
rations are also tested, all incorporating the newly developed
urban albedo, building height, thermal conductivity, and heat
capacity parameters. The key difference among them lies in
the treatment of imperviousness: Urban0 which overlooks
the influence of imperviousness on Ks to isolate the influ-
ence of energy-related parameters; Urban1 which incorpo-
rates the first imperviousness option (Urban1); and Urban2
which implements the second option (Urban2) for compara-
tive assessment. Further details on grid cell albedo and build-
ing height used across all simulations and sites are provided
in Table S1 in the Supplement. These values correspond to
the parameter-aggregated approach described for albedo in
Eq. (3). For each site, the model is first spun up for 40 years,
using repeated cycles of 10 years of meteorological forcing
provided by Urban-PLUMBER, until soil moisture and tem-
perature reach equilibrium. The subsequent simulation pe-
riod covers 12–16 years depending on the station (excluding

spin-up). Fluxes are computed and saved on a 30 min time-
step.

3.2 Evaluation strategy

To evaluate the impact of the new urban parameterizations
in ORCHIDEE, we compare simulated grid cell averaged
fluxes with observed fluxes measured at urban flux tower
sites from the Urban-PLUMBER intercomparison (Lipson et
al., 2022b). Following the Urban-PLUMBER protocol, the
AU-Preston site in Melbourne, Australia, is used as a refer-
ence station for detailed evaluation (Lipson et al., 2024). In
addition to evaluating the diurnal cycle at AU-Preston, we
extend the analysis to 20 urban sites spanning a range of cli-
mates and urban fractions. For these sites, we analyse the
distribution of daily maximum and minimum fluxes across
summer and winter seasons to assess the robustness of model
behaviour under contrasting energy balance conditions.

Model performance is quantified using two complemen-
tary metrics: bias and mean absolute error (MAE). The bias
is defined as the mean difference between simulated and ob-
served fluxes (sim− obs), providing information on system-
atic over- or underestimation. The MAE is defined as the
mean of the absolute differences between simulated and ob-
served fluxes, thereby measuring the overall magnitude of
deviations regardless of sign. Bias is computed for sensible
heat flux (H ), latent heat flux (LE), and net radiation (Rnet),
and MAE is computed for sensible and latent heat fluxes.
Ground heat flux (G) is also analysed in the model outputs,
although no observational data are available for evaluation.

No additional statistical tests are applied, as the focus is
on systematic model–observation differences across multi-
ple years of flux tower data. By comparing results across cli-
mates and varying degrees of imperviousness, we assess the

https://doi.org/10.5194/gmd-19-9463-2026 Geosci. Model Dev., 19, 9463–9488, 2026



9472 M. Lalonde et al.: Benchmarking a new urban scheme in the ORCHIDEE 2.2 land surface model

Table
1.Sites

description
w

ith
theirsites

land
use

and
land

covercharacteristics
and

soiltexture
(L

ipson
etal.,2022b).T

he
surfaces

ofthe
U

rban,Tree,L
ow

V
eget,B

are
soil,and

W
ater

land
covers

are
expressed

in
land

surface
fraction.C

lay
and

sand
are

expressed
as

soil-texture
fractions,w

ith
the

rem
aining

fraction
corresponding

to
silt.B

uilding
heightis

expressed
in

m
eters,and

latitude
(L

at)and
longitude

(L
on)are

expressed
in

decim
aldegrees

(°).

Site
C

ity
C

ountry
O

bserved
Period

L
at

L
on

U
rban

Tree
L

ow
V

eget
B

are
soil

W
ater

A
lbedo

B
uilding
height

(m
)

C
lay

Sand

A
U

-Preston
M

elbourne
A

ustralia
A

ug
2003–

N
ov

2004
−

37
.7

145.0
0.62

0.225
0.15

0.005
0

0.151
6.4

0.18
0.72

A
U

-SurreyH
ills

M
elbourne

A
ustralia

Feb
2004–

Jul2004
−

37
.8

145.1
0.54

0.29
0.15

0.01
0.01

0.168
7.2

0.16
0.72

C
A

-Sunset
V

ancouver
C

anada
Jan

2012–
D

ec
2016

49.2
−

123
.1

0.68
0.12

0.2
0

0
0.107

4.9
0.18

0.44

FI-K
um

pula
H

elsinki
Finland

D
ec

2010–
D

ec
2013

60.2
25.0

0.46
0.3

0.24
0

0
0.142

12.6
0.32

0.35

FI-Torni
H

elsinki
Finland

D
ec

2010–
D

ec
2013

60.2
24.9

0.77
0.15

0.07
0

0.01
0.11

17.9
0.25

0.48

FR
-C

apitole
Toulouse

France
Feb

2004–
M

ar2005
43.6

1.4
0.9

0.08
0.02

0
0

0.127
15

0.19
0.47

G
R

-H
eckor

H
eraklion

G
reece

Jun
2019–

Jun
2020

35.3
25.1

0.916
0.04

0.016
0.01

0.019
0.202

11.3
0.24

0.42

JP-Y
oyogi

Tokyo
Japan

M
ar2016–

M
ar2020

35.7
139.7

0.92
0.06

0.01
0.01

0
0.133

9
0.23

0.39

K
R

-Jungnang
Seoul

South
K

orea
Jan

2017–
A

pr2019
37.6

127.1
0.965

0
0.019

0.016
0

0.12
8.648

0.2
0.4

K
R

-O
chang

O
chang

South
K

orea
Jun

2015–
Jul2017

36.7
127.4

0.47
0.184

0.333
0.013

0
0.166

7.384
0.19

0.43

M
X

-E
scandon

M
exico

C
ity

M
exico

Jun
2011–

Sep
2012

19.4
−

99
.2

0.94
0.06

0
0

0
0.1

9.69
0.32

0.41

N
L

-
A

m
sterdam

A
m

sterdam
the
N

etherlands
Jan

2019–
O

ct2020
52.4

4.9
0.68

0.15
0

0
0.17

0.096
14.2

0.19
0.6

PL
-L

ipow
a

Ł
ódź
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Table 2. Simulations description.

Name PFT 16 is Albedo Height Thermal
conductivity

Heat capacity Kurban
fact

Low-veget Low veget
(grassland or
cropland)

Vegetation
value
(grassland or
cropland)

Vegetation
height
(grassland or
cropland)

Function of soil
texture,
between 0.79 and
2.02 W m−1 K−1

Function of soil
texture, between
1191 and
2093 kJ m−3 K−1

1

Baresoil Baresoil
(PFT 1)

MODIS 0 Function of soil
texture,
between 0.79 and
2.02 W m−1 K−1

Function of soil
texture, between
1191 and
2093 kJ m−3 K−1

1

Urban0 Urban Value from
Table 1

Value from
Table 1

3.24 W m−1 K−1

for sites more
than 50 % urban

1890 kJ m−3 K−1

for sites more
than 50 % urban

1

Urban1 Urban Value from
Table 1

Value from
Table 1

3.24 W m−1 K−1

for sites more
than 50 % urban

1890 kJ m−3 K−1

for sites more
than 50 % urban

Furb1 (Eq. 23)

Urban2 Urban Value from
Table 1

Value from
Table 1

3.24 W m−1 K−1

for sites more
than 50 % urban

1890 kJ m−3 K−1

for sites more
than 50 % urban

Furb2(Eq. 24)

consistency of model improvements and identify the condi-
tions under which the new scheme performs best.

4 Results

4.1 Energy budget

Even without the three-dimensional effects of buildings and
the source of anthropogenic heat fluxes, urban areas signif-
icantly alter the surface energy budget compared to natu-
ral landscapes, typically modifying net radiation, increasing
nocturnal sensible heat due to building material, and mod-
ifying the partitioning between sensible, latent and ground
heat fluxes. To assess whether our model developments ac-
curately capture these differences, we first compare simu-
lated fluxes with observations from the AU-Preston station
in Melbourne, Australia (Fig. 3), the reference site used in
both Urban-PLUMBER intercomparisons (Best et al., 2015;
Lipson et al., 2024).

The simulations show small differences in net radiation
in both summer and winter (Fig. 3). However, looking at
upwelling shortwave (SWup) and longwave (LWup) compo-
nents reveals compensating differences among the configura-
tions. The grid-cell albedo increases from 0.110 in Baresoil
and 0.131 in Lowveget to 0.141 in Urban0, Urban1, and Ur-
ban2. The albedo values discussed here correspond to the ef-
fective grid-cell albedo used to calculate net radiation, rather
than to the albedo assigned to an individual PFT. The grid-
cell albedo is calculated as the land-cover-fraction-weighted
mean of the PFT-level albedos. Because of this increase, the

urban configurations reflect more shortwave radiation than
the benchmark simulations: Baresoil produces the lowest
SWup, Lowveget intermediate values, and the three urban
configurations the highest values. The urban configurations
also modify the diurnal cycle of upwelling longwave radia-
tion. Relative to Baresoil and Lowveget, they emit less long-
wave radiation around midday and more during the night,
particularly in summer. This pattern indicates a reduced diur-
nal amplitude of surface radiative temperature and is consis-
tent with the greater effective thermal inertia resulting from
the changes in heat capacity and thermal conductivity. For
the ground heat flux, urban simulations exhibit lower neg-
ative daytime values (more heat entering the column) and
higher nighttime values (more heat released). More specifi-
cally, the Baresoil and Lowveget simulations produce over-
lapping curves, and the three urban configurations (Urban0,
Urban1, and Urban2) likewise lie nearly on top of each other.
These changes in LE,H andG, can be interpreted as a result
of increasing heat storage capacity and thermal conductiv-
ity of urban surfaces. A higher Cp tends to reduce G, as it
increases the amount of energy required to raise the temper-
ature of the soil, leading to slower energy transfer into the
ground. However, higher λ increases the rate at which heat
is conducted into the ground, thereby increasing G. This in-
crease inG consequently reduces the portion of energy avail-
able for sensible and latent heat fluxes at the surface, leading
to lower energy partitioning towards atmospheric processes.
Additionally, the three urban scenarios exhibit negligible dif-
ferences, indicating that the representation of imperviousness
has limited influence on the energy budget at AU-Preston.
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Figure 3. Diurnal cycle of net radiation (Rnet), sensible heat (H ), latent heat (LE), and ground heat flux (G) during summer months (DJF
– first row), and winter months (JJA – second row) of observational period August 2003–November 2004 over the station AU-Preston in
Melbourne, Australia, the reference station for the Urban-PLUMBER intercomparison projects. The black line represents the observations at
the station, while the coloured lines represent the simulations outputs. G was not measured directly; the observational estimate shown here
was diagnosed as the surface energy-balance residual, G = H +LE−Rnet.

When evaluated against the observations, all simulations
slightly overestimate Rnet around midday in summer. The
radiative decomposition indicates that the urban albedo pa-
rameterization corrects most of the shortwave contribution
to this bias; in the urban configurations, the remaining pos-
itive Rnet bias is therefore mainly associated with an under-
estimation of upwelling longwave radiation around midday.
However, the three urban scenarios (Urban0, Urban1, and
Urban2) better reproduce the observed summer sensible heat
flux, both at night (close to zero) and during the day. De-
spite this improvement, they still overestimate daytime sen-
sible heat flux, which is likely related to the overestimation of
Rnet. These three urban scenarios still underestimate daytime
sensible heat flux in winter. The comparable negative bias in
H and positive bias in LE suggests that the main issue lies in
the simulated partitioning of available energy between sen-
sible and latent heat fluxes. Latent heat fluxes are reduced
during the day but enhanced at night in urban simulations,
with stronger imperviousness further reducing daytime val-
ues due to limited water availability. This diurnal contrast
arises because, during the day, available energy is high but
evaporation is limited by water availability, whereas at night,

the release of heat stored in urban materials maintains rel-
atively warm surface temperatures, allowing residual mois-
ture to evaporate, which enhances the latent heat flux com-
pared to natural surfaces. However, this effect is minor com-
pared to other flux modifications. In winter, all simulations
overestimate latent heat, though these discrepancies remain
small relative to other energy fluxes. In summer, Baresoil
and Lowveget underestimate the magnitude of daytime heat
storage, as their simulated G values are less negative than
the observational energy-balance residual. The urban con-
figurations reproduce the observed daytime magnitude more
closely, although their slightly more negative values indicate
an overestimation of heat storage. At night, the urban config-
urations also agree more closely with the observational resid-
ual, but their more positive values suggest that nocturnal heat
release is overestimated. This comparison remains qualita-
tive because the colored curves represent the ground heat flux
explicitly calculated by ORCHIDEE (Eq. 7), whereas the
black curve is an energy-balance residual rather than a direct
observation of G. The observational residual may addition-
ally include contributions from unaccounted anthropogenic
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heat and net horizontal advective transport, as well as errors
associated with measurement uncertainty.

To extend the analysis beyond a single location and as-
sess whether the findings at AU-Preston are representative
of broader conditions, we now examine 20 stations span-
ning different climates and urban covers. This allows us to
evaluate whether the sign and magnitude of the model bi-
ases identified at AU-Preston (Fig. 3) are consistent across
sites. Figure 4 presents the distribution of biases between
maximum and minimum daily values of simulated and ob-
served net radiation, sensible heat, and latent heat for win-
ter and summer, two seasons with contrasting surface energy
dynamics over the 20 urban sites. For each site, simulation,
season, and flux, the daily simulated-minus-observed differ-
ences are calculated using only matching model–observation
timestamps and are then averaged over all valid days. Each
site therefore contributes one value to each boxplot, so that
all sites are weighted equally regardless of the length of their
observational record. Because the characteristic magnitudes
differ among fluxes and between daytime maxima and night-
time minima, the absolute bias magnitudes should not be in-
terpreted as a direct ranking of relative model performance
across panels. The comparisons below focus primarily on
differences among model configurations within each diag-
nostic. This approach highlights model performance during
both daytime and nighttime phases of the diurnal cycle.

For maximum daily net radiation, the Urban simulations
exhibit less bias across the stations, indicating an improve-
ment brought by specifying the observed urban albedo (see
Supplement for grid cell albedo differences across the sta-
tions and simulations). In contrast, the Baresoil and Lowveget
simulations show biases with more variability, with an over-
estimation by Baresoil simulations in winter and an underes-
timation by Lowveget simulations in summer.

The different parameterizations used in the model configu-
rations lead to the largest differences for the maximum daily
sensible heat flux. During the summer, the Baresoil simu-
lations have a more pronounced overestimation compared
to the urban simulations, showing a median bias close to
77 W m−2. In contrast, the Urban0 and Urban2 simulations
have a bias distribution centered closer zero (respectively
having a median bias of 14 and 18 W m−2), and 50 % of bi-
ases between 66 and −36 W m−2. The substantial change in
simulated sensible heat is due to increased thermal conduc-
tivity in urban simulations, as already seen in Fig. 3. How-
ever, many simulations do not match the maximum daily ob-
served sensible heat as closely as for AU-Preston, although
the biases are significantly reduced. The Urban2 simulation
introduces only minor changes compared to the Urban0 sim-
ulation for sensible heat. Urban1, on the other hand, in-
creases the bias compared to Urban0 and Urban2 during
summer, but still brings improvement compared to Baresoil.
Still, all simulations tend to overestimate sensible heat, the
bias exceeding 150 W m−2 at some stations. The largest sum-
mer sensible heat flux biases are common across the Bare-

soil, Lowveget, and Urban simulations. Additional sensitiv-
ity experiments indicate that they are partly related to un-
derestimated ground heat uptake associated with the repre-
sentation of soil thermal properties: prescribing higher ther-
mal conductivity and heat capacity substantially reduces the
biases at most affected sites, all of which have urban frac-
tions below 50 %, highlighting the soil thermal parameter-
ization as an important target for future ORCHIDEE devel-
opment (Verhoef et al., 2026). In winter, maximum daily sen-
sible heat is generally underestimated across the simulations.
Baresoil has the least negative bias, although its bias distri-
bution remains relatively broad, while Lowveget and the Ur-
ban simulations show similarly negative biases. This similar-
ity suggests that the winter underestimation of sensible heat
cannot be primarily attributed to the increased thermal con-
ductivity introduced in the urban configurations. At the same
time, all simulations show a positive bias in maximum latent
heat flux, indicating that excessive partitioning of the avail-
able energy toward latent heat may contribute to the negative
sensible heat bias. The absence of anthropogenic heat fluxes
from the simulations may additionally contribute to the un-
derestimation at some highly urbanized sites. For example,
Urban-PLUMBER reports mean anthropogenic heat fluxes
of 78.5 W m−2 at UK-KingsCollege and 92.7 W m−2 at KR-
Jungnang.

Minimum sensible heat flux, which corresponds to the
nocturnal sensible heat flux, is generally higher in cities than
in natural areas due to the release of stored heat accumulated
during the day and the persistence of heat transfer by convec-
tion at night. As expected, both in winter and summer, Bare-
soil and Lowveget simulations exhibit a negative bias, mean-
ing they simulate nocturnal sensible heat that is too low. The
Urban0, Urban1, and Urban2 simulations lead to improve-
ments in the simulation of nocturnal sensible heat flux. Fur-
thermore, the Urban1 simulation, which includes stronger
imperviousness, further improves the representation of noc-
turnal sensible heat during both seasons. Still, Urban0, Ur-
ban1, and Urban2 show negative bias in minimum sensible
heat fluxes in winter. This underestimation is unlikely to be
primarily explained by latent heat flux, for which nighttime
biases remain comparatively small. It may instead partly re-
flect an insufficient release of stored heat at night, as well as
missing anthropogenic heat fluxes at highly urbanized sites.

Looking at maximum latent heat flux, Fig. 4 shows a clear
seasonal contrast. In winter, biases are positive for all sim-
ulations, indicating an overestimation of daytime latent heat
flux. In summer, biases are instead generally negative, indi-
cating an underestimation of maximum latent heat flux, al-
though the distributions remain broad and span both posi-
tive and negative values across stations. The summer under-
estimation may partly result from an insufficient representa-
tion of active vegetation and from the absence of irrigation in
the model. This interpretation is supported by the Lowveget
simulation, whose median summer bias is close to zero and
which also shows a maximum sensible heat flux bias cen-
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Figure 4. Distribution of mean bias in simulated daily maximum and minimum surface energy fluxes (sensible heat H , latent heat LE, and
maximum net radiation Rnet) during summer (first row) and winter (second row) months (DJF/JJA based on hemisphere) across the 20 urban
sites. For each boxplot, the central horizontal line indicates the median, the lower and upper edges of the box indicate the 25th and 75th
percentiles, respectively, and the whiskers extend to the most extreme values within 1.5 times the interquartile range (IQR). The dashed
horizontal line indicates zero bias.

tered around zero. However, the distribution of Lowveget la-
tent heat biases remains very broad across stations, suggest-
ing that highly local factors such as vegetation characteris-
tics, vegetation management, and irrigation, which are not
explicitly represented by the model configuration, strongly
influence latent heat flux. The Urban0 and Urban2 simu-
lations show only limited differences compared with Bare-
soil. In contrast, Urban1, with stronger imperviousness and
therefore lower water availability for evapotranspiration, fur-
ther increases the summer underestimation while reducing
the winter overestimation. Biases in minimum latent heat flux
are comparatively small but consistently positive in both sea-
sons across all simulations, indicating an overestimation of
nocturnal latent heat flux.

Overall, the urban configurations improve the representa-
tion of the surface energy balance through both a better sim-
ulation of net radiation and changes in energy partitioning.
In summer, the large overestimation of maximum sensible
heat flux in Baresoil appears to arise from combined biases:
net radiation is imperfectly represented, while both daytime
heat storage and latent heat flux are underestimated, leaving

too much of the available energy to be transferred as sensi-
ble heat. The Urban configurations improve net radiation and
substantially improve the representation of daytime heat stor-
age, which strongly reduces the sensible heat bias. Maximum
latent heat flux, however, remains generally underestimated,
suggesting that evapotranspiration, including the representa-
tion of local vegetation characteristics and irrigation, is an
important remaining source of error. In contrast, the Urban
configurations do not improve sensible heat in winter, they
exhibit a systematic underestimation of maximum sensible
heat, consistent with an overestimation of maximum latent
heat flux. Despite this limitation, the urban configurations
systematically improve nocturnal sensible heat in both sea-
sons relative to Baresoil and Lowveget.

4.2 Mean Absolute Errors of latent and sensible heat
fluxes over the 20 urban flux towers

Following the Urban-PLUMBER intercomparisons (Best et
al., 2015; Lipson et al., 2024), we evaluate model perfor-
mance using the mean absolute error (MAE), which quan-
tifies the average deviation between simulated and observed
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fluxes. We compare the MAE of the Baresoil simulation
(representing the original, non-urbanized version of OR-
CHIDEE) with that of the Urban1 simulation, which in-
corporates the new urban parameterizations based on find-
ings from the previous sections. Figures 5 and 6 present the
MAE for latent and sensible heat fluxes respectively across
the 20 urban flux tower sites for both simulations. On aver-
age across all sites, the Urban1 simulation outperforms the
Baresoil simulation for both latent heat (by 2.9 W m−2) and
sensible heat (by 5.1 W m−2). At the individual station level,
Urban1 improves the MAE for latent heat at all sites. For
sensible heat, improvements are also seen at nearly all sites,
except for CA-Sunset, US-WestPhoenix, UK-Swindon, and
FI-Kumpula, where performance is slightly degraded. De-
tailed analysis suggests that these degradations arise from
site-specific changes in energy partitioning. At FI-Kumpula
and US-WestPhoenix, improvements in net radiation are not
accompanied by sufficient partitioning toward latent heat
and/or heat storage, resulting in increased sensible heat flux.
Their urban fractions (46 % and 48 %, respectively) lie just
below the 50 % threshold used to activate the prescribed ur-
ban thermal conductivity and heat capacity. Consequently,
the urban configurations modify the radiative and aerody-
namic properties at these sites without activating the corre-
sponding increase in substrate thermal inertia, which may
contribute to insufficient daytime heat storage and the degra-
dation in sensible-heat-flux performance. The new urban de-
velopments significantly improve performance at previously
poorly performing sites, such as GR-Heckor (−25 W m−2),
Au-Preston (−14 W m−2), and FR-Capitole (−13 W m−2)
for sensible heat, and SG-TelokKurau (−15 W m−2) for la-
tent heat. However, substantial biases remain at some loca-
tions, such as SG-TelokKurau and UK-KingsCollege, where
sensible heat remains underestimated in both the Baresoil
and Urban1 simulations. Including anthropogenic heat fluxes
in future model versions may help to address these biases.
Figures 5 and 6 also display the mean MAE values for sen-
sible and latent heat from the latest Urban-PLUMBER inter-
comparison (Lipson et al., 2024) at AU-Preston, represent-
ing ensemble model performance using site-specific infor-
mation. The results show that ORCHIDEE, with the new
urban developments, achieves performance comparable to
Urban-PLUMBER models for sensible heat flux, whereas
further improvements are needed to reach comparable per-
formance for latent heat flux.

4.3 Annual water budget

In addition to altering the surface energy budget, urban areas
also modify the surface water budget. Most notably, urban-
ization tends to increase surface runoff and decrease evap-
otranspiration, as reflected in the reduced latent heat fluxes
discussed in the previous section. While 1D simulations are
valuable for comparing simulated fluxes with tower-based
flux observations from the Urban-PLUMBER dataset, there

are no corresponding observations of soil moisture or runoff
available at these stations. Therefore, we limit our analysis
to a comparison of the mean annual water budget between
the natural surface simulations (Lowveget and Baresoil) and
the Urban simulations that include impervious surfaces (Ur-
ban1 and Urban2). Figure 7 presents the mean annual water
budget across the 20 stations for the four simulations. In ad-
dition to climate, initial soil textures and the total amount of
annual precipitation (visible in Fig. 7 as the sum of evap-
otranspiration, surface runoff, and subsurface runoff) and
the precipitation characteristics (not visible in Fig. 7, e.g.,
short intense events vs. long-duration low-intensity rainfall,
convective vs. stratiform) also influence differences in the
annual water budget between stations. Because runoff and
subsurface-runoff observations are unavailable at these sites,
this analysis should be interpreted as a sensitivity assessment
rather than a validation of hydrological performance. Evalu-
ating the simulated runoff would require spatially distributed
simulations over instrumented urban catchments and com-
parison with observed streamflow, which is beyond the scope
of this study.

Looking at the natural land cover simulations (Baresoil
and Lowveget), most stations show a water budget domi-
nated by evapotranspiration, except in Canada, where sub-
surface runoff dominates. This is likely due to energy limi-
tations rather than water availability, which constrains evap-
otranspiration at that site. In the Urban2 simulation, evapo-
transpiration is generally not changed compared to the Bare-
soil simulation (+1.1 %), but slight increases are observed
at some stations (e.g., JP-Yoyogi and FI-Torni), while a de-
crease is found at the tropical site SG-TelokKurau. The small
increases may be linked to enhanced nocturnal latent heat
flux, as discussed in the previous section, where redistributed
energy from deeper soil column during the night can con-
tribute to evaporation.

The Urban1 simulation, which includes a higher degree
of imperviousness, consistently shows a reduction in evapo-
transpiration (−7.6 %) compared to the Baresoil simulation
across all stations. However, the dominant changes in the an-
nual water balance introduced by the Urban simulations are
not related to evapotranspiration, but rather to surface and
subsurface runoff. In the natural land cover simulations, sub-
surface runoff exceeds surface runoff at more than half of the
stations (11 out of 20), while the remaining stations (9) show
higher surface than subsurface runoff. The Urban1 simula-
tion, which assumes higher imperviousness, reverses this ra-
tio by significantly reducing subsurface runoff and increas-
ing surface runoff. Only five stations under this scenario still
show subsurface runoff exceeding surface runoff. In addi-
tion to altering the ratio, Urban1 doubles the annual surface
runoff at most stations. The Urban2 simulation, which repre-
sents a more moderate reduction in saturated hydraulic con-
ductivity, generally increases surface runoff and decreases
subsurface runoff, although the magnitude of these changes
is much smaller than in Urban1. However, the response is
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Figure 5. Mean Absolute Error (MAE) of latent heat fluxes (LE) over the 20 urban tower fluxes for the Baresoil and Urban1 simulations. The
Urban-PLUMBER value (one black triangle) corresponds to the median Mean Absolute Error of latent heat flux from the “all – detailed”
experiment shown in Fig. 6 of Lipson et al. (2024). The colours of the station’s labels along the x-axis indicate the climate of station: green
for Temperate, purple for Continental, orange for Dry, and blue for Tropical. The percentage in these labels indicates the urban fraction
around the station. The dashed horizontal lines indicate the mean MAE across all stations, shown in orange for Baresoil and in purple for
Urban1.

not consistent across all sites: Urban2 slightly increases sub-
surface runoff at KR-Ochang and SG-TelokKurau and de-
creases surface runoff at FI-Torni and FI-Kumpula. These
site-dependent changes indicate that the annual water-budget
response to a moderate conductivity reduction is not neces-
sarily monotonic. Although saturated hydraulic conductivity
is scaled linearly with imperviousness, the resulting water-
budget response may be nonlinear because runoff generation
and vertical water transfer depend on infiltration thresholds,
rainfall intensity, antecedent soil moisture, soil texture, evap-
otranspiration, and changes in soil-water storage. These re-
sults suggest that representing saturated hydraulic conduc-
tivity as a function of imperviousness yields physically con-
sistent outputs only when conductivity is strongly reduced,
as in the Urban1 hypothesis, but not when the reduction is
moderate, as in Urban2.

5 Discussion

This work represents a first step in integrating urban ar-
eas into the ORCHIDEE Land Surface Model. By intro-
ducing several key developments, this research has laid the
foundation for more accurate urban representation within

the model, thereby advancing our ability to simulate urban-
climate interactions. In terms of surface energy budgets, the
new developments produced increased night-time sensible
heat flux, decreased day-time sensible heat flux, reduced
latent heat flux, and increased ground heat flux with heat
released at night, leading to higher night surface tempera-
tures. This is consistent with the established urban surface-
energy-balance framework (Loridan and Grimmond, 2012;
Oke, 1988). These changes, together with the reduced biases
relative to observations at urban flux-tower sites, confirm that
the new urban scheme provides a more realistic representa-
tion of turbulent fluxes. The Urban-PLUMBER intercompar-
ison similarly found that relatively simple slab schemes can
perform well when vegetation, water availability, and imper-
viousness are adequately represented, indicating that model
skill is not determined by geometric complexity alone (Lip-
son et al., 2024). In the water budget, the influence on to-
tal evapotranspiration and total runoff remains modest; how-
ever, the scheme substantially modifies the partitioning be-
tween surface and subsurface runoff. This shift is particu-
larly important in urban environments, where enhanced sur-
face runoff and reduced subsurface runoff are key drivers of
rapid hydrological responses.
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Figure 6. Same as Fig. 5, but for the sensible heat fluxes (H ).

Despite the implemented urban developments, the simula-
tions exhibit persistent seasonal biases. Most notably, during
summer, urban simulations show an overestimation of daily
sensible heat flux and an underestimated latent heat flux, in-
dicating that too much of the available energy is partitioned
into sensible rather than latent heat. This high-sensible-heat,
low-latent-heat bias is a recognized limitation of urban land-
surface models and has been associated with the omission
or insufficient representation of urban vegetation and water
availability (Best and Grimmond, 2015). Indeed, latent heat
flux remains underestimated by many current urban models
(Lipson et al., 2024). In winter, the daytime bias reverses,
with an underestimated sensible heat and an overestimated
latent heat. The absence of anthropogenic heat in the cur-
rent scheme may contribute to the winter underestimation of
sensible heat, as its representation has been identified as im-
portant for simulating wintertime urban energy budgets (Her-
twig et al., 2020; Jin et al., 2021; Karsisto et al., 2016). Future
work will test whether prescribing anthropogenic heat fluxes
from observation-based gridded datasets can reduce this bias
in kilometer-scale simulations. On the contrary, the winter
overestimated latent heat is not consistently reported across
other models (Lipson et al., 2024) and may therefore reflect
ORCHIDEE-specific seasonal controls on evaporation and
water availability. At night, sensible heat also remains under-
estimated in winter, while latent heat exhibits smaller posi-
tive biases in both seasons. The bias pattern displayed by this
new urban representation therefore suggests that evaporation

is insufficient in summer, when urban vegetation and irriga-
tion are most active, but insufficiently constrained in win-
ter and at night. A potential development for ORCHIDEE
would therefore be to embed an active vegetated fraction, in-
cluding seasonal phenology, directly within the urban PFT.
This would allow urban vegetation, and potentially irrigation,
to enhance transpiration during the summer while limiting
vegetation-related evaporation during winter.

These biases should also be considered alongside the in-
herent uncertainties in flux-tower measurements, which often
include some degree of energy-balance non-closure (Mauder
et al., 2020). This context helps frame, though does not
fully explain, the model–observation differences. Several av-
enues for improving the one-tile urban scheme developed
here emerge thus as clear perspectives. First, the evaluation
of ground heat flux (G) revealed strong sensitivity to pa-
rameter choices, specifically the thermal conductivity, high-
lighting G as a key, yet often underrepresented component
of the urban surface energy balance. For instance, G was
absent from the Urban-PLUMBER harmonized gap-filled
datasets for 20 urban flux tower sites used in this study (Lip-
son et al., 2022b). Our current thermal conductivity value
(3.24 W m−1 K−1), taken from the Noah-MP land-surface
model (He et al., 2023), is substantially higher than values
commonly used in CLM (Lawrence et al., 2019) for exam-
ple, 0.767 W m−1 K−1 in its original urban implementation
(Loridan and Grimmond, 2012) or 1.55 W m−1 K−1 in the
later SURY configuration (Wouters et al., 2016), and may
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Figure 7. Mean annual partitioning of precipitation into evapotranspiration, surface runoff, and subsurface runoff for each site and simulation.
Each stacked bar represents the three components as fractions of mean annual precipitation. Mean annual precipitation is indicated above
each panel. Simulated years depend on station (12–16 years). Titles’ colours indicate the climate of station: green for Temperate, purple for
Continental, orange for Dry and blue for Tropical. Percentage in title indicates the urban coverage around the station.

therefore require further refinement. Future work could focus
on calibrating thermal conductivity and heat capacity based
on observed or region-specific data. While no global database
of urban thermal properties was identified during this study,
using measured values where available would likely improve
realism. Another planned improvement is to update thermal
conductivity and heat capacity not only in grid cells where
urban cover exceeds a threshold (here 50 %), but by applying
a weighted average of natural and urban values based on the
actual urban fraction.

A more refined representation of urban hydrology could
also help address the above biases. Urban land surface mod-
els use a range of runoff strategies, from routing a fixed

fraction of rainfall directly to runoff to more process-based
formulations accounting for infiltration capacity, soil satura-
tion, surface-water storage, and transfers between pervious
and impervious tiles. The simpler formulations may be in-
sensitive to rainfall intensity, antecedent soil moisture, and
site characteristics (Jongen et al., 2024). The present study
introduces a novel physically based representation of im-
perviousness by linking it to saturated hydraulic conductiv-
ity, thereby affecting infiltration, subsurface water transfer,
and runoff generation. This development directly addresses
the weak sensitivity of runoff to imperviousness found in 7
of the 18 models evaluated by Jongen et al. (2026). Nev-
ertheless, Jongen et al. (2026) also found that 10 models
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omitted at least one major runoff-generation mechanism. Fu-
ture developments should therefore represent surface pond-
ing and interception storage, irrigation, drainage connectiv-
ity, and water transfers between urban and vegetated tiles.
These processes should ultimately be evaluated against hy-
drological observations, because the present sensitivity anal-
ysis alone cannot establish whether the simulated water par-
titioning is realistic. Importantly, advancing the hydrological
realism of the model should not be guided by latent heat per-
formance alone, but by a comprehensive evaluation of the
full water balance (Jongen et al., 2024). However, such eval-
uation is currently limited by a lack of observational data for
key hydrological variables (e.g., runoff and soil moisture)
at the urban flux tower sites used in this study (Jongen et
al., 2026, 2024). This underscores the need for coordinated
efforts to collect hydrological data in urban environments to
support model development and validation.

The developments presented here were carried out to
enable future simulations for which ORCHIDEE, now in-
cluding an urban representation, is coupled with an atmo-
spheric model to investigate climate–urban interactions. One
key perspective of this work is to conduct high-resolution,
convection-permitting simulations over Paris to investigate
urban effects on temperature, precipitation, and catchment
water balance. As ORCHIDEE is used at various spatial res-
olutions, from coarse to convection-permitting high resolu-
tion (< 3 km), the development undertaken here is a one-
tile scheme which can fit both uses. As highlighted by Zhao
et al. (2021), despite the impact of urban areas on climate,
most state-of-the-art Earth system models and general cir-
culation models participating in the CMIP do not account
for urban regions. This is due to the limited impact of ur-
ban areas at coarse resolutions (100–200 km). Although con-
structing multi-model ensembles is considered best practice
for providing robust and well-characterized climate projec-
tions, relying on non-urban projections for assessing climate-
related risks in built environments is inadequate due to their
bias regarding urban impacts. To bridge this gap, recent ef-
forts have focused on two approaches: physically downscal-
ing climate projections from one or two GCMs using regional
climate models with urban land schemes or directly incor-
porating urban representation into GCMs. Our development
aligns with both approaches. At convection-permitting high
resolution, the representation of urban areas becomes even
more critical, as cities are explicitly resolved at this scale,
and an inaccurate urban energy balance can lead to incor-
rect atmospheric feedbacks. The CORDEX Flagship Pilot
Study URB-RCC is currently investigating how different ur-
ban schemes influence simulations of urban temperature and
precipitation. Results from the Urban-PLUMBER intercom-
parison (Lipson et al., 2024) have already shown that perfor-
mance in resolving the surface energy budget is comparable
between one-tile and canyon-type urban schemes. For this
reason, the development of a one-tile scheme offers a robust
and computationally efficient option for representing urban

surfaces in convection-permitting simulations, while remain-
ing scalable for large-scale or global applications. Still, ques-
tions related to operational actions such as urban greening,
depaving, or planning strategies require insights from more
complex schemes that resolve the street canyon, which our
urban scheme in ORCHIDEE won’t be able to provide.

6 Conclusion

This study presents a first step in implementing urban areas
in the ORCHIDEE land surface model. By moving from a
baresoil representation of cities to a one-tile urban scheme,
we introduce key urban surface properties and propose a
novel imperviousness parameterization that links saturated
hydraulic conductivity to urban land cover. The new Urban1
scheme improves the simulation of surface energy fluxes
across the 20 urban sites of the Urban-PLUMBER inter-
comparison project, as reflected by reduced MAE in both
latent and sensible heat compared to the Baresoil version.
Across all stations, mean MAE (mean absolute error) de-
creases from 30.3 to 27.3 W m−2 for latent heat and from
41.9 to 36.9 W m−2 for sensible heat. At sites with more
than 50 % impervious cover, the improvements are even
larger, with latent heat decreasing from 31.5 to 27.7 W m−2

and sensible heat from 46.3 to 38.2 W m−2. Performance at
AU-Preston is closer to the benchmark range of the Urban-
PLUMBER ensemble. For sensible heat, where Urban-
PLUMBER mean benchmarks typically achieve MAE be-
tween 18.6 and 26.1 W m−2, the original Baresoil represen-
tation had an MAE of 47.1 W m−2, while the new urban
scheme (Urban1) reduced it to 33.3 W m−2. For latent heat,
where the Urban-PLUMBER mean benchmarks are 18.5–
32.9 W m−2, the Baresoil scheme produced 34.5 W m−2

compared to 33.7 W m−2 with the new scheme. In addition,
the updated representation modifies local hydrology as ex-
pected by increasing surface runoff and decreasing evap-
otranspiration. While these developments improve several
aspects of urban energy and water balances, some limita-
tions remain. In particular, the simulated reduction in sub-
surface runoff raises questions about the representation of
urban recharge, which can be found to increase in observa-
tional studies (Bhaskar et al., 2016). The lack of urban runoff
or soil moisture observations at the evaluated sites currently
limits direct hydrological validation. Future work should ad-
dress these gaps by running high-resolution 3D simulations
at the urban catchment scale, enabling evaluation against
streamflow observations. Additional developments, such as
spatially and temporally varying urban parameters (e.g., from
WUDAPT), interception of rainfall on urban structures, re-
finement of thermal properties, and the inclusion of anthro-
pogenic heat fluxes, will further enhance the performances of
this scheme. Together, these improvements will support the
use of ORCHIDEE in studying urban climate processes and
feedback from city to regional scales.
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A perspective of this work is to conduct high-resolution
ORCHIDEE simulations over large urban areas with a river
routing scheme. These simulations would allow the evalua-
tion of the urban module in which urban parameters such as
albedo, building height, and imperviousness can vary both
spatially and temporally. In the present 1D experiments,
these parameters were prescribed for each site. However, the
scheme developed here is capable of reading and interpolat-
ing urban data maps (e.g., LCZ maps or datasets describing
imperviousness, albedo, and building heights), although this
functionality was not demonstrated in the 1D framework. Us-
ing spatially distributed inputs would enable the model to
take advantage of, and remain consistent with, comprehen-
sive urban datasets such as the WUDAPT database (Ching et
al., 2018). Including urban catchments within the simulation
domain would also create opportunities to evaluate the model
developments against streamflow measurements, which are
generally more available than runoff or soil moisture ob-
servations. Further consideration could be given to whether
additional processes, such as subsurface water lateral fluxes
should be included in high-resolution climate simulations to
assess urban water resources.

Code and data availability. The initial version of the ORCHIDEE
LSM used for this study corresponds to tag 2.2, revision 8133 and is
freely available from https://forge.ipsl.jussieu.fr/orchidee/browser/
branches/ORCHIDEE_2_2?rev=8133 (last access: 1 November
2023). It is provided under a CeCILL-C license (French equiv-
alent to the LGPL license). The version of the ORCHIDEE
LSM with the urban developments described in this paper is
archived on Zenodo (Lalonde et al., 2026c) and is available
at https://doi.org/10.5281/zenodo.18413342. Atmospheric forcing
data and observations (Data for “Harmonized gap-filled dataset
from 20 urban flux tower sites” for the Urban-PLUMBER
project) are available at https://doi.org/10.5281/zenodo.7104984
(Lipson et al., 2022a). The simulation outputs are available at
https://doi.org/10.5281/zenodo.22894416 (Lalonde et al., 2026a).
The scripts to process the data and plot the figures are available at
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