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Abstract. The vast majority of land-surface models uses a
tiling-approach to capture the effects of subgrid-scale spatial
heterogeneity in the land-surface properties. In most cases,
however, the tiles, which represent patches with homoge-
neous characteristics at and below the surface, are treated
independently of each other and the lateral exchange be-
tween them is not being taken into consideration. The present
manuscript describes an approach for a tile-based repre-
sentation of lateral exchange processes in heterogeneous
landscapes that was recently implemented into ICON-Land,
the land surface component of the ICON framework. The
scheme captures the horizontal fluxes on a broad range of
spatial scales and represents 5 lateral exchange processes,
namely gravity-driven moisture fluxes and the correspond-
ing advective heat transport, diffusive- and conductive fluxes
of water and heat as well as the redistribution of snow be-
tween small-scale topographic features. In the approach, the
relationships between any two tiles are determined by a set
of characteristic connectivities which are treated as inherent
properties of the pair of tiles — invariant in time and inde-
pendent of the location — and derive from the internal logic
underlying the definition of the tiles. The characteristic con-
nectivities are used to calculate the spatio-geometric relation-
ships between two tiles, such as the (geometrical) contact
length or the characteristic center-to-center distance between
two adjacent surface clusters. These, in turn, define gradients
as well as the time-lag factors that govern the lateral transport

in the model. In addition to a description of the model de-
velopment, we present two example applications of the new
scheme, which address the effect of sub-grid scale fluxes on
the model’s ability to capture the spatial variability in the
state of the surface and sub-surface and the overall terrestrial
water storage. Here, our results suggest that lateral exchange
processes, especially on small horizontal scales, are highly
relevant for the spatial variability in the soil temperatures and
for the simulated extent of surface water bodies, while the ef-
fects on the grid-cell mean state and the turbulent exchange
with the atmosphere appear to be largely negligible.

1 Introduction

Most land surface models (LSM), especially those included
in Earth system models, have been designed to run with hori-
zontal grid spacings of tens to hundreds of kilometers. While
such resolutions might cover an important part of the spatial
variability in the atmospheric state variables, this is not nec-
essarily the case for soil- and land-surface properties which
can vary at the (sub-) meter scale. Here, the coarse resolution
may entail aggregation errors and hinders the representation
of distinct ecosystem states which shape the physical and
biochemical processes at and below the surface (Rastetter
et al., 1992; Beer, 2016). Even with the grid spacing of some
applications approaching the kilometer-scale (Stevens et al.,

Published by Copernicus Publications on behalf of the European Geosciences Union.

laded [eoiuyoel pue Juswdojaasg



9204

2019; Bogenschutz et al., 2023; Lee and Hohenegger, 2024),
many of the relevant processes can still not be resolved. To
deal with the issue, most models employ a tiling-approach
(Avissar and Pielke, 1989; Koster and Suarez, 1992). This
approach is based on the assumption that the land surface
within one grid cell can be split into sub-divisions, which
each comprise patches with homogeneous characteristics,
and that model processes can be determined for each of these
sub-units, the tiles, separately. Most often, the individual tiles
do not interact directly, but only through the exchange with
the overlying atmosphere (Molod et al., 2003; Best et al.,
2004; de Vrese et al., 2016b; Huang et al., 2022), allowing
for a computationally inexpensive treatment of the subgrid-
scale variability since the landscape heterogeneity does not
need to be be resolved in a spatially explicit way.

Land cover constitutes a key determinant of the local en-
ergy and water cycles, with vegetation affecting virtually all
terms of the surface energy balance and the moisture ex-
change with the atmosphere (Seneviratne et al., 2010; Du-
veiller et al., 2018). Topography is another important factor
of heterogeneity and induces variability on all scales. The
microtopography often determines the position of the local
water table and soil temperatures, which, in turn, control soil
respiration rates and their sensitive to fluctuations in the con-
trolling variables (Sommerkorn, 2008). At the other end of
the scale-range, topographic ridge-to-valley gradients are the
main cause for a moisture convergence at the hillslope- and
catchment-scale (Fan et al., 2019). And while topography
and land cover arguably constitute the more prominent fac-
tors, soil properties may also have a strong impact on the
local state of the surface and subsurface. Soil structural prop-
erties are closely linked to infiltration rates, the water hold-
ing capacity (Bordoloi et al., 2018; Basset et al., 2023) and
the soil thermophysical properties (Zhang and Wang, 2017).
Here, horizontal gradients in the soil organic matter content,
in particular, have a large potential for inducing sub-grid-
scale variability in soil moisture as well as in surface and
below-ground temperatures (Rawls et al., 2004; Koven et al.,
2009; Fekete et al., 2012; Chadburn et al., 2015; Langer et al.,
2016; Zhu et al., 2019; Siewert et al., 2021; Zhang et al.,
2021).

With land cover being one of the most important sources
of heterogeneity, the tiles have traditionally been used to rep-
resent different vegetation classes or plant functional types.
These are key determinants of the properties shaping the
physical land-atmosphere interactions — albedo, roughness
and surface resistance to evapotranspiration — as well as for
the processes governing the terrestrial carbon cycle. How-
ever, studies have shown that, depending on the region and
processes considered, other factors may be as important as
the vegetation cover, with one of the most prominent ex-
amples being agricultural irrigation (de Rosnay et al., 2003;
Boucher et al., 2004; Sacks et al., 2009; Guimberteau et al.,
2011; Puma and Cook, 2010; de Vrese et al., 2016a; de Vrese
and Hagemann, 2017; Chou et al., 2018; Singh et al., 2018;
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Hauser et al., 2019; Cook et al., 2020; Al-Yaari et al., 2022;
McDermid et al., 2023). Here, the soil moisture in well-
confined areas is maintained at high levels often in (semi-
) arid regions and several models employ tiles to distinguish
between managed and unmanaged agricultural areas (Yao
et al., 2025).

Since the tiles possess distinct properties, they also
develop distinct hydrological and thermophysical states,
e.g. with average surface temperature differences between
irrigated and non-irrigated grid-cell fractions and between
grass- and tree tiles being in the order of degrees (Schultz
et al., 2016; Thiery et al., 2017). In reality, numerous pro-
cesses act to both reduce and increase horizontal gradients in
the state of the surface and the subsurface, with most mod-
els (implicitly) making extreme assumptions on the effective-
ness of these processes. As stated above, the most promi-
nent assumption is that there is no direct interaction between
the tiles, other than through the exchange with the atmo-
sphere. The other extreme assumption, which is used e.g. in
JSBACH3 the land surface component of the Max Planck In-
stitute for Meteorology’s MPI-ESM and the Alfred Wegener
Institute’s AWI-ESM, is that the lateral exchange is highly ef-
fective so that the physical state variables, most importantly
soil moisture as well as soil and surface temperatures, are
continuously averaged between tiles (Reick et al., 2021). It
is obvious that these assumptions are only valid for either
extremely large or extremely small horizontal scales but mis-
represent a large fraction of the real-world landscape hetero-
geneity. A broadly applicable representation of subgrid-scale
heterogeneity requires an explicit representation of the lateral
exchange between tiles and many advances have been made
to incorporate such interactions, especially with respect to
the hydrological fluxes (Aas et al., 2019; Fan et al., 2019;
Swenson et al., 2019; Blyth et al., 2021; Chaney et al., 2021;
Smith et al., 2022; de Vrese et al., 2024; Li et al., 2024).

In the following, we describe a recently developed scheme
for including horizontal subgrid-scale fluxes of water and
heat in ICON-Land, the land surface component used within
the ICON modelling framework (Jungclaus et al., 2022);
namely a tile-based representation of lateral exchange pro-
cesses in heterogeneous landscapes (T-REX). First, we give
a concise overview of the assumptions and the governing
equations of the scheme (Sect. 2), before investigating the
effects that the lateral exchange processes have on the simu-
lated state of the surface and subsurface, using two example
applications (Sect. 3). Here, the first application targets the
effect of lateral subgrid-scale fluxes on the terrestrial water
storage as well as the resulting impact on the turbulent land-
atmosphere exchange and the state of the surface (Sect. 3.1).
With the second example, we investigate the effect of the lat-
eral heat transport on the spatial subgrid-scale variability in
the soil temperatures, focusing on typical patterned-ground
structures commonly found in periglacial regions (Set. 3.2).
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2 T-REX

T-REX is designed to enable simulations in which the preva-
lent spatial variability in the state variables and the exchange
fluxes with the atmosphere can be captured by the tiling
scheme. Thus, the model needs to be capable of representing
the interactions between all those tiles that are required to re-
solve the subgrid-scale heterogeneity in the determining fac-
tors of the local hydrological conditions and the thermophys-
ical state at and below the land surface. In reality, the spatial
variability comprises a wide range of length-scales (Bloschl
and Sivapalan, 1995; Seyfried and Wilcox, 1995), requiring
the model to determine the lateral transport processes for a
similarly broad range of scales (Fig. 1): On the micro scale,
moisture conditions can vary dramatically across distances
of a few meters, which can also entail pronounced tempera-
ture gradients, especially if there is a strong effect on the soil
thermophysical properties — that is heat conductivity and ca-
pacity — and on the energy released by or required for phase
changes in the soil (Langer et al., 2011). Macro-scale mois-
ture convergence — that is on length scales of hundreds of
meters to a few kilometers — may result in pronounced veg-
etation gradients and landscape types such as gallery forests
and raised bogs (Li et al., 2024), with a large potential of
macro-scale soil moisture differences to notably affect tem-
peratures via their effect on the evaporative cooling (Thiery
et al., 2017).

T-REX includes 5 lateral exchange processes that can be
categorized with respect to the transported quantity (water or
heat), the scales the processes are relevant for — that is the
micro-scale (horizontal distances of roughly 1 to 100 m) and
the macro-scale (roughly 100 to 10 000 m) — and the mecha-
nism driving the transport (gravity-driven-, wind-driven- and
conductive/diffusive fluxes) (Fig. 2). On the micro scale the
scheme represents the diffusive- and conductive fluxes of wa-
ter and heat (Sects. 2.3.1 and 2.4.1) as well as a wind-driven
redistribution of snow (Sect. 2.3.3). Furthermore, the model
accounts for gravity-driven fluxes of water, which we sim-
ply refer to as surface- and subsurface runoff (Sect. 2.3.2),
and the corresponding advective heat transport (Sect. 2.4.2).
A diffusive and conductive macro-scale exchange is not in-
cluded in the model, with gradients being negligible due to
the large distances considered. On this scale, the lateral trans-
port is limited to the gravity-driven fluxes of water and the
resulting advective heat fluxes. In general, the representa-
tion of the transport processes is based on a set of factors
that describe the degree to which two tiles are connected
(Sect. 2.1) in combination with a number of explicit or im-
plicit assumptions on the spatial relationship between the
tiles (Sect. 2.2). In our technical implementation, the inter-
action between two tiles is performed sequentially. This in-
volves computing fluxes and gradients between an individual
tile, #, and an equivalent connected tile, which we refer to as
a sibling tile, s.
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Finally, we would like to highlight that numerous ap-
proaches exist to describe any of the processes that the model
represents. Some are more simplistic than others and they
may also vary substantially with respect to their compu-
tational costs and data requirements. For the present im-
plementation, one of our main goals was to design the
parametrizations as consistent as possible with the assump-
tions that ICON-Land’s soil-hydrology- and thermophyiscs
routines are based on, since the lateral exchange processes
are tightly coupled to the vertical movement of water and en-
ergy. Here, however, T-REX should be thought of less as a
final suit of parametrizations of lateral exchange processes
and more of a framework that allows for a consistent treat-
ment of the inter-tile exchange, with enough flexibility to fa-
cilitate the implementation of improved parametrizations and
new processes.

2.1 Connectivities

Representing subgrid-scale heterogeneity in land-surface
models requires balancing realism with computational com-
plexity and -demand as well as with the availability of data
needed to describe interactions between surface elements. In
this first T"-REX implementation, this trade-off is addressed
by adopting a tiling approach that focuses on a small number
of generalized landscape elements whose interactions follow
a broadly applicable physical logic. Consequently, it is most
naturally suited to simplified and idealized tile configurations
and not necessarily designed to capture every aspect of spa-
tial heterogeneity that may be important for a specific region.
Instead, it targets landscape elements that are expected to
play a key role across a wide range of environments, and
whose interactions follow a consistent structural logic that
can be applied throughout the model domain. This approach
allows T-REX to start from simple configurations that are
straightforward to set up for idealized cases (see Sect. 3.1
and 3.2) while providing a framework that can be extended
to increase the degree of realism in future simulations (see
Sect. 4).

The main requirement of T-REX is that the relationships
between any two tiles must be describable by a set of char-
acteristic connectivities that reflect their interactions reason-
ably well. For example, surface runoff generated on elevated
terrain will generally flow toward surrounding lowland ar-
eas via slopes, suggesting that any grid-cell can be subdi-
vided into elevations, slopes and lowlands, with elevations
being hydrologically connected to the slopes which in turn
are connected to the lowlands. These characteristic connec-
tivities are used to calculate the spatial relationships between
two tiles (see Sect. 2.2) as well as the time-lag factors (see
Sect. 2.3.2) that govern the lateral transport (note that all key
variables are summarized in Appendix A). In the present im-
plementation, they are treated as inherent properties of the
pair of tiles, invariant in time and independent of the location
and composition of a grid cell. Here, the characteristic con-
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Figure 1. Spatial subgrid-scale heterogeneity. Shown is an idealized representation of the spatial heterogeneity that is not resolved by the
horizontal grid and how this is treated by the tiling scheme of the model. Here, the land surface may exhibit heterogeneity with respect to a
number of characteristics, most importantly differences in topography, land cover or soil properties. Small scale features (here, represented
by the model by the tiles 2 and 4), that is patches or clusters with horizontal length scale of a few meters to tenths of meters, interact with
the larger features they are encompassed in (tiles 1 and 3). Depending on the kind of heterogeneity, non-negligible interactions can also
persist across distances of hundreds of meters to a few kilometers, that is between the surface clusters represented by tile 1 and tile 3. The
model does not treat the clusters or patches individually but aggregates them into tiles, that are represented by a cover fraction and by a set
of characteristic properties. The state of the clusters and the lateral exchange between them is then determined based on the characteristic
properties that describe the tiles themselves and also the connections between each pair of tiles.

lateral transport tiles, since the connectives depend on the process p that is

2 /‘ - being considered (Table 1).
. wat . . .

f macro-scale micro-scale e The most basic of these matrices provides the charac-
< | /’\ teristic connectivities due to direct contact between two
© gravity-driven wind-driven  diffusive | conductive tiles (Ace). Here, the matrix elements (A%) constitute the
o | | | | ’ relative (geometrical) contact lengths, corresponding to the
(<} runoff snow redistr. diffusion . . .
g fraction of the boundary of a surface patch of tile ¢ that inter-

faces with a patch of given sibling tile s. These connectivities
are used to determine the spatial relationships between a tile
and its siblings and all those lateral fluxes that are directly
proportional to the inter-tile gradient in the corresponding
state variables — that is the conductive and diffusive fluxes
of heat and water — as well as the redistribution of snow.

Figure 2. Lateral transport processes. Overview of the five lateral
transport processes that are included in T-REX, grouped by the
transported quantity, the underlying mechanisms and the scales at
which the exchange is assumed to have a notable effect on the phys-
ical state of the land surface. Concerning the redistribution of snow,
it should be noted that, in reality, wind is the dominant force re-

sponsible for the movement across the land surface. However, due The matrix elements need to be provided in such a way that
to structural limitations of our land-surface model, wind speed and (i) if a connectivity Agy, > 0.0 is assumed between ¢ and s, a
direction cannot be taken into consideration, and the scheme merely connectivity Az’ti > 0.0 may not be given for the relation be-
parameterizes the bulk effect of primarily wind-driven snow redis- tween s and ¢, since this would result in certain fluxes being
tribution between small-scale topographic features (see Sect. 233) Computed twice per time_step for the same connection. Here’

the order should be in such a way that (ii) the connectivity

is provided for ¢, with ¢ being the tile that is encompassed
nectivities merely describe the general connection between by sibling s or in a way that ¢ is the tile with the smaller
two types of surface clusters, based on the internal logic un- characteristic area (see Sect. 2.2.1). (iii) The sum of all con-
derlying t h? tile deﬁl.nt'lc.)n of a given setup. Howelver, the nectivities that are defined for tile ¢ (% A
characteristic connectivities do not necessarily constitute the =
degree to which two tiles are connected within a specific grid the number of connected tiles) may not exceed 1., while the

t,s

ce> With nct being

cell. Since in most cases the inter-tile exchange ultimately sum of all its connectivities, including those that have been
depends on the grid-cell composition, the actual connectiv- o . et s s

itigs also accoungt for the fracgonal cover of the tiles within defined for the tile’s siblings (Sgl Ace+Acie) may be smaller
a given grid cell (see below). The characteristic connectivi- than 1, implying that a given fraction of the patch’s boundary
ties ABS between a tile ¢ and its siblings s need to be provided interfaces with non-interacting surface patches.

to the model in the form of a n x n connection matrix, where As stated above, the characteristic connectivities Ai‘ti
n is the number of tiles considered in the setup. T-REX uses  alone may not be sufficient to accurately describe the effec-

several matrices to describe the lateral interactions between
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Table 1. Types of connectivities considered by T-REX (note that superscripts referring to the connected tile pair are dropped).
Variable Description
Acte, Actex Direct contact connectivity between tiles; * weighted version accounting for fractional cover of siblings
Anfp,mic,sef ~ Connectivity due to micro-scale, hydrological flow paths at the surface
Anfp,mac,stf ~ Connectivity due to macro-scale, hydrological flow paths at the surface
Anfp,mic,blg  Connectivity due to micro-scale, hydrological flow paths below-ground
Anfp,mac,blg  Connectivity due to macro-scale, hydrological flow paths below-ground
tive connectivity between a tile and a sibling within a spe- as macro-scale connectivities at the surface (AlS )

cific grid cell, particulalrly for tiles with multiple connec-
tions. Here, an important factor that is being neglected is
the relative abundance of the connected siblings within the
cell which, for many factors, can be regarded as a reason-
able proxy for the likelihood that a larger fraction the tile
is connected to a specific sibling rather than to the other sib-
lings. Thus, neglecting the grid-cell composition can produce
highly implausible fluxes — for example, a sibling occupying
70 % of the area may receive only half of the runoff gener-
ated on the tile, while a second sibling also receives half of
the runoff but occupies only 1 % of the grid cell. To avoid
such situations, the effective connectivity is assumed to be
proportional to the relative abundance of the connected sib-
ling within the cell. In the standard setup, this is implemented
by weighting the characteristic connectivities by the cover
fraction of each connected sibling (c%), while preserving the
overall geometric assumptions of the original connectivity
matrix:
t,s S nct
Al = e Ty AL (1

cte* nct

Lk &k k=l
Z Actc " C
k=1

This weighting is optional and only relevant when a tile in-
teracts with multiple siblings and, if the connectivity be-
tween tiles is inherently independent of the grid cell com-
position, Aé’tSC* can simply be set equal to Atc’tsc.

With respect to surface- and subsurface runoff and the
corresponding advective heat fluxes, it is assumed, that the
movement of water does not happen uniformly across the
surface or through the soil, but through dominant hydro-
logical flow paths. Consequently, the runoff fluxes from
a tile to its connected siblings may not be directly pro-
portional to the contact lengths. A good example for this
are tiles that are connected to two siblings with differ-
ent surface elevations. Here, the relative contact length
may be the same with respect to the two siblings but wa-
ter at the surface would only run off to the sibling that
has a lower surface elevation than the tile. The connec-
tivities are distinct for the micro- and macro-scale fluxes
as well as for the surface and subsurface flow. Conse-
quently, the present T-REX setup considers four additional
matrices, representing micro-scale connectivities at the sur-

ts t,s
face (Ahfp,micro,srf) and below ground (Ahfp,mim,blg) as well
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and below ground (A;fsp,macro,blg)’ On the macro-scale, con-
nections may even exist for two tiles that do not interface di-
rectly, but where the hydrological flow paths are assumed to
pass the area of another tile without interacting with the lat-
ter. This simplification was required to be able to represent
runoff across hillslopes - where water may initially pool in
micro-scale depressions — with only a small number of tiles.
Hillslope runoff may best be described by a depressional fill-
spill cascade, in which a fraction of the runoff initially pools
in small scale depressions until it overflows and moves down-
slope across the even surface of the slope to again pool in a
lower lying depression (McDonnell et al., 2021). For many
applications, it may, however, not be feasible to resolve the
lateral fluxes representing individual height bands, as pro-
posed by e.g. Chaney et al. (2021), and the entire hillslope
is subdivided into two tiles, representing the relatively even
slope surface — that is the areas where water may not pool —
and small scale depressions. In such a setup, the model can
not represent hill-slope flow cascades and the inclusion of
a flux from the depression tile back to the tile representing
the even surface fraction results in a circular connection that
has the potential to retain water on the slope indefinitely. To
avoid such closed loops, the runoff from the depression tile
can be routed to a connected lowland tile directly, bypassing
the tile representing the relatively even surface areas of the
slope.

2.2 Spatial relationships

On the macro scale, all spatial relationships between con-
nected tiles are merely implicitly included in the parametriza-
tions of the model, via the slopes and the time-lag factors
used to determine the macro-scale runoff (see Sect. 2.3.2).
On the micro scale, however, the lateral exchange between a
tile and its connected sibling tiles is in large parts determined
by spatial relationships that the model determines explicitly,
more specifically by differences in surface elevation, the dis-
tance between the centers of the patches that the tiles repre-
sent and the characteristic interface length of the connection.
These are determined based on the characteristic surface el-
evation, the characteristic area covered by a patch of a given
tile, the fraction of the area of the patch that is typically con-
nected to a patch of a specific sibling-tile and by the cover

Geosci. Model Dev., 19, 9203-9234, 2026
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Table 2. Key variables used to describe the spatial relationship between connected tiles.

Variable Description
t type
APe AD
c Cover fraction
dinterface

Characteristic areas and area approximation. Type is o (outer), i (inner), or ¢ (inner and middle tile combined)

Center-to-center distances. Interface can be i, o (inner-outer tiles) or m, o (middle-outer tiles)

h, Ah Surface elevation of tile and elevation difference between two tiles

jinterface Interface lengths between tiles. Interface can be i, o (inner-outer) or m, o (middle-outer)

m, Mgycale Effective slope and scale-dependent slope components, where scale can be mic (micro) or mac (macro)
ope Circles approximating tile shapes. Type can be i (inner tile) or a (inner and outer tiles combined)

rtype Radii of circles. Type can be i (inner tile) or a (inner and outer tile combined)

rtype Tile types. Type can be o (outer), i (inner), or m (middle)

Acte+ Modified connectivity accounting for positive elevation offset.

z,z* Vertical position relative to local surface and relative to a shared reference surface height

fractions of the tiles, all of which need to be provided as in-
put parameters. A concise overview of the key variables used
to describe the spatial relationship between a given pair of
tiles is provided in Table 2.

2.2.1 Horizontal relationships

The scheme assumes a constellation in which one of two
(micro-scale-) connected tiles, the outer tile (¢°), encom-
passes the second, the inner tile (1)), at least partially (Fig. 3).
Furthermore, it is assumed that £ represents well distributed
subgrid patches, the shape of which can be approximated
by a circle (o') with the characteristic area A'. This al-
lows the calculation of the characteristic interface length be-
tween tiles i and °, 119, as the circular arc whose frac-
tion of 0"’s circumference is equal to the relative contact
length (A

ctc*)
[0 — (Ai . -4)0'5 CARO 2)
cte*

o' forms the inner region of a second circle (0*) which con-
tains the characteristic areas of ¢! and of ¢°, and whose ra-
dius (r?) is used to approximate the center-to-center distance
between the two tiles (d"°). The latter is assumed to be equal
to half the distance between the circumferences of o' and o?
added to r¢, the radius of o'. The area of 0® is determined
so that a vector with a central angle « (in radians) equal to
the relative contact length contains an area equal to A°, the
characteristic area of the encompassing tile ¢°, and the area
of a vector of o' with the central angle o = A"° ciex- TO ensure
the consistency between the assumed circular shape of the
patches that compose ¢ and the cover fractions of the two
tiles, the scheme does not use the characteristic area of the
outer tile directly, but an approximation (AJ) that is based on
the characteristic area of the inner tile (A') and on the cover
fractions of the outer (¢°) and the inner tile (ci).

Geosci. Model Dev., 19, 9203-9234, 2026
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In case of a multilevel, nested connectivity — that is a constel-
lation with the encompassed tile surrounding a third tile — the
calculation of [™° and d™° between the middle (t™) and the
outer tile (z°), are based on the characteristic area (Ai) of
the innermost tile (ti). Here, the current implementation of
the scheme only allows for a two-level nesting — i.e. ™ may
only contain one tile ', which itself does not encompass an-
other tile — in which ! is fully surrounded by r™ (A", cer = -

In such cases, I™° is calculated by:
™0 = (A -7 -4)" . AT, &)

where, A constitutes the combined areas of the inner and of
the middle tile and is calculated based on the same assump-
tions used to determine AJ in Eq. (3).

Ai:Ai.<cl +.Cm>. (5)

cl

d™° is determined analogously to Eq. (3), with the difference
being that A§ is used instead of A' and that A now accounts
for the cover fractions of all three tiles:

https://doi.org/10.5194/gmd-19-9203-2026
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rl +ra

a™° with

1.<ﬂ_1>‘ 6)

It is possible to use the model for higher levels of nesting,
however, in these cases the horizontal relation between two
tiles is determined for each pair of tiles individually using
Egs. (2) and (3), which means that a different shape is as-
sumed for each tile depending on whether it constitutes the
inner tile or the outer tile in the connection to a given sibling-
tile. With the exception of the innermost tile in the hierarchy,
this, however results in an underestimation of the interface-
length and an overestimation of the center-to-center distance
since it assumes the inner tile to have the shape of a circle
rather than that of a ring.

2.2.2 Vertical relationship

The horizontal moisture fluxes and the associated heat trans-
port between two adjacent tiles also depend on the assumed
vertical relation between the two. Here, the most important
parameter is the difference in surface elevation (Ah%®) be-
tween a tile (¢) and its connected sibling-tile (s). There are
several possibilities to account for difference in surface ele-
vation in the parametrization of the lateral movement of wa-
ter, with the most straight-forward being the consideration of
the geodetic head gradient in the Richards equation. How-
ever, since gravity-driven and suction-driven fluxes are being
treated separately, T-REX follows a different approach.
Concerning the gravity-driven fluxes, the difference in

surface elevation are used to determine the micro-scale
t,8

slope (m ;) between two tiles:
ARYS
[’ _ .
= s with
ARYS =Rt — B, 7

The micro-scale slopes, in turn, are used to derive the effec-
tive slope of a given tile (m") which determines the amount of
runoff generated under a given level of saturation of the soil
(see Sect. 3). The effective slope is approximated by the sum
of the macro-scale slope (m.,,.), which is an input parameter
for the model, and the weighted sum of all sibling-specific
micro-scale slopes:

nct

t__ ot t,s t,s s,t st
m =mp,.+ E Mmpee Aoy Ty A (®)
s=1

ctet”
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Figure 3. Assumed horizontal relationships between connected
tiles. The top row shows the most basic case of land-surface het-
erogeneity, in which the patches of an inner tile are randomly dis-
tributed and fully contained within the patches of an outer tile. The
second row shows a configuration in which the inner tile is con-
nected to two outer tiles, with different cover fractions but approxi-
mately the same connectivity to the inner tile (resulting in the same
interface length but different distances between the centers of the
tiles). The third row shows a 2-level nesting, where a middle tile
contains an inner tile and is connected to two outer tiles with differ-
ent cover fractions as well as a different connectivity with the mid-
dle tile (resulting in roughly the same center-to-center distance with
the middle tile). With the patches of the inner tile fully contained by
the patches of the middle tile, the assumed relation between these
two tiles is the same as between those shown in the top row. The
bottom row shows a n-level nesting (n > 2), in which the horizontal
relationships for each pair are determined based exclusively on the
characteristics of the two adjacent tiles.

Here, the sibling-specific slopes are weighted using a modi-
fied connectivity AZ’tSC+ (Az’tZJr) which is based on the inter-
face lengths (/*®) and only accounts for those connections

with a positive (negative) offset in surface elevation:

t,s .
L if AR"S > 0.

A= S and
0 otherwise

st .
m— if AR <0.
s,t [tk [kt

Actc"’ - kgl : ©)

0 otherwise

With respect to the diffusive and conductive fluxes, the lat-
eral exchange is determined for directly interfacing sections
of the ground — i.e. sections that have the same absolute ver-
tical position (z*). Here, the absolute vertical position of any
point (p) in the below-ground column of a tile (¢) is simply
given by its distance to the surface (z;), while, for the con-
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native refined
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Figure 4. Refined vertical grid. Shown is the vertical grid used by
the model to determine the diffusive and advective fluxes between
two (micro-) connected tiles. This refined grid z* encompasses all
the layers of the vertical grid on the tile z’ and the layers in the
vertical grid on the sibling tile z® shifted by Ah%® the height offset
between the two. Colors indicate corresponding layers on the tile
and its sibling, both on the native and on the refined grid.

nected sibling tile (), the absolute vertical position of a point
with the same distance to the surface additionally accounts
for the height offset between the two, i.e. z; = zf, + AR,
The model determines the fluxes using a refined grid which
encompasses all layer boundaries of the native grid of the tile,
all levels of the connected sibling shifted by the height off-
set and, depending on the process considered, the bedrock
boundaries and the depth of standing water at the surface
(Fig. 4). As the latter varies with time, the refined grid is
determined at the beginning of each time step. This refined
grid is also used to map the below-ground runoff on the
micro-scale between two connected tiles, while the below-
ground runoff on the macro-scale is being transported be-
tween two interfacing layers on the tiles’ native vertical grid
(see Sect. 3).

2.3 Hydrological fluxes

The lateral hydrological fluxes accounted for in T-REX en-
compass the diffusive (Sect. 2.3.1) and gravity-driven fluxes
of water (Sect. 2.3.2) and the micro-scale redistribution of
snow (Sect. 2.3.3), with a concise overview of the key vari-
ables used to describe the inter-tile exchange given in Ta-
ble 3.

2.3.1 Diffusive exchange of water
The parametrization of suction-driven fluxes (as well as the
conductive inter-tile heat exchange) follows the approach

outlined in Aas et al. (2019), Nitzbon et al. (2019) and Smith
et al. (2022). Here, the fluxes between a tile and a given sib-
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ling (qlt)’?i*) are calculated for each layer (i*) of the refined
grid that is located above the bedrock boundary within both
tiles (Fig. 3). Since the interfacing soil layers have the same
absolute vertical position, the fluxes can simply be calculated
using the (geometric) mean hydraulic conductivity (k;:f), the
difference in matric potential between the two tiles (Aw;;s),
the horizontal distance along which the difference in 1//;;5 oc-
curs (d“%) and the interface area (IS - Az;«, with Az;» being
the thickness of layer i*):

N
dvs :

qpe =1 Azpe - =k (10)
To prevent oscillating fluxes at large time-steps, the lateral
exchange is additionally limited to the fluxes that lead to the
same degree of saturation in the interfacing soil layers.

The ingress of water (qg’j*) into a section of the soil of a
relative elevation (e) that is located within the depth of the
surface water body of a relative depression (d) is calculated
in the same way, using a matric potential of zero for standing
water at the surface. Since the model does not contain any
information on the relative location of surface water bodies,
it is assumed that these are distributed evenly within the sur-
face area of a given tile. Consequently, the relative contact
length [9¢ is reduced according to the maximum inundated
fraction of the depression cgnd,max'
Vs
dd,e :

d,
qD,t;* = and,max Y Azpx - kie* (11)
It should be noted that the model does not simulate the lateral
egress of water from layers that are located above the surface
of the water body as these fluxes are accounted for in the
formulation of subsurface runoff (see Sect. 2.3.2).

2.3.2 Surface and subsurface runoff
Runoff generation

In the standard configuration, ICON-Land uses the ARNO-
rainfall-runoff model to determine the partitioning of pre-
cipitation (gp), into infiltration (g) and runoff (¢gr) (Todini,
1996; Diimenil and Todini, 1992; Reick et al., 2021). The
scheme has been designed for applications at the watershed-
scale — that is horizontal grid spacings > 10 km (Bl6schl and
Sivapalan, 1995) — and assumes variations in topography
to induce a sub-grid-scale soil moisture distribution which,
leads to spatially non-uniform infiltration and runoff rates.
The use of the ARNO-model becomes problematic if the res-
olution of the model increases to a point when grid cells no
longer represent entire catchments or drainage basins, since
the assumptions on the sub-grid-scale soil moisture distribu-
tion may no longer be valid. Here, an increase in resolution
may not only refer to the actual grid-spacing of the model
but also to setups in which the land surface model is applied
to represent specific sites, implying a plot-scale resolution of
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Table 3. Key variables in Sect. 2.3 (note that superscripts referring to tiles and subscripts referring to layers have been dropped).
Variable Description
Cpnd, max Maximum pond fraction
JSscale,domain Lag factors. Scale can be micro (mic) or macro (mac), domain surface (srf) or below-ground (blg)
Anfp* scale,domain Weighted hydrological connectivity. Scale: mic or mac; domain: stf or blg
Pdomain Fraction of runoff received by specific sibling tile. Domain can be srf or blg
qB Bottom drainage rate
qp Suction-driven, lateral water flux
qu Depression storage rate
q1 Infiltration
q1,cap Infiltration capacity, as limited by soil hydrologic conductivity
qp Precipitation
41, pot, domain Potential infiltration (limited by available water); domain: sl (entire surface) or pnd (depressions)
qR,domain> q]’; domain  Runoff flux and lagged runoff flux from a tile. Domain can be stf or blg
4R, stf,component Surface runoff. Components: i (Horton), d (Dunne), sl, or pnd
qs., Aqmterface Snow deposition flux, and shift from higher to lower tile (interface = h, [)
qx Soil moisture restoration flux
VL, domain Intermediary reservoirs storing runoff. Domain can be srf or blg
Vistes Vste,max> AVste  Surface depression storage: Current (Vsge), maximum (Vgfe max), change (A Vge)
0, Oupd Soil moisture and updated soil moisture
Ofc Osat Field capacity and soil porosity
Tret, mac,domain Assumed macro-scale retention time (input). Domain can be stf or blg
Tdomain Average retention for runoff. Domain can be srf or blg
Vdomain Assumed flow velocities (input). Domain can be srf or blg
Pw Density of liquid water
the model. In case that T-REX is applied to tiles represent-
ing certain subsystems of a catchment, the ARNO-scheme R,srt = R .set.n R st With
can also not be used to determine the tile-specific generation AR sth = Roset.st T IR sef.pnd AN
of surface and subsurface runoff. For such cases a set of al- oo :{ Bporst ~Bhep 1ot > Gheap  gng
ternative formulations has recently been implemented in the A otherwise
model, which are based on a point-scale approach and make Tkt pnd = { gr‘,pm.pnd ~4lcap*Cpna 90 Lflgirp\;tl; Beap Cona T4 g
no assumptions about any sub-grid scale variability or spatial il gt _ gt
extent of the area represented by the model (for more details hra =Y ~2H 0 forall 6Ly, ; > 6L ;- (12)

i=1

see Appendix B).

In the point scale approach, surface runoff qlt{’Srf from a
given tile (¢) occurs if the infiltratable water — that is the
sum of rain (or throughfall in case of a vegetation cover),
snowmelt, water stored in the surface reservoir and runon
from connected tiles — exceeds the soil’s infiltration capac-
ity (th, Cap) and the depression storage capacity (q{I). Here,
the model distinguishes between the water that may infil-
trate across the entirety of the surface area (qI"potY &) and the
water that may additionally infiltrate below inundated ar-
eas (qI pot,pd” with c q being the inundated fraction). With
respect to the 1nﬁ1trat10n capacity, the model assumes the
latter to be equal to the saturated hydraulic conductivity of
the uppermost soil layer, reduced according to the layer’s ice
content. Runoff also occurs if infiltration results in super sat-
urated soil layers, i.e. the infiltrated water can not percolate
downwards fast enough or drain from the soil either at the
soil bedrock interface or laterally from the soil layers above
the bedrock boundary:
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Here qR «f.n constitutes the Horton overland flow, with
qR sif.sl referrlng to the runoff that is generated across the
entirety of the tile area and qR stf,pnd O the additional over-

flow of the surface depression storage. qR «f. g constitutes the
Dunne-type overland flow, with Ot di belng the soil moisture
on layer i after the state of the s011 has been updated (w1th in-
filtration, as the upper boundary condition, limited by qL cap®
qipm‘ o and qipot’pnd) and 9:% ; the soil porosity.

The (lateral) subsurface runoff (qlt{,blg,i) generation on a
given layer i of a tile #, is determined as a function of the
hydraulic conductivity, £}, and the effective slope m' (see
Sect. 2.2):

b v = kb sin (mt : Z). (13)
R,blg,i i 2
Since high-resolution grid-cells, tiles and even the plots in

site-level simulations still cover a given area, the use of
the above point-scale formulations is not without problems.
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Most importantly it can not be assumed that the generated
runoff reaches any tributary or connected, lower situated area
instantaneously. Consequently, the fluxes are initially stored
in intermediary reservoirs which, conceptually, represent the
flow paths along which the water moves downslope. With re-
spect to the overland flow we assume that the fluxes are com-
paratively fast allowing us to neglect any interactions with
the underlying ground or the overlying atmosphere. Thus,
the outflow (qlt{ksrf), that is the rate at which water reaches
the connected downslope areas or the stream system, is ex-
clusively a function of the water content of the intermediary
reservoir (VL"srf) and the assumed retention time (‘L'Strf; see be-
low):
Vt
qltijksrf _ Lt,srf' (14)

Tsef

The outflow (qlti’*b]g’ ;) from a given layer (i) of the below-
ground reservoir (Vﬁ,bl o ;) is determined analogously:

|74
t,% __ "Lblg,i
ARblgi = (15)
blg

Here, however, interactions with the surrounding soil can not
be neglected. On the one hand, the lateral movement is com-
paratively slow, allowing the water to percolate downwards
and drain beyond the bedrock boundary. On the other hand,
the lateral movement is not independent of the level of sat-
uration of the soil, even though a large fraction of the flow
may occur through preferential flow networks, partially dis-
connecting it from the soil matrix. To account for these two
effects, the water content of the below-ground reservoir is
reduced by a bottom drainage flux (q]t?)’ ;) and by a (soil mois-
ture) restoration flow (qg()l.) which moves water from the
intermediary reservoir back into the pore spaces, once the
water content of a given layer drops below a certain thresh-
old. For the bottom drainage flux we assume that the water
drains freely from the reservoir, with the drainage rate be-
ing limited to the saturation hydraulic conductivity of (frac-
tured) bedrock, (krock; assumed to be 1 x 107" m s_l) and
the hydraulic conductivity (k) of the soil layer containing
the bedrock interface (b). Here, the water is not removed
from the soil starting at the bedrock boundary —i.e. the low-
est layer of the intermediary reservoir — but from the top
of the soil column. This is done to account for the vertical
movement within the reservoir, assuming that water perco-
lates downward with the rate it drains into the bedrock. With
respect to the restoration flow, we assume that these fluxes
occur once the excess water has drained from the soil, set-
ting the moisture threshold to the field capacity (thw.) of a
given soil layer.
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t
AVL,blg,i _ ot [ t t ith
AL =d4r,blg,i ~ R blg,i ~9x,i ~94B,i> W1
t
t,% _ VL.blg,i d
4R,blg,i = = an
g,i
e ot t
O: [ if ch,i > 0;
6! 6!
t fe,i i : t t t _pt t
qx,; = AT if O, ; <6y and O ; —6; < V[ o ; and
Ve .
% otherwise
i—1 ¢
. E] VL ble,
0. if =—; > kpot
i
t Vvt
qB,i = VY ble.i . El Lblg.! and
At if At < kbot
-1
121 Vli‘b]g.l .
kpot — = A7 otherwise
krock  if krock < ko
koot = kb otherwise (16)

Retention time and partitioning of runoff fluxes between
sibling tiles

While the generation of gravity-driven fluxes, that is surface-
and subsurface runoff, depends mainly on the characteris-
tics of a given tile (¢), i.e. the slope and soil characteris-
tics, the run-on fluxes are largely determined by the relation-
ships with the connected sibling-tiles (s). Here, the model
employs lag factors to account for the fact that some time is
required for the generated runoff — which is determined based
on point-scale parametrizations that assume no spatial extent
of a tile — to reach the connected sibling-tiles. With respect
to micro-scale connections, the lag factors ( frtr;isc, |» Where [ ei-
ther stands for surface [srf] or below-ground [blg]) are deter-
mined based on the time-step length (At), the lateral flow
velocities (vy) and the center-to-center distance of two con-
nected tiles (d"*):

ts
s At-d?

fmic,l - (17)

Ul

It is difficult to determine appropriate lateral flow velocities
since this involves a number of highly uncertain assumptions.
With respect to the lateral velocities at the surface (vgft), it
is conceivable to parameterize the fluxes assuming an open
channel flow with a given slope and surface roughness which,
however, requires an assumption on the distribution and ge-
ometry of the emerging flow paths at the surface, such as
rivulets. With respect to the below-ground fluxes (vpig) it ap-
pears obvious to employ the saturation hydraulic conductiv-
ity also in combination with the local slope, assuming that the
respective flow is adequately described by Darcy’s law. This
however, neglects the possibility that, even in areas with gen-
erally less permeable soils, preferential flow, such as funnel-
, pipe- and bypass flow, allows for high transmissivties —
i.e. through regions with more permeable soils, cracks or
crevices and macro-pores (Barcelo and Nieber, 1982; Mc-
Donnell, 1990; Uchida et al., 2001; Di Prima et al., 2018).
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The latter may be accounted for in the estimate of the trans-
missivty via a macropore enhancement of the hydraulic con-
ductivity (Milly et al., 2014). However, given the uncertainty
of the factors involved and the simple nature of our approach,
we instead use globally uniform values for the flow veloc-
ities, assuming a value of Imh™! for Uplg, With the order
of magnitude corresponding to the conductivity of soils in-
cluding the effects of macropores and pipes or the saturated
hydraulic conductivity of sand. Here, the values are indepen-
dent of the degree of saturation of the soil, meaning there is
no distinction between groundwater- and interflow. This was
done because the model strongly inhibits the lateral fluxes in
the vadose zone, since the water in the intermediary reservoir
migrates back into the soil column of the runoff-generating
tile once the latter starts drying and soil moisture levels drop
below the field capacity. For the velocity of the overland flow,
we simply assume that it is an order of magnitude larger than
the below-ground values, setting vgf to 10mh~!, which is
at the lower end of the range of previous estimates (McCaig,
1983).

An accurate description of the lateral fluxes on the macro-
scale is even more difficult as it involves additional uncer-
tainty. On the catchment- or hill-slope-scale, the distances
are usually large enough to allow water to percolate down-
wards to the bedrock boundary, where horizontal fluxes occur
as sheet flow or through preferential flow networks, possibly
returning to the surface at the bottom of the slope (Kirkby,
1988). Approaches that use Darcy’s law to describe the long-
distance lateral transport across sloped terrain risk underes-
timating the subsurface runoff, with observed lateral flow
velocities sometimes being orders of magnitude larger than
what can be expected from a flow through a porous medium
(Graham et al., 2010). Since our model does not include a
representation of the respective dynamics, these fluxes need
to be parameterized. At least for the surface runoff, it is pos-
sible to estimate specific lag factors — analogously to the de-
termination of unit-hydrographs — based on the geomorpho-
logical characteristics of the grid-cell, while the velocity of
sub-surface runoff may be approximated based on observed
rainfall and base flow rates (Lohmann et al., 1996; Kumar
etal., 2007; Lehner et al., 2008; Singh et al., 2014; Mizukami
et al., 2016). For the present implementation, however, we
use a simpler approach and calculate the macro-scale lag
factors f;;;c’l using the same assumptions as the ARNO-
scheme, namely that the drainage of excess water from any
catchment-sized area takes place over a period of a few days
(Todini, 1996; Diimenil and Todini, 1992). In the scheme’s
implementation in ICON-Land, the minimum and maximum
drainage rates are globally uniform and independent of the
model resolution, which further assumes that the overall re-
tention time is largely determined by the time it takes wa-
ter to pass through the ground and that the distances to the
nearest tributary are not only similar in all drainage basins
but also small relative to the horizontal grid spacing of the
model. Accordingly, we determine the lag factors ( fnﬁzc’l)
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based on the time-step length and globally uniform retention
times (ﬁet,mac,l)z

At
ts
fmac,l -

mm— (18)
Tret,mac,1

For standard applications, in which the macro-scale transport
moves water across typical drainage-basin scales, 7™

mac,blg 18
set to 120 h and trf;C’ of 18 set to 10h — again assuming that
the flow velocities at the surface are a magnitude larger than
those below ground. In case that the distances represented by
the macro-scale connections are below the catchment scale,
Trf;c,blg and Trrrgc, of €an be specified via a namelist parame-
ter. However, for T-REX applications that implicitly resolve
slopes by a number of tiles (e.g. corresponding to differ-
ent height bands), it may be more appropriate not do so us-
ing macro-scale connections. In such cases, the relations be-
tween tiles should rather be based on micro-scale connec-
tivities where distances are explicitly accounted for in the
estimation of the lag factors.

The weighted sum of the sibling-specific lag factors, con-
stitutes the average outflow lag factors of each tile ( fl;ic)l
and fr;ac,l). For macro-scale connections, the additional as-
sumption is being made that for those fractions of the tile that
feature micro-scale connections, macro-scale fluxes may not
occur. Here, the average lag factors are scaled according to
the cover fraction of the tile and the cover fractions of the
(micro-) connected sibling-tiles:

nct

ot s ts .
Sniea = Z-fmic‘l “Apip mic, and
s=1

nct

t s ts :
Snaeq = Z-fmac.l Aot mac,t With
=

s ALS
S A .
ts _ hfp, mic,
Ahl'p*.mic,] = nat and
Z ck . ALK
= hfp,mic,1
net
A_30 ALK ok )
SALS =37 bty mic.t nct
hip.mac,1 = ot Lk ok
Mrmac1 =1 B ot ite' =3 Apmica @ >0 (19)
hfp* ,mac,1 3 (‘k‘A:;fp e =
k=1 o
0. otherwise.

The average retention times for each tile (r]t, where [ either
stands for surface [srf] or below-ground [blg]), are calcu-
lated based on the average lag factors for surface and below-
ground fluxes ( flt), which can be obtained simply by adding
the respective lag factors for fluxes on the micro- and macro
scale:

N
7 = —; with
i
flt = f[ilic,l + f[;lac,l' (20)

Finally, the fraction of the surface- and subsurface
runoff ( pf’s) from tile (¢) received by any of its siblings (s) is
determined by the ratio of the sibling-specific lag factor and

the average lag factor. For tiles that are not fully connected
nct
to downstream tiles —i.e. kzl Ail’;(p,mic,l + A;?p,mac,l < 1 —the
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fractions of outflow received by the tile’s connected siblings
are reduced accordingly, with the residual outflow contribut-
ing to the stream-flow directly.

s _
P =
JaieaFomed ek tk
T ]gl Atp,mic,) T Ahp,mac,1
pt.s pt.s
Foiea+ Fne.
I

net e k
if kX:] Ah‘fp,micl + Al{fp.lnuc.l <1

ey

otherwise

Applying this partitioning to the fluxes from the intermediary
reservoirs (g ), the lateral runoff flux (gz**) from tile 7 to
any of its siblings s is calculated according to:

t,s,* t,%

dr,] =4r}- p (22)
In case of overland flow, the runoff contributes to the infiltrat-
able water of the receiving sibling tile ((,hs’pot’Sl and qipot’pnd),

with the inflow primarily increasing the water content of the
surface depression storage (AVg.):

, S 1 t,8,% AVSf
qipot.sl =dqp- <1 - C;nd,max 3) + R — A; ¢ and

1 Vi AV
s = S 3 sfc sfc -
91 pot.pnd = 9P " Cpnd.max* + — Ar with
s % co Sk s .
Sf - { qu,srf Al S i qR’Srf A< VSfC,maX - stc (23)
sfc _ g
Vte.max — Vste  Otherwise.

Here, gp constitutes precipitation and Cond, max the maximum

pond fraction of the sibling tile. The subsurface runoff from
a given layer on a tile contributes to the soil moisture on the
corresponding layer of the sibling, with the height offset be-
tween the two accounted for in case of micro-scale connec-
tions:

upd, i+ = Opx + Cllti?BTg,i* - At. (24)
In case of macro-scale connections, the height offset is being
ignored to retain consistency with our assumptions on the
vertical movement of water with the soil column, in partic-
ular allowing the water to flow along the bedrock boundary
within the grid cell:

ejpd,i = 01'3 + ql%?lflg,i - At (25)
2.3.3 Snow redistribution

The inter-tile redistribution of snow also follows Aas et al.
(2019), Nitzbon et al. (2019) and Smith et al. (2022). The
approach is based on the assumption that wind-blown snow
predominantly acts to level the surface of the snowpack be-
tween two adjacent areas with different surface elevations.
The scheme further assumes that drifting mainly affects the
freshly deposited, powdery snow, rather than the settled,
more granular snow that has begun metamorphosis. Thus,
while the approach neglects effects of abrasion over longer
periods, it allows to determine the redistribution of snow sim-
ply as a change in the snow deposition flux (Aqg’l), rather

Geosci. Model Dev., 19, 9203-9234, 2026

P. de Vrese et al.: ICON T-REX

than a modification of the existing snowpack. Here, a re-
distribution may only occur if the thickness of the existing
snowpack exceeds the height for which it can be assumed
that drifting would be inhibited by the existing vegetation.
For this threshold a snow water equivalent of 0.01 m was
assumed, which corresponds to a snow depth of between
roughly 3 and 20 cm depending on the simulated snow den-
sities. If the snow water equivalent of the snowpack is above
this value, the hift in snow deposition flux from the tile with
the higher (4) to the tile with the lower snow surface (/) is de-
termined as a function of the relative contact lengths (Alclt’i*),
the initial snow deposition flux (gs) and the initial difference
in surface elevation of the adjacent snow surfaces (Ah?ﬁlw):

b1 1 e < MM paw
Aqh'l _ Acier . as (‘}Iel 1) ifgs < At py Crel with
S 7 nct N
hk kh Al paw (1 _ o

;:I Agier T Ngier v . (l Lrel) otherwise

(8]
= (26)

¢ +ch

where p,, the density of liquid water, pspw the density of
snow and ¢! and ¢" the cover fractions of the adjacent tiles.

This is a first-order simplification that neglects key factors
such as wind direction and speed, which are critical drivers
of real-world snow transport. This is mainly because of the
structural design of the land-surface component, where sub-
grid tiles coexist statistically within a grid cell but are not ex-
plicitly spatially arranged. Consequently, the model cannot
determine whether wind preferentially connects specific tile
pairs or how fluxes would vary with wind direction. As a re-
sult, the present implementation cannot be used for the snow
transport on the macro-scale but only for micro-scale hetero-
geneity where the relative arrangement of tiles is sufficiently
random for snow transport to become approximately inde-
pendent of wind direction (see Discussion). For such condi-
tions however, this elevation-based redistribution can at least
account for the preferential deposition of snow in microscale
depressions (Clark et al., 2011).

2.4 Heat exchange

Concerning the lateral heat fluxes, T-REX distinguishes be-
tween conductive heat transport (Sect. 2.4.1) — the heat trans-
fer through direct molecular diffusion — and advective heat
transport (Sect. 2.4.2) — the heat transfer via bulk water
movement — with a concise overview of the key variables
used to describe the inter-tile exchange given in Table 4.

2.4.1 Conductive heat exchange

The conductive heat transport (¢>Esi*) follows the same ap-
proach as the diffusive transport of water:

ATSS
ts L JLs . _gts i*
¢C,i* = AZl* l )\'i* dt,s

. 27

with A;’f being the average soil heat conductivity and
AT;,;S the difference in soil temperature between the adjacent
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Table 4. Key variables in Sect. 2.4 (note that superscripts referring to tiles and subscripts referring to layers have been dropped).

Variable Description

AT Temperature difference between two tiles

hcomponent Depth/thickness of water within depression storage. Component can be wtr (liquid water) or ice (ice)
A Average soil heat conductivity between tiles

Dtype Heat flux between tiles. Type can be C (conductive) or A (advective)

Osoil, 1> G);koil,l Volumetric heat capacity of top soil layer (* adjusted for water content in surface reservoir)

Ojces Ow Volumetric heat capacity of ice and liquid water

qw Volume flux of water between tiles

tiles. To prevent oscillating fluxes at large time-steps, the lat-
eral exchange is additionally limited to the fluxes that lead
to the same soil temperature in the two interfacing soil lay-
ers. The calculations are performed on, essentially, the same
refined vertical grid with the difference being that the con-
ductive heat exchange is also calculated for layers (i*) that
are located below the bedrock boundary.

2.4.2 Advective heat fluxes

ICON-Land does not simulate the temperatures of water in
the soil explicitly. Instead the below-ground temperatures are
determined for the soil-water compound — by employing a
soil heat capacity and conductivity that is determined based
on the water and ice content of a given layer — which im-
plies that all water has the same temperature as the surround-
ing soil matrix. Based on this assumption, the advective heat
transport on a layer of the refined grid (i*) between a tile (¢)
and its connected siblings (s) can be determined simply as a
function of the volume flux of water (q\t,’\,sﬁl.*) from the tile to

a given sibling and the difference in soil temperature (A TiE:s)
between the two:

Gasie = AT O - gy o (28)

with ®, being the volumetric heat capacity of water and
q{;vs, ;+ the sum of the subsurface runoff and diffusive fluxes
from the tile to a given sibling.

Similarly, standing water at the surface does not have an
explicit temperature, with the exception being large lakes,
but these are represented by separate tiles that do not inter-
act with the surrounding land surface. Furthermore, the heat
storage of (all other) surface water bodies, is not accounted
for in the surface energy balance of the model. This makes it
impossible to simulate the advective heat fluxes due to sur-
face runoff, with the latter initially being given to the surface
water reservoir of the receiving tile before it infiltrates into
the ground or runs off. Here an optional formulation was in-
troduced into the model which modifies the surface heat ca-
pacity and is based on the assumptions that, (i) any precipi-
tation has the same temperature as the surface (which is the
same assumption as in the standard model), (ii) that the sur-
face water bodies have no thermal stratification — which is a
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permissible simplification as long as the surface water bodies
are limited to puddles, ponds and politic lakes — and (iii) that
the heat exchange between surface water and the ground is
sufficiently fast for the uppermost soil layer to have approx-
imately the same temperature as the overlying surface water
body. This modified volumetric heat capacity of the top soil
layer is calculated as:

* _ ®soil,1 - Azl + Oy - hyir + Oice - hice
soil, 1 AZl .

Using the modified heat capacity, any change in temperature
due to a surface advective heat flux calculated by Eq. (28)
(with ATit,;s referring to the uppermost soil layer of both tiles
and q{i;,i* being the surface runoff) is (implicitly) being ap-
plied to the surface water body along with the uppermost soil
layer.

With large time steps and lateral fluxes of water, it is possi-
ble that the lateral heat fluxes calculated above could increase
(lower) the temperature on the receiving tile above (below)
those of the tile the water originated on. To prevent this, the
lateral heat fluxes are limited by the temperature differences
and the heat capacity of the receiving tile:

(29)

S o -AZ'*
ts t,s soil,i* LA t,s
By =ATS S s,
@S SN C AZ*
| > IAT;;S-LL (30)
At

3 Example applications
3.1 Lateral water transport

For the first example application, we aim to investigate the ef-
fect of micro- and macro-scale lateral transport processes on
the land’s capacity to retain water and the resulting impacts
on the turbulent land-atmosphere exchange and surface tem-
peratures. On the macro scale, we separate the grid cell into
those parts that generate runoff, the uplands, and those that
receive the generated runoff, i.e. the lowlands. With respect
to the micro scale, the setup distinguishes between those
grid-cell areas where water (including snow) may pool on
top of the surface, i.e. local depressions, and those where ex-
cess water runs of immediately, i.e. relative elevations. Here,
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the logic of the tile definition provides the following char-
acteristic connectivities, assuming that the depressions, both
on the uplands and lowlands (DU, DL), are fully surrounded
by and receive the runoff from relative elevations (EU, EL)
and that the surface runoff from the uplands occours via sur-
face channels that are primarily connected to lowland depres-
sions, while the below-ground runoff similarly constitutes in-
flow to the lowland elevations and depressions (with the ac-
tual connectivity being determined by the cover fractions of
the two lowland tiles):

EU DU EL DL
EU O 0 0 0
Awc=DU 1 0 0 o0
EL O 0 0 o0
DL O 0 1 0
EU DU EL DL

EU O 1 0 o0
Ahfp,micro,srf =DU 0 0 0 0
EL O 0 0 1
DL O 0 0 0

EU DU EL DL

EU O 1 0

Ahfp,micro,blg =DU 0 0 0 0
EL O 0 0

DL O 0 0 O

EU DU EL DL
EU O 0 0 1
Ahfp, macro,srf = DU 0 0 0
EL O 0 0
DL O 0 0 O

EU DU EL DL
EU 0 0 05 05

(=)

—

(e R

Ahfp,macro,blg =DU O 0 05 05 .
EL O 0 0 0
DL O 0 0 0

The respective fractions are determined by combining the
30 m resolution version of the Copernicus DEM (European
Space Agency, 2024) together with the CEH CTI dataset
(Marthews et al., 2015a) at 15” resolution as follows: In a
first step, we use the Whitebox Tools Open Core (Lindsay,
2014) to fill all local depressions in the DEM data. The differ-
ence between this and the original data provides us with the
depression depth. Next, we aggregate this data to a 15” reso-
lution thereby also computing the depression fraction as grid-
cell area belonging to local depressions relative to the total
cell area. Furthermore, we use the Connected-Components
implementation of the OpenCV Toolbox (Bradski, 2000) to
label all grid cells belonging to the same depression. Thus,
we can divide the overall depression area by the number of
different depressions to gain an estimate of the mean depres-
sion size for each 15” cell. These depression characteristics
are then cross-referenced with the CTI data. Wherever the
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CTI < 5.7 we consider the cell to be an upland and therefore
assign the depression fraction, depth and average size to the
upland region and vice versa for lowlands with a CTI > 5.7.
Here, we chose a threshold value of 5.7, because it is the
median of the global dataset and because it roughly corre-
sponds to the value commonly used separate lowlands from
uplands and slopes (Marthews et al., 2015b). Finally, the data
is further aggregated onto the R2B4 grid (= 160 km reso-
lution) which is used for our global simulations. Grid cells
with missing values are set to the average of their respec-
tive quantities. We conduct ICON-Land-standalone simula-
tions driven by climate forcing from the Global Soil Wet-
ness Project Phase 3 (GSWP3, Dirmeyer et al., 2006; Kim,
2017). The simulations were performed for the period 1979—
2018, with the analysis using the model output from the pe-
riod 2009-2018. In the following, we compare simulations
in which all subgrid-scale lateral transport of water is dis-
abled to simulation in which either micro-scale or macro-
scale transport processes are accounted for as well as a simu-
lation in which transport processes on both scales are enabled
in the model.

Water is transported laterally mainly in those regions of
the world where the water availability at the land surface ex-
ceeds the atmospheric moisture demand, at least temporarily.
Thus, the model simulates only small lateral subgrid-scale
fluxes in the arid and semi-arid regions, while they can ex-
ceed 500mmyr~! in the humid areas (Fig. 5a). However,
also the humid regions in the tropics feature extensive ar-
eas with comparatively little lateral water movement, such as
the Amazon basin. Here, it is most often the topography that
does not favor large quantities of water being moved later-
ally through the soil or at the surface. Comparatively small
slopes in the contributing areas generate only little surface-
and lateral subsurface runoff and, in the model, most of the
water drains at the bottom of the soil column, contributing
to the channel flow as base-flow below the bedrock bound-
ary (not shown). In contrast, the flat areas in the cold regions
often feature larger lateral fluxes, since here the ground is
predominantly frozen, at least during the snowmelt season,
and water can not percolate deep into the soil but is forced to
run off laterally within a comparatively shallow layer close to
the surface. In case of the micro-scale fluxes another minor
effect stems from the redistribution of snow, which already
shifts water from relative elevations to the depressions dur-
ing the cold season (see Sect. 4).

Lateral transport processes enable low-lying parts of the
gridcell to store the runoff from upslope areas and allow a re-
distribution of water between those areas with a large depres-
sion storage and those that may not retain water at the sur-
face. Thus, they almost exclusively increases the terrestrial
water storage (Fig. 5d), with marked increases in the total soil
water content and in the wetland area (not shown). Addition-
ally, snow redistribution further increases total water stor-
age, as the preferential accumulation of snow in small-scale
depressions delays the moment when the grid cell becomes
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macro - scale

micro - scale

Figure 5. Effects of the lateral water transport on terrestrial water storage, latent heat flux and subgrid-scale temperature variability. Shown
is the total subgrid-scale lateral flux as the sum of surface runoff, lateral drainage, diffusive fluxes, and snow redistribution for a simulation
in which micro- and macro-scale transport processes are enabled (a), a simulation in which only the micro-scale transport is active (b)
and a simulation that only accounts for the macro-scale lateral fluxes (c; one these scales diffusive fluxes and snow redistribution are not
simulated). Panels (d)—(f) show the resulting impacts on the total terrestrial water storage. These were calculated as the differences between a
given simulation with (parts of) the lateral transport activated and a reference simulation in which the lateral transport is switched off. Panels
(g)—(i) show the impact on the grid-cell mean latent heat flux, while panels (j)—(1) show the change in the maximum spatial (subgrid-scale)
temperature variability. The later was calculated as the temperature difference between the warmest and coldest tile within a given grid cell.

completely snow-free. There are, however, a few grid cells,
mainly in the (sub-) polar regions, where the total terrestrial
water, in particular the soil water content, is reduced. Here,
the lateral transport initially increases the moisture content in
the near-surface layers after snowmelt, which increases the
heat conductivity of the ground (not shown). This, in turn,
raises the ground heat flux and allows a higher fraction of
the soil ice to melt. And with more water being liquid, the
resulting increase in evapotranspiration and drainage during
summer and fall causes an overall reduction in the annual
mean soil water content. Substantial increases in the terres-
trial water storage are mainly limited to the temperate zone
and the (sub) polar region, where the additional retention ca-
pacity allows to partially compensate the differences in the
seasonality of water availability and (atmospheric) moisture
demand. Depressions, in particular, can store parts of the
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spring snowmelt, with the water subsequently diffusing into
the surrounding areas increasing the water availability during
spring and summer when potential evaporation rates are high.
Here, the effect on the simulated wetland extent is especially
pronounced and increases in the inundated area — relative to
the potentially inundated area — of up to 70 % across large
parts of the temperate and most of the polar and subpolar re-
gions show that lateral exchange processes are essential for
maintaining standing water at the surface (not shown). Pro-
nounced effects on the total soil water storage are, however,
limited to those regions that feature a deep bedrock boundary,
where increases in total soil water of up to 0.2 m often corre-
spond to a relative increase in the soil water content of about
20 % (not shown). In regions where the bedrock boundary
is comparatively shallow, such as most of eastern Siberia,
there are only small increases in the soil water content, de-
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spite large lateral fluxes. In contrast, some large effects are
observable in regions where the lateral fluxes are compara-
tively small, such as the West Siberian Lowlands, where a
large depression capacity, deep soils and low potential evap-
oration rates facilitate the water storage over longer periods
allowing even comparatively small lateral fluxes to have a
notable impact on the soil moisture and depression storage.

Within the subtropics and the tropics, the effects on the ter-
restrial water storage are largely negligible (Fig. 5d). Here,
most precipitation transpires and evaporates locally and the
model simulates only minor lateral fluxes. Additionally, the
temporal offset between water availability and demand is
much smaller than in the temperate and polar region and most
of the water that is redistributed laterally evaporates or is
transpired swiftly rather than being stored in the soil or in de-
pressions over longer periods. Consequently, there are areas
in the tropics and subtropics with only a minor impact on the
terrestrial water storage but with a notable effect on the la-
tent heat flux (Fig. 5g). In general, the inclusion of the lateral
exchange fluxes increases the latent heat flux notably, mainly
in those areas that also feature large changes in the terrestrial
water storage where respective effects can correspond to rel-
ative increases of up to 10 %. And since the increase in latent
heat flux is mainly balanced by a decrease in the sensible heat
flux, the Bowen ratio changes by as much as 20 %. Yet even
a 20-percent change in the Bowen ratio does not drastically
alter the overall surface energy balance on the grid-cell level.
Consequently, the effects on the (grid cell) average surface
temperatures are comparatively small and the cooling due
to the inclusion of the lateral water transport rarely exceeds
—0.2K (not shown). However, the spatial subgrid-scale tem-
perature variability is extremely sensitive to the inclusion of
the lateral transport processes, since the local effects on the
Bowen ratio in the lowlands and depressions can far exceed
the grid-cell mean value. Here, the temperature differences
between the warmest and the coldest grid-cell fraction can
increase by as much as 3 K (Fig. 5j), corresponding to an or-
der of magnitude increase across most of North America and
Eastern Siberia.

A comparison of the micro- (Fig. 5b) and the macro-scale
fluxes (Fig. 5c) reveals a large similarity with respect to the
spatial patterns and there are only few areas in which the
model simulates relatively large micro-scale fluxes but only
relatively small macro-scale fluxes (and vice versa). This
suggests that the global patterns are mainly controlled by
scale-independent factors, such as the state of the atmosphere
— which determines precipitation and potential evaporation
but also the general thermal state of the soil (frozen or un-
frozen) — and the soil properties, and less by the specific to-
pography within a given grid cell. In contrast the overall mag-
nitude is quite different, with the lateral fluxes being predom-
inantly larger for the micro-scale exchange — on average by
about 40 %. With respect to the total terrestrial water storage
(Fig. Se and f), the effect of the micro-scale transport is about
25 % larger than that of the macro-scale transport, with the
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impact on the total inundated area being almost 50 % larger.
In contrast, the increase in latent heat flux is actually about
15 % smaller for the micro- than for the macro-scale lateral
fluxes, due to the different ways the water is redistributed
within the grid-cell system (Fig. 5h and i). Here, macro-scale
runoff increases the soil moisture in a comparatively large
area, i.e. the lowland region, while the micro-scale transport
processes predominantly lead to a moisture convergence in
a comparatively small part of the grid cell, i.e. the depres-
sions. And since evapotranspiration rates have a non-linear
dependency on the water availability, most importantly they
are limited by the available energy, a small increase in the
soil moisture within a large region has a stronger effect on
the latent heat flux than a large increase in soil moisture in
a small region. The above, however, also means, that the ef-
fect on the maximum (spatial) temperature gradient is no-
tably larger — on average by about 35 % — for the micro-scale
fluxes (Fig. Sk and 1). Due to the moisture convergence in a
comparatively small part of the grid cell, the local tempera-
tures within the depressions predominantly show a stronger
reduction due to micro-scale fluxes, than the temperatures in
the lowland fraction due to the macro-scale fluxes. Finally, it
should be noted that the effects in the simulation that enable
both micro- and macro-scale transport processes are not nec-
essarily the same as combining the effects from the micro-
scale-flux-enabling and the macro-scale-flux-enabling simu-
lations. The lateral-movement of water in the fully-enabled
simulation is very close to the sum of the effects in the two
simulations that only enable one flux component (Fig. 5a—c).
However, in case of the terrestrial water storage the former
is about 25 % smaller than the sum of the effects (Fig. Sd—f)
and for the effect on the latent heat flux it only amounts to
about 60 % (Fig. 5g—i). This discrepancy arises because the
terrestrial water storage and the latent heat flux are not only
limited by the available water, with former additionally being
limited by the pore volume and the potential depression stor-
age and the latter by the available energy. Thus, an increase
in the laterally transported water does not necessarily entail
an increase in the water storage or in evapotranspiration.

3.2 Lateral heat transport

In the second application, we aim to investigate the effect
of the lateral heat transport on the subgrid-scale tempera-
ture variability. Here, we set up the model to represent typi-
cal patterned-ground structures — e.g. non-sorted circles, ice-
wedge polygons — that are often found in the arctic tundra.
The presence of such patterns is limited to periglacial re-
gions and, while the coverage of environmentally suitable
spaces has been estimated at around 3 million km? for ice-
wedge polygons (Karjalainen et al., 2020), other studies con-
clude the actual extent of the polygonal tundra to be merely
around 0.3 million km? (Hofle et al., 2013). However, these
structures present an ideal test case for our model, since soil
organic matter concentrations, and with that hydrological and
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thermal soil properties, can vary dramatically on the sub-
meter scale (Ping et al., 2015). For this application, we as-
sume circular structures, that consists of an organic-rich cen-
ter (C), with a volumetric organic matter fraction of 95 %
at the surface — i.e. the uppermost 0.1 m of the soil, encom-
passed by the rim section (R), which has a near-surface soil
organic matter fraction of 35 %. These two are in turn sur-
rounded by an outer section (O) with mainly mineral soil
throughout the below ground column, i.e. an organic matter
fraction of 5 % at the surface, resulting in the following con-
nectivity matrix:

C R O
cC o0 1 0

Awe=p o o 1 -
0O 0 0 0

We assume the radius of these circles to be evenly subdivided
into the center, rim and outer section, with water draining
from the circle either at the soil bedrock interface or later-
ally through the outer section, with the former only being
possible if the active layer is sufficiently deep. For simplic-
ity reasons, we assume these circles to be omnipresent in
the permafrost region, allowing us to conduct our analysis
for the pan-Arctic average rather than focusing on a spe-
cific grid cell. We conduct ICON-Land-standalone simula-
tions driven by climate forcing from the Global Soil Wet-
ness Project Phase 3 (GSWP3, Dirmeyer et al., 2006; Kim,
2017). The simulations were performed for the period 1979—
2018, with the analysis using the model output from the pe-
riod 2009-2018. For different setups we compare the spa-
tial, below-ground temperature variability, i.e. the tempera-
ture differences between center, rim and outer section, be-
tween simulations in which the lateral heat transport is dis-
abled and simulations with the heat transport active.

In a first step, we assume a radius of one meter, with cen-
ter, rim and outer section each covering 0.33 m. Additionally,
we assume the circle to be level so that there is no vertical
offset between the surface of the sections. The latter may not
be the most common configuration, since the circular struc-
tures often have a distinct micro-topography, e.g. an elevated
center in case of a hummock-type structure, but it makes the
analysis much more straight-forward, since effects due to the
lateral water transport and a lateral coupling with a vertical
surface offset are (largely) absent. This provides the follow-
ing connectivity matrices for connections due to preferential
hydrological flow paths, assuming that they are the same for
above- and below-ground fluxes (note that macro-scale fluxes
are not present in this particular setup):

C R O
c 0 1 O

Ahfp,micro = R 0 0 1
o 0 0 0

More importantly, this setup allows us to compare our simu-
lations with those of the Dynamic Soil Model (Thurner et al.,
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2026, DynSoM), a pedon-scale soil model, which was de-
veloped to explore the movement of energy specifically in
permafrost-affected soils. DynSoM simulates the key physi-
cal variables, such as soil temperature, and soil water and ice
content, as well as the surface and below-ground heat fluxes
both in the vertical and horizontal direction (note that the
lateral movement of water is not represented in the present
DynSom setup). Here, DynSoM, in contrast to ICON-Land,
is a true 2D model which explicitly resolves the soil in one
horizontal direction. For the present setup, the model uses
a 10cm horizontal grid-spacing and a variable spacing in
the vertical direction, with the uppermost meter of the soil
column being resolved in 10 cm steps. The simulations with
DynSoM are based a 1 m soil transect of a non-sorted cir-
cle in the Chersky region (Gentsch et al., 2015; Supplements
profile CH-E [note that in the original transect the inner cir-
cle — i.e. the circle center — features the low organic matter
concentration and the inter circle area — i.e. the outer sec-
tion — the high concentrations, but the order can simply be
reversed without affecting the results of the DynSoM simu-
lation]) and are forced with CRUNCEP data (Viovy, 2018)
for the respective region. The setup of the DynSoM soil tran-
sect differs to the synthetic ICON-Land setup in that the or-
ganic rich region (surface organic matter fraction of 95 %)
and the organic poor region (organic matter fraction of 5 %)
both only cover 0.2 m, while the intermediary region (surface
organic matter fraction of 35 %) covers 0.6 m. Furthermore,
the mineral soil below the top layer also shows differences
along the transect, while the present ICON-Land setup as-
sumes spatially homogeneous mineral soil properties within
one grid cell. However, since we do not attempt a site-level
validation of our model but merely aim to compare its general
behavior to a model that explicitly resolves the horizontal ex-
change on the pedon-scale, we assume that respective setups
of the models are sufficiently similar.

In DynSoM, soil organic matter predominantly lowers the
soil heat conductivity, which impedes the ground heat fluxes
during the snow-free season (not shown). When neglecting
the lateral exchange, this entails notably lower soil tempera-
tures in the organic rich center than in the rim and the outer
section, with differences at the surface starting to emerge af-
ter the snowmelt in early summer (Fig. 6a and b). The signal
subsequently propagates downwards and the peak temper-
ature differences in depth > 2m are being reached the fol-
lowing spring. At the same time, the lower heat conductivity
in the center also results in a more pronounced heating of
the surface during late summer and a less pronounced cool-
ing during early fall, with the near-surface temperatures ex-
ceeding those in the rim and the outer section between Au-
gust and October. However, as soon as the soil is insulted by
an increasingly thick snow cover in fall, also the near sur-
face temperatures in the center fall below those of the rim
and the outer section. During the cold season, the lower heat
conductivity of the organic matter plays a subordinate role
mainly because the soil is insulted by the snow cover. Ad-
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Figure 6. Effects of the lateral heat transport on spatial temperature differences in patterned ground. Shown are the monthly temperature
differences until a depth of 5m between the organic rich circle center and the rim (first and third column) and between the center and
the outer section (second and fourth column), for simulations that do not account for lateral transport processes (first and second column)
and simulations where these processes are included in the model (third and fourth column). The first row shows the differences between
simulations with the DynSoM model, for a flat-centered circle with a total radius of 1 m. The second row shows the corresponding ICON-
Land simulations. The third row shows the temperature differences in a ICON-Land simulations for a circle radius of 10 m and the fourth
row for a circle radius of 100 m. The fifth row shows the temperature differences for a ICON-Land setup of a low-centered circle with a 1 m
radius and the last row for a setup of a high-centered circle with a 1 m radius.

ditionally, ice has a much higher heat conductivity than lig-
uid water and the relative differences in the near-surface heat
conductivity between the sections are much smaller when
the soils are frozen. Consequently, the cooling of the cen-
ter, relative to the rim and the outer section, during summer
is not fully balanced by a relative warming during the cold
season. A temperature convergence during the cold season
is observable in some soil layers, however, the temperatures
in the center remain below those in the rim and the outer
section even in these layers. Here, the temperature differ-
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ences between center and rim and between center and outer
section are largely similar. However, the signal is slightly
more pronounced for the center-rim comparison, despite the
near-surface soil organic matter concentrations in the cen-
ter actually being closer to those in the rim than those in
the outer section. The reason for this lays in the fact that, at
depth > 5 m, the rim has a higher heat conductivity than the
outer section, which has a notable effect on the magnitude
of the bottom heat flux (not shown). Here, DySoM does not
employ a zero-flux condition, but a prescribed temperature.
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With 0 °C, this temperature is higher than the simulated soil
temperatures in the superjacent layers resulting in a positive
bottom heat flux. Owing to the higher conductivities, the rim
exhibits a larger warming at the bottom of the soil column,
hence, higher temperatures than the outer section. Thus, the
temperature differences to the cooler center are also more
pronounced for the rim.

In the ICON-Land simulation, the temperature differences
between the sections are equally driven by differences in the
top- and f). Consequently, the overall effects are quite simi-
lar between the two models, especially given the fact that we
are comparing simulations of a specific site (DynSoM) to the
pan-Arctic average based on a synthetic setup (ICON-Land).
However, there are also important differences, most notably
in that large temperature differences between the sections are
confined to the uppermost meter of the column and that the
near-surface temperatures during the cold season are actually
higher in the circle center. Both of these differences are re-
lated to the hydraulic properties of the soil organic matter —
which can differ quite strongly to those of the mineral soil
fractions — and to the assumed drainage pathways of the cir-
cle. Contrary to the DySoM simulation, the soil in the ICON-
Land simulation is not necessarily water saturated and the
degree of saturation of the soil in a given circle section de-
pends on the overall water holding capacity, the infiltration
rates and the position on the drainage path. Here, organic
matter has a higher porosity than the mineral soil fractions
— hence can hold more water — and also a higher hydraulic
conductivity — hence allows for higher infiltration rates. Fur-
thermore, the circle center drains laterally through the rim
and the outer section and without vertical offset between the
three sections, lateral fluxes mainly occur if the rim and the
outer section are less saturated than the circle center. As a
result, the soil column is more water saturated in the organic
rich center than in the rim and the outer section, which en-
tails higher heat conductivities below the organic layer (not
shown). During the snow-free season, when the soil warms
from the top, the combination of lower heat conductivities
at the surface and higher heat conductivities below does not
only reduce the overall heat uptake, but also enhances the
downward transport, resulting in a reduced vertical tempera-
ture gradient. This difference in heat distribution causes the
cooling of the center (relative to the rim and the outer sec-
tion) to be more pronounced closer to the surface and less
pronounced deeper within the soil. Similarly, the higher heat
conductivities also lead to a reduced vertical temperature gra-
dient during the cold season. However, during this period, the
column cools from the top and the reduced temperature gra-
dient corresponds to an enhanced upwards heat transport in
the center and, consequently, higher near-surface tempera-
tures than in the rim and the outer section. Here, the respec-
tive effects are more pronounced in the center-outer-section
than in the center-rim comparison, i.e. larger positive and
negative temperature differences close to the surface and a
slightly less pronounced relative cooling below depths > 1 m.
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This is because the near-surface soil organic matter concen-
trations in the center are closer to those in the rim than those
in the outer section and because the soil column in the latter,
as the outermost circle section, is predominantly less water
saturated than in the rim.

As discussed above, there are some differences in the gen-
eral effect of a heterogeneous soil organic matter distribu-
tion between the models. Nonetheless, they agree well on
the impact of the lateral heat fluxes on the spatial tempera-
ture variability. In both simulations, the temperature differ-
ences between the circle sections are strongly reduced and
any notable spatial variability is largely limited to the up-
permost meter of the column as well as to the snow-free
season (Fig. 6¢, d, g and h). Here, the fact that the lateral
heat fluxes have a stronger influence on the temperature dif-
ferences at greater depths has two main causes. On the one
hand, the temperature differences deeper within the soil are
not only balanced by the lateral heat fluxes on the respec-
tive layers, but they are also reduced since the vertical heat
exchange with the superjacent layers is spatially more ho-
mogeneous due to the lateral heat exchange in the layers
above. On the other hand, the temporal temperature variabil-
ity is strongly dampened with increasing depth. Thus, while
large near-surface temperature differences between the sec-
tions may not be fully balanced on the short term, the signal
is attenuated while propagated downwards to the extent that
temperature differences in the deeper soil layers only emerge
if the longer-term mean temperature near the surface is no-
tably different.

Overall, the above results suggest that, at the pedon-
scale, the lateral heat fluxes are sufficiently strong to largely
balance the below-ground temperature differences resulting
from the spatial variability in the surface heat fluxes. Further-
more, it appears that these effects can be captured reasonably
well by LSMs employing a tiling-approach. The latter allows
us to use ICON-Land simulations to investigate the extent to
which the ability of the lateral heat exchange to the equi-
librate soil temperatures depends on the horizontal distances
considered. For a radius of 10 m, with the circle sections each
covering 3.33 m, we find that the temperature differences be-
tween center, rim and outer section above 1 m, appear to be
hardly affected by the lateral heat exchange (Fig.6i-1). This
strongly suggest that at these length scales the lateral heat
exchange is too weak to balance the short-term effects re-
sulting from the differences in the seasonal variability of the
surface heat fluxes. However, the near-surface temperatures
in the center do in fact show a slight longer-term increase due
to the lateral fluxes (e.g. for the center-outer-section compar-
ison this is visible in the [positive] temperature differences
during the cold season being slightly larger) and the result-
ing annual mean temperature is very close to that in the rim
and the outer section. Consequently, in those soil layers that
are less sensitive to the seasonal variability in the surface
heat flux, the spatial temperature variability is reduced sub-
stantially. At depths > 1 m, there are no marked temperature
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differences neither between the center and rim nor between
center and the outer section. Here, it should be noted that the
absence of large temperature differences comparatively close
to the surface is partly caused by the rather coarse vertical
resolution of the model, since the damping of the temporal
temperature variability depends on the latter. With a thick-
ness of almost 3 m, the first soil layer below a depth of 1 m
possesses a substantial thermal inertia and the temporal vari-
ability of the vertical heat fluxes only has a small effect on
the temperatures of this layer. Thus it is highly plausible that,
in reality or with a higher vertical resolution, the spatial tem-
perature variability extends much further downward than in
our simulation. Increasing the radius to 100 m, with the sec-
tions each covering 33.33 m, further reduces the lateral heat
fluxes. As a result, the latter are not only too weak to balance
the short-term effects due to the variability of the surface heat
fluxes, but also the longer-term mean state of the near sur-
face layers is substantially different. Consequently, notable
differences in the below-ground temperatures persist even at
depths > 4 m and, for these length scales, the impact of the
lateral heat fluxes appears to become negligible (Fig. 6m—p).

As stated above, a level surface of the circle may not be the
most common configuration as in reality we often find high-
centered hummock-type structures, or low-centered hollow-
type structures. On the one hand, the vertical offset between
the sections of the circle affects the soil thermophysical prop-
erties, since it determines the flow of water, hence, the satu-
ration of the soil and, thusly, the heat conductivity. On the
other hand, the ground features a strong vertical temperature
gradient during most of the year, with the vertical offset be-
tween two sections determining the distance to the surface of
any two interfacing points (Fig. 3). Thus, in the final example
we investigate the extend to which the micro-scale topogra-
phy of the circle effects the spatial temperature variability.
First we focus on a low-centered circle with a 1 m radius,
in which the surface of the center and outer section are both
located 0.1 m below the surface of the rim, with the connec-
tivities for hydrological flow paths being set in the following
way:

C R O
cC 0 0 0

Antp.mico = p 05 0 05 -
0O 0 0 0

For, this configuration we find notable differences between
the temperatures of the sections despite the small horizontal
extent of the circle (Fig. 6g—t). The near surface soil layers in
the center are cooler during summer and warmer during win-
ter, with the differences being larger in the center-rim than in
the center-outer-section comparison. Here, the temperature
differences between center and rim are less determined by
the differences in heat conductivities and mainly reflect the
vertical temperature gradient across the uppermost 0.1 m of
the soil. The lateral heat fluxes are driven by the tempera-
ture differences of two points with the same absolute vertical
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position, hence the surface temperatures of the center are es-
sentially adjusting to the temperatures at 0.1 m depth in the
rim. During the summer the (downwards negative) vertical
temperature gradient near the surface reaches a maximum of
about 20 Km~! and during winter roughly half that value
(downwards positive), meaning that temperature differences
of up to 42 and —1K, are fully explainable by the vertical
offset between the two tiles. Furthermore, since the vertical
temperature gradient averaged over longer-periods is close to
zero, there are no notable differences in the temperatures in
the deeper soil layers. The temperature differences between
center and the outer section (which have the same vertical
offset to the rim) show, however, that there is also a notable
variability in the temperatures of points with the same ab-
solute vertical position, i.e. that the surface temperatures in
the rim and the outer section do not fully adjust to the tem-
peratures at 0.1 m depth in the rim. This variability is much
larger for the low-centered than for the level circle (Fig. 6h
and t), indicating that the lateral heat fluxes are smaller in
case of the former. The reason for the reduced lateral ex-
change lies in the different levels of saturation of the rim.
Due to its raised position — in case of the low-centered circle
— the rim drains more readily into the other sections, result-
ing in overall drying of the soil column. This in turn leads to
a lower heat conductivity and, consequently, reduced lateral
fluxes. For a high-centered structure, in which the surface of
the circle center is located 0.1 m above the surface of the rim,
which in turn is located 0.1 m above the surface of the outer
section — resulting in the following connectivity:

C R O

c 0 1 0

Ahfp,micro = R 0 0 1
o 0 0 O

we find that the lateral heat fluxes have essentially the same
effect as for a low-centered circle. However, since the center
is elevated relative to the rim and the outer section, it features
higher near surface temperatures during summer and colder
temperatures during winter (Fig. 6u—x), with the magnitude
of the effects increasing with the vertical offset. As a result,
the temperature differences, resulting from the lateral heat
fluxes actually oppose the ones in the simulation in which
the lateral fluxes are being neglected.

4 Summary and discussion

Rapid increases in feasible model resolutions raise the ques-
tion of whether further development of statistical representa-
tions of land-surface heterogeneity and the associated lateral
fluxes is still warranted. But while much of what we consider
macro-scale spatial heterogeneity is already, or can soon be,
explicitly resolved even in multi-decadal simulations, many
micro-scale structures — such as the surface depressions or
patterned ground considered in our example applications —
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have characteristic length scales that are orders of magnitude
smaller than feasible grid resolutions. Moreover, the ability
to resolve landscapes at increasingly fine spatial scales does
not necessarily imply that interactions between connected
landscape elements are well represented in the models. In
fact, the standard configurations of most current-generation
land surface models lack an explicit representation of lat-
eral exchanges between grid cells (beyond river routing), and
only a few research extensions and coupled frameworks im-
plement such lateral interactions (Qiu et al., 2024). Impor-
tantly, increases in horizontal resolution also raise computa-
tional costs exponentially: for example, refining resolution
from a 100 to 1km grid spacing increases the number of
grid cells by a factor of 10000, whereas the computational
demand associated with a more complex statistical represen-
tation of surface heterogeneity scales approximately linearly
with the number of additional tiles. Consequently, increasing
spatial resolutions and more sophisticated tiling approaches
may each be more suitable to address different research ques-
tions and will likely remain complementary strategies for
representing land-surface heterogeneity in the foreseeable fu-
ture.

In the present work, we described a new scheme that
provides a lateral coupling between the tiles capturing the
spatial subgrid-scale heterogeneity of the land surface in
ICON-Land, the land component of the ICON framework.
The scheme represents 5 lateral exchange processes, namely
gravity-driven moisture fluxes and the corresponding advec-
tive heat transport, diffusive- and conductive fluxes of wa-
ter and heat as well as a parameterized snow-redistribution
component that approximates the net effect of wind-driven
snow transport. The main assumption the scheme is based
on is that the relationships between any two homogeneous
surface clusters, the tiles, can be described by a set of con-
nectivities. The latter result from the internal logic underly-
ing the tile-definition and reflect the relative (geometrical)
contact lengths between two tiles and the dominant hydro-
logical flow paths connecting the two. Taking into account
the composition of a given grid cell, they are used to calcu-
late the spatial relationships between two tiles and the time-
lag factors that govern the lateral transport. Here, the actual
parametrizations of the scheme were chosen to integrate well
with the model’s existing description of the vertical transport
processes, e.g. the scheme merely transports the runoff that is
calculated within ICON-Land’s point-scale hydrology mod-
ule, while the time-lag factors for the macro-scale fluxes of
water are based on the assumptions underlying the ARNO-
rainfall-runoff model, which is used to describe the runoff
from catchment-sized areas in standard ICON-Land-setups.

In it is present implementation, the scheme does not pro-
vide a final suit of parametrizations that necessarily work for
all types of land-surface heterogeneity. And, given the vast
range of land processes and their dependencies on different
soil and surface properties — all with potentially different spa-
tial distributions, it is highly questionable whether a setup
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accounting for the entirety of land-surface heterogeneity can
even be run with reasonable computational costs. Instead it
appears more likely that the model setup, hence, the required
lateral-flux parametrizations, will depend on the scientific
question that a specific simulation is used to help answer.
Thus, our goal was to provide a framework that allows for a
consistent treatment of the inter-tile exchange, with enough
flexibility to facilitate the implementation of improved or ad-
justed parametrizations and new processes.

The showcases discussed above represent highly idealized
applications that focus on a small number of surface and soil
characteristics. The scheme is, however, not necessarily lim-
ited to such configurations, and more realistic cases can be
constructed utilizing its infrastructure. One way to extend the
approach to increasingly complex landscape representations
is to use a more extensive tiling configuration that captures a
broader range of surface heterogeneity while still providing
consistent descriptions of the relationships between tiles. For
example, the topography-based tiling used here could readily
be expanded to include additional (quasi-) topographic land-
scape elements, such as floodplain tiles that predominantly
interact with lowland areas. Tiles could also be further sub-
divided according to additional properties such as soil type
or vegetation. However, defining globally applicable connec-
tivity rules describing tile interactions becomes increasingly
difficult as the number of tile characteristics increases. In the
absence of such rules, one might assume a random distri-
bution for certain characteristics within a grid cell, imply-
ing that the respective connectivities could be treated as be-
ing proportional to the cover fractions of the tiles. In many
cases, however, this would be a poor approximation. Achiev-
ing higher degrees of realism with such a strategy would
therefore require additional flexibility in the treatment of tile
connectivities, and incorporating grid-cell-specific connec-
tivity matrices derived from external data describing land-
scape structure represents a natural direction for future model
development.

Another strategy, which is already feasible with the cur-
rent model capabilities, is to define tiles primarily by their
characteristic connectivities rather than by specific surface
or soil properties. In this case, the connectivities between
tiles are globally uniform, while the land-surface character-
istics associated with each tile may vary between grid cells.
All tile properties, including vegetation, soil parameters, and
cover fractions, can be provided to the model individually
for each grid cell. High-resolution data could therefore be
used to identify areas within a grid cell that, due to their rel-
ative position and topographic setting, are likely to interact
with their surroundings in a way that matches the connectiv-
ity pattern prescribed for a given tile type. For example, a tile
A may always interact with tiles B and C in the same pre-
scribed manner, while the surface properties associated with
these tiles differ between grid cells. In one grid cell, tile A
might represent shrub-covered areas on loamy soils cover-
ing only a small fraction of the grid cell, while tiles B and C
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represent forest and grassland areas on predominantly sandy
soils. In another grid cell, tile A could instead occupy a much
larger fraction of the landscape and consist mainly of bare
ground, while tiles B and C represent wetlands and shrub-
lands. In this way, the connectivity structure remains fixed,
while the land-surface characteristics associated with each
tile can vary across the domain.

There are, however, certain aspects which limit the degree
of realism that can be achieved with the present implemen-
tation of the scheme. One of these is the assumed circular
shape of the subgrid scale patches. The representation of the
patch geometry in the spatial relationship module is neces-
sarily a simplification, which has important implications for
the simulated lateral exchanges. The lateral fluxes depend
on the characteristic dimensions of the adjacent patches, and
any assumption about their shapes will influence the mag-
nitude of the fluxes: The diffusive fluxes scale linearly with
the contact length between two connected patches and are
inversely proportional to the center-to-center distance, while
subsurface runoff is proportional to the slope, which depends
on the height difference between adjacent patches relative
to the center-to-center distance. In the present implementa-
tion, the circular geometry was chosen as a pragmatic com-
promise, as it provides a reasonably general approximation
for many landscape features, including small lakes, ponds,
and patterned terrain, while allowing the patch dimensions
to be described by a single parameter, the characteristic area,
which can easily be determined from high-resolution obser-
vational data. For highly elongated or irregular features, how-
ever, these assumptions may lead to over- or underestima-
tion of the lateral fluxes by up to an order of magnitude, po-
tentially affecting the ability of the fluxes to equilibrate the
states of neighboring tiles (see Sect. 3.2). To overcome these
limitations, future developments could improve the flexibil-
ity of the scheme by introducing (tile- and grid-cell specific)
shape factors (S7, S2) in the key ratios of perimeter (C) and
radius (r):

C =2mrS; (31)
r=+A/nS,, (32)

where A is the area of the tile.

Another problematic aspect is the highly simplified ap-
proach to incorporate snow redistribution. In natural land-
scapes the latter is a complex process, driven by a combina-
tion of topography, snowpack properties, vegetation, and es-
pecially near-surface wind direction and speed (Clark et al.,
2011). Land surface models typically do not represent this
process explicitly but some do account for topographic vari-
ability when relating (grid-cell mean) snow water equivalent
to the snow cover fraction, though not in a way that takes into
consideration wind speed or direction (Roesch and Roeck-
ner, 2006; Ma et al., 2019). Similarly, simple topography-
based schemes have been employed successfully in previous
studies, to account for the effect of snow redistribution be-

Geosci. Model Dev., 19, 9203-9234, 2026

P. de Vrese et al.: ICON T-REX

tween microtopographic features in permafrost landscapes
(Aas et al., 2019; Nitzbon et al., 2019; Smith et al., 2022).
However, while these approaches may work sufficiently well
on the micro-scale, it can be argued that for the hillslope scale
the wind direction may no longer be ignored where drifting
leads to preferential deposition in the lee of elevations and on
sheltered aspects, making them less suitable for the macro-
scale transport.

While the current snow redistribution scheme is based
solely on differences in surface elevation and neglects near-
surface wind effects, it is conceptually possible to extend the
approach to account for wind direction and magnitude. In
principle, direction-specific connectivity matrices could be
pre-computed during the model setup, reflecting the pref-
erential pathways for snow transport under prevailing wind
directions. Furthermore, the connectivity between two tiles
could be scaled according to the fraction of the boundary
aligned with the wind in combination wind-speed-dependent
redistribution functions which could, for example, be de-
rived by running dedicated snow pack and snow drift mod-
els (Quéno et al., 2024). However, while a wind-aware for-
mulation is feasible in principle, it is beyond the scope of
the current study and is left as a potential avenue for fu-
ture model development. It is important to emphasize that
while the representation of snow redistribution is a key pro-
cess for capturing subgrid-scale hydrological and energy dy-
namics in certain regions, its omission or inclusion has only
minor impacts on the overall patterns and magnitudes of the
integrated fluxes and state variables presented in Fig. 5. This
is because, regardless of whether snow redistribution is ac-
tive or not, the majority of snowmelt water ultimately con-
verges toward small-scale depressions — either through drift-
ing snow or surface and subsurface runoff. Consequently, en-
abling or disabling snow redistribution primarily affects the
timing of lateral fluxes, rather than their overall magnitude
or system-scale impact. A key exception occurs during the
snowmelt season, when the subgrid-scale distribution of the
snow cover influences the spatial pattern of surface energy
fluxes and temperatures, as energy is required to melt snow
in areas where it accumulates — either on small-scale eleva-
tions or in depressions. However, this spatial variability does
not change the grid-cell mean fluxes shown in Fig. 5 sub-
stantially. Importantly, is also does not significantly alter the
maximum subgrid-scale temperature variability, since this is
primarily governed by water availability during the summer
months.

Despite these shortcomings of the model and its incom-
pleteness, we hope that the two example applications demon-
strate the potential usefulness of our scheme. Here, our simu-
lations showed that lateral-transport processes are a key fac-
tor determining the subgrid-scale temperature and moisture
variability. Among other things they showed that the model’s
ability to simulate standing water at the surface, was mainly
determined by the inclusion of the lateral water movement,
with the subrid-scale temperature variability increasing by an
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order of magnitude across most of North America and East-
ern Siberia. Furthermore, the small-scale (spatial) variability
in soil temperatures was highly sensitive to the lateral heat
fluxes, with the magnitude and even the direction of effects
depending on the assumed spatial-scales and the topography.

It should be noted, however, that in our simulations the
grid-cell mean state and exchange with the atmosphere did
not show substantial changes due to the inclusion of the
lateral transport processes. Even more fundamentally, there
was very little to suggest that capturing the general physi-
cal land-atmosphere interactions necessarily requires a tiling
of the land surface and even the wetland extent can most
likely be represented sufficiently well with an appropriate
parametrization of the depression storage and the reten-
tion due to the flow along slopes. In large parts this may
be attributable to the nature of the experiments we con-
ducted, since we ran the simulations with prescribed atmo-
spheric conditions, excluding all land-atmosphere feedback
effects. Here, fully coupled simulations with a similar setup
showed that even comparatively small changes in Bowen ra-
tio can have substantial climate effects in regions where the
state of the atmosphere, in particular the low-altitude cloud
cover, is sensitive to changes in terrestrial evapotranspiration
(de Vrese et al., 2024). Thus, while our offline results show
negligible changes in grid-cell mean fluxes and states, cou-
pled simulations would be needed to assess any feedback on
climate fully. Furthermore, a tiling may still be required to
represent those processes that have a highly non-linear de-
pendency on the state of the (sub) surface and which may
not be well be described based on the grid-cell mean state.
Here, one of the most prominent example are the terrestrial
methane fluxes, which are dominated by the emissions from
soils and wetlands. The latter are the result of anaerobic de-
composition processes and, therefore, require anoxic condi-
tions. Since fully water saturated soils can mostly only be
found in a fraction of any grid-cell-sized area, a tiling ap-
proach may still be the most valid strategy to represent the
state and fluxes in the respective areas as it allows for a con-
sistent treatment of the local hydrological, thermophysical
and biochemical processes. And if tiles are being used to
represent different surface clusters, the respective lateral cou-
pling may not be ignored. In case of methane emissions, for
example, the lateral exchange fluxes appear to not only have
a substantial impact on the extent of areas with fully water
saturated soils but also on the subgrid-scale temperature dis-
tribution, another key determinant of the local decomposition
rates.
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Appendix A: Overview of variables

Table A1. Comprehensive overview of T-REX variables in alphabetical order.

Variable Definition Section
Al A Characteristic areas of inner (i) and outer (o) tiles 2.2
AS, A9 Approximated area of combined inner and middle tiles and outer tile 22
el el eM, ¢, ¢S, ¢t Cover fraction of tiles &, i, [, m, 0, 5, t 2.1
ol ol Relative cover fraction of lower elevation tile / 23
cfm d Current pond fraction on tile ¢ (varies with surface water storage) 23
Cpnd, max’ c}fm d.max Maximum pond fraction on depression tile d and sibling s 2.3
db°, dm° Center-to-center distances: inner-outer (i, 0) and middle-outer (m, o) tiles 2.2
Ah?ﬁl\,\, Difference in snow surface elevation between tiles /4 and / 2.3
ARYS Difference in surface elevation between tiles ¢ and s 2.2
All/l.t: Matric potential difference between tiles ¢ and s 2.3
Aqg’l Change in snow deposition flux from higher (%) to lower (/) tile 23
At Time step length 2.3
AT;;S Temperature difference between tiles # and s on layer i * 24
AVSSfC Change in surface depression storage on sibling s 2.3
Azjx Thickness of layer i* on the refined vertical grid 23
flt Average lag factor for tile ¢ (with [ = srf or blg) 2.3
f;gc 1 Macro-scale lag factor between tiles ¢ and s (with [ = srf or blg) 2.3
f;;c 1 Micro-scale lag factor between tiles ¢ and s (with / = srf or blg) 2.3
hS, ht Surface elevation of tiles s and ¢ 2.2
Rice Thickness of ice in surface depression storage 2.4
hwir Depth of surface water 2.4
kp Hydraulic conductivity of the soil layer containing bedrock interface 2.3
k} Hydraulic conductivity of layer i on tile ¢ 23
k;;s Geometric mean hydraulic conductivity of interfacing layers (i*) between tiles ¢ and s 2.3
krock Saturation hydraulic conductivity of (fractured) bedrock 2.3
[0 m,0 Interface lengths between inner and outer tiles (i, 0) and middle and outer tiles (m, o) 2.2
Aé’tsc Direct contact connectivity between tiles ¢ and s 2.1
Ai’tsc s Ai’tz + Modified connectivity accounting for positive elevation offset between tiles 7—s and s-¢ 2.2
A;tsc*, Alc’t(c)*, Agég Weighted direct contact connectivity between tiles ¢ and s, i and o and m and o 2.1
A h?p micro,blg Micro-scale below-ground hydrological flow path connectivity between tiles ¢ and s 2.1
A;l’fsp micro. st Micro-scale surface hydrological flow path connectivity between tiles ¢ and s 2.1
AL‘EP_ macro,blg Macro-scale below-ground hydrological flow path connectivity between tiles ¢ and s 2.1
A;’fsp macro.stf Macro-scale surface hydrological flow path connectivity between tiles ¢ and s 2.1
ALEP* mac.1 Weighted macro-scale connectivity between tiles ¢ and s (with [ = srf or blg) 2.3
A;fsp* mic.l Weighted micro-scale connectivity between tiles ¢ and s (with [ = srf or blg) 2.3
A;’*S Average soil heat conductivity between tiles ¢ and s on layer i 24
mt Effective slope of tile ¢ 2.2
m%n?w Macro-scale slope of tile ¢ 22
m m: c Micro-scale slope between tiles ¢ and s 2.2
o', 0% Circles approximating shapes of inner (i) and combined areas of inner and outer tile (a) 2.2
p[’s Fraction of runoff received by sibling s from tile ¢ (with [ = srf or blg) 2.3
¢ Asi* Advective heat flux between tiles ¢ and s at layer i * 2.4
([%Sl* Conductive heat flux between tiles ¢ and s at layer i* 24
qlt3 ; Bottom drainage flux from layer i on tile ¢ 23
q]t)’si* Suction-driven water flux between tiles 7 and s at layer i * 23
q%ﬁ* Ingress water flux into soil section in elevation (e) from depression (d) at layer i * 2.3
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Variable Definition Section
q1 Infiltration 23
qlt’ cap Infiltration capacity on tile ¢ as limited by hydraulic conductivity 2.3
qp Precipitation flux 2.3
th pot, pnd Potential infiltration as limited by available water below inundated areas on tile ¢ 23
qIt pot,sl Potential infiltration as limited by available water across tile area on tile ¢ 2.3
q% Runoff flux on tile ¢ 23
9R blg,i Subsurface runoff from layer i on tile ¢ 2.3
qlti,*blg,i Lagged, below-ground runoff outflow from layer i on tile ¢ 2.3
qltisl’* Lateral runoff flux to sibling s from tile # (with / = stf or blg) 2.3
qlt{’srf Surface runoff flux from tile ¢ 23
qltz,srf,d Dunne-type overland flow on tile ¢ 23
qltz srf b Horton overland flow on tile ¢ 2.3
qlt{,srf,pnd Ponding overflow runoff on tile ¢ 2.3
q}tz’srf’ o Surface runoff across tile area on tile ¢ (excluding ponding overflow) 2.3
qﬁjksrf Lagged, surface runoff outflow on tile ¢ 2.3
qs Snow deposition flux 2.3
qij Depression storage flux on tile ¢ 2.3
qwS i Volume flux of water between tiles 7 and s at layer i * 2.4
qg( ; Soil moisture restoration flux for layer i on tile ¢ (from runoff reservoir back into soil) 23
rird Radii of circles of and o 2.2
Psnw Density of snow 2.3
Pw Density of liquid water 23
11‘ Retention time for tile # (with / = srf or blg) 2.3
Tret, mac, 1 Macro-scale retention time (with / = srf or blg) 2.3
91Ec ; Soil field capacity on layer i of tile ¢ 2.3
Qis, ij d.i Soil moisture (updated) on layer i (native grid) of sibling tile s 2.3
0%, Gsp Qi Soil moisture (updated) on layer i * (refined vertical grid) of sibling tile s 2.3
9}, 9:1 pd,i Soil moisture and updated soil moisture on layer i of tile ¢ 23
Olati Soil porosity on layer i of tile ¢ 2.3
Ojce Volumetric heat capacity of ice 2.4
Ogoil, 15 ®*oil,1 Volumetric and modified volumetric heat capacity of top soil layer 2.4
Ow Volumetric heat capacity of water 2.4
10, ¢!, ™ Outer, inner, and middle tiles 2.2
VIE,bl o Below-ground runoff intermediary reservoir for layer i on tile ¢ 23
VIE sof Surface runoff intermediary reservoir on tile ¢ 2.3
VSSfC Surface depression storage on sibling s 2.3
Vssfc, max Maximum surface depression storage on sibling s 23
Ublg Below-ground lateral flow velocity 23
Vgrf Surface lateral flow velocity 2.3
z;‘ Distance to shared reference surface for point p (calculations using refined vertical grid) 2.2
zls,, z{, Distance to local surface for point p in sibling s and tile ¢ 2.2
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Appendix B: Soil hydrology in ICON-Land

ICON-Land includes two approaches for determining infil-
tration, surface- and subsurface runoff, the first of which is
suitable for coarse-resolution simulations and is based on the
ARNO-rainfall-runoff model (Diimenil and Todini, 1992;
Todini, 1996, Reick et al., 2021). The ARNO model deter-
mines the partitioning of the moisture fluxes at the surface
based on an assumed subgrid-scale soil-moisture distribu-
tion. Conceptually, the soil moisture in any grid cell is sub-
divided into a number of local water storages, the water con-
tent (V) of which is assumed to follow the cumulated distri-

bution function:
b
\%
u > , (B1)

W, max

S = 1—(1—

where Vi max is the maximum water-holding capacity of the
local storages and b a steepness-parameter, which accounts
for the subgrid-scale topography and is estimated based on
the standard deviation of the topographic height (o) and two
fitting parameters (og and oy, ), whose standard values are
100 and 1000->*~ 614 (where njy is the number of grid cells in
latitudinal direction considered in a setup) respectively.

0.5 if oy < 03
b= 70> ifog <oy <ome . (B2)
0.01 otherwise

Further assuming that the surface fraction on which runoff

occurs (i““f> for a given grid-cell-mean water content is

described by the above distribution function —that is ’:R“f =
f(w), infiltration (gr) can be determined as the residual of pre-
cipitation (gp) — more specifically that fraction of precipita-
tion that is not intercepted by vegetation, but including snow
melt —and surface runoff (gr f):

q1=gp — gR,srf With

(Vez.max = Viz) . 1 1
At (b+DPHLVE At

GR.sif = qp —

I LH D) Vo (1 = 7 )’17 7,,,,&]”“ D+ 1) Ve (1= 2 )’17 >qp At (B3)
otherwise
with Vi, being the water content of the root zone and
Viz,max the maximum root-zone soil moisture.
Lateral drainage or subsurface runoff g pig is calculated
using two fixed drainage rates that are scaled by the satura-
tion of the soil:

qR.blg =
d.
oV _ . Vi, —Vrz,crt P i
dnn Ve + (dmx = dmn) [V.-z,murvrz.m} if Vi > Vizen (B4)
LV :
dn /o~ otherwise
with

Vrz,crt - Vrz,max : fdr,crt

where dj,,; (2.81 x 1079%) corresponds to the maximum
drainage that occurs under conditions close to saturation —
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that is for the soil-moisture values about a critical threshold
(Viz,max * fdr,crt, where far,ert = 0.9) —and dp, (2.81 % 10710)
to the maximum drainage rate in unsaturated soils. dy, (1.5)
is a drainage parameter used for model tuning. Assuming
fully water-saturated soils —i.e. gr plg = dix — the above pa-
rameter values allow for a volume of water corresponding to
a typical excess-water volume (i.e. Viz max — Vrz ot between
0.005 and 0.03 m (Todini, 1996; Diimenil and Todini, 1992))
to drain from a catchment-sized area within 2.1-12.5d.

In the second, the point-scale, approach soil moisture is
assumed to be distributed evenly across the domain and
the formation of surface runoff is exclusively based on
the speed with which water can infiltrate into and move
vertically through the soil. Here, infiltration (g1) and sur-
face runoff (gr f) are determined in two steps, calcu-
lating the contribution of infiltration-excess (Horton over-
land flow; gRr «fh) and saturation-excess (Dunne overland
flow; gr sf.a) separately. In the first step, the infiltration ca-
pacity (qgi,cap) is calculated as the saturated hydraulic con-
ductivity of the uppermost soil layer, kg, scaled by an ice-
impedance factor (Swenson et al., 2012), fimp:

ql,cap = ksatfimp with
9ice,1

Fimp =10 Tt (B5)

where 6;ce.1 1s the ice content of the uppermost soil layer and
Osat,1 the layer’s porosity.

Horton overland flow, gr «fh, occurs if the available wa-
ter exceeds the infiltration capacity and the surface-storage
capacity, qu. Here, the model distinguishes between the
water that can potentially infiltrate across the entire sur-
face area (gy,pot,s1) and the water, g pot,pnd, that may addi-
tionally infiltrate within the inundated fraction cpng. Conse-
quently, the Horton overland flow consists of two elements,
the infiltration-excess that is generated across the entirety of
the surface area, qR sif.s1° and the additional overflow of the
surface depression storage qR rf,pnd-
GR.sf.h = GR sif,sl t GR srf,pnd With

if g1,pot,s1 > q1,cap

q1,pot,sl — q1,cap
0, otherwise and

qR sif,s = {

if q1,pot,pnd > ql,cap * Cpnd +qU (B6)

q1.pot,pnd — ql,cap * Cpnd — qU> 2
0, otherwise.

4R, sef,pnd = {

Potential infiltration rates depend on precipitation gp, or
throughfall in vegetated areas, and on the water that is stored
within surface depressions. Here, the assumption is being
made that the precipitated water does not infiltrate uniformly
across the surface area but predominantly pools within the
depressions:

1
3
Cpnd, max) and

l Vite

pnd max T E’ (B7)

q1,pot,sl = 4P * <1 -
q1,pot,pnd = 4P *
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where cpnd,max constitutes the maximum inundated fraction
and Vi, is the current water content of the surface reservoir.
The surface storage capacity is given by the maximum water
content of the surface reservoir Ve max:

stc max
U= ——- B8
q Ar (B8)
In the second step an upper limit for infiltration, g1 max. is de-
termined based on gr,pot,s1, G1,pot, pnd» G1,cap and the inundated
fraction ¢png:

= q1,pot,sl + 41, max,pnd if qI,pot:sl + 41, max,pnd < qI,cap with
g1, max = qLcap otherwise
_ 41,pot,pnd if 41,pot,pnd < {I,cap * Cpnd
dL.max.pnd = { QLeap - Cpnd  Otherwise : (B9)

This rate is used as the upper boundary condition in the com-
putation of the vertical soil hydrology. After the state of the
soil column and the drainage fluxes have been updated any
water that exceeds the pore volume is removed from the soil
forming the saturation-excess gr «rf,d- The latter is then used
to estimate the actual infiltration and the total surface runoff:

q1 = g1, max — gR «f,q and

qR,stf = gR,srf,h T GR,sif,d with

Ngoil
- Qupd,i - esat,i

qR,sif,d = (B10)

i=1

for all Oypa,i > Osa,i-

With respect to the subsurface lateral drainage, the ARNO-
scheme determines the fluxes implicitly assuming a given re-
tention time, to account for the temporal lag between runoff
generation and the water reaching the closest tributary. For
the point-scale approach the generation of subsurface runoff
was decoupled from these implicit assumptions and gg ja¢ 1S
instead determined as a function of the hydraulic conductiv-
ity, k;, on a given layer i and the local slope m:

Roplg.i = ki - sin (m : %) (B11)
In addition to this lateral-drainage component, we included
the (vertical) drainage from the lowest soil layer b into the
underlying bedrock, gg p, with the drainage rates being lim-
ited by the hydraulic conductivity of the lowest layer, ky, and
the hydraulic conductivity of (fractured) bedrock, krock, as-
sumed to be 1 x 107 ms~!:

ky if kp < krock

krock otherwise (B 1 2)

4dB,b = {

In the vast majority of cases, the model is being used to
represent areas that have a given spatial extent. This poses
the problem, that any runoff determined by the above point-
scale parametrizations cannot be assumed to contribute to
the stream flow instantaneously, since the water requires
some time to move across a given distance either at the
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surface or through the ground before reaching a tribu-
tary. Here, the model makes use of intermediary reser-
voirs, VL gt and VL pig — analogues to those used in the re-
tention parametrization in the hydrological discharge model
— in which gr gt and gR bl are initially stored. The outflow
of these reservoirs, ql’;srf and q}"i,blg, is estimated based on
assumed retention times T and Tpig and constitutes the con-
tribution to the streamflow.

VL sif
% _ 4 S]
qR,srf_ i and
srf
VL blg,i
* _ ,01g,1
4R blg,i = . (B13)
Thlg

For the surface runoff, infiltration or evaporation from the
emerging flow channels are being neglected and the change
in water content of the respective reservoirs, A VL, g, 1S sim-

ply given by:

A VL,srf

AL (B14)

= gR,srf — qlﬁ,srf'
The change in the water content on a given soil layer i of
the reservoir retaining the lateral subsurface fluxes, VL pig,i,
is calculated analogously, with the difference being that the
interactions between the intermediary reservoir and the sur-
rounding ground need to be accounted for. Here, it is as-
sumed that the lateral drainage ceases if the ground be-
gins to dry out and all excess water has been removed
from the soil. This behaviour is represented by a restora-
tion flux gx ;, which migrates water back into the soil ma-
trix as soon as the soil water content 6; decreases below
the soil field capacity 6 ;. Furthermore, the water within
the intermediary reservoir may percolate downwards until
it drains across the soil-bedrock interface, constituting ad-
ditional bottom drainage gg_;. We assume this flux to be lim-
ited by the hydraulic conductivity k;ock of (fractured) bedrock
(I x 10_7ms_1) and the hydraulic conductivity ky of the
lowest soil layer above the bedrock boundary b. Water is
taken from a given layer of the intermediary reservoir un-
til the volume of water that has been removed is equal to the
bottom-drainage flux multiplied by the time-step length or
until the intermediary reservoir is completely empty. This it-
erative process is started at the top of the soil column, and not
at the soil-bedrock interface to account for the vertical move-
ment within the reservoir. Here, it is assumed that the water
percolates downward with the same rate as it drains into the
bedrock:

Geosci. Model Dev., 19, 9203-9234, 2026



9230

AVL big.i
,0lg, 1 X * X R
TAr C IRblgi T AR bigi 94X T 4Bl with
(2), . if B¢ ; > 0;
e —0; i
gxi=14 —ar> b <06 andbrc;—6; <Vibigi and
Viblai .
% otherwise
i—1
> VL blgl
0., if = x> kbot
i
VL ble
qB,i = VL blg,i . lgi Lot and
— if =—; < kpot
i—1
[Z VL blg.!
—1 .
kbot — =37 otherwise
krock  if krock < kp
kbot = { kp otherwise. (BI5)

Finally, the retention times st and Tpjg can be prescribed via
namelist parameters since they are dependent on the setup of
a given simulation. In case that the model is used in an ac-
tual point-scale simulation, the values for the retention times
should be set to the time-step length bypassing the intermedi-
ary reservoirs altogether. If the spatial resolution of the model
is coarse enough that grid cells encompass entire watersheds,
the retention times should be similar to the time-scales as-
sumed in the ARNO-scheme, with 1y being in the range of
2 to 13 d. For simulations in which grid cells do not encom-
pass entire drainage basins — that is site-level simulations and
high- and ultra-high resolution simulations — the choice of
retention times is a lot more difficult, but as long as the dis-
tances that these retention times represent are in the order
of hundreds of metres a retention time of several days still
appears very appropriate.

Code and data availability. The primary data is subject to the
terms of the Creative Commons Attribution 4.0 Interna-
tional license (CC BY 4.0) while the model code can
be used under a permissive open source license (BSD-3C).
Both model output and code are accessible via Zenodo at
https://doi.org/10.5281/zenodo.17085112 (de Vrese, 2025).
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