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Abstract. Land surface models (LSMs) are simulating land—atmosphere exchanges and are widely used in hydrology, opera-
tional weather prediction, research meteorology, and to assess land surface responses to future climate change. LSMs exhibit
distinct differences in simulated water fluxes due to varying physical process representations and input land characteristics.
We challenged seven state-of-the-art LSMs by altering soil hydraulic parameters from representing sand or silt to disentangle
the responses of the water fluxes. The LSMs reacted differently due to complex, sometimes counter-intuitive interactions of
infiltration, soil evaporation, and plant transpiration. We identified the representations of surface runoff and soil evaporation as
the two main reasons behind model differences. We show how subgrid parameterization of a saturated fraction led to diverging
sensitivities of runoff to soil parameters. Soil evaporation was the largest and most sensitive share of evapotranspiration in
almost all models. Process parameterizations at the soil surface are identified as critical and should be improved to lead to
more consistent flux partitioning. We demonstrate here that it is possible and worthwhile in model intercomparison studies to
relate model results to specific process descriptions, helping users to understand model results of LSMs and helping modelling

groups to identify weaknesses and move forward.
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1 Introduction

Land surface models (LSMs) describe mathematically how energy from the sun and the sky is absorbed by plants and soils,
how carbon dioxide (COs) is taken up and released, and how water from precipitation is first stored and then discharged from
land. They have to simplify the very complex processes that are behind the fluxes into and out of the terrestrial system. LSMs
are often part of larger computational model systems that represent the Earth system, which are used, among other applications,
to project climate change under different scenarios of future CO5 emissions (IPCC, 2021).

In LSMs, the world is divided into a grid of cells with varying geometries with effective surface areas corresponding to for
example 50 km by 50km. So the mathematical descriptions of the LSM have to parameterize also all the heterogeneity that
exists within the 2500 km? grid cells in this example. Different implementations of the processes and the subgrid parameter-
izations across the various LSMs result in differences in calculated fluxes that contribute considerably to the spread of future
climate projections (Arora et al., 2020; Miiller et al., 2024).

Another contributor to the large projected range is that soil characteristics differ considerably between models (Samaniego
etal., 2017; Weber et al., 2024; Weihermiiller et al., 2021). There are two main sources for differences: firstly the choice of soil
texture maps, and secondly the translation from soil texture information to model parameters. A variety of global maps of soil
types and texture exist that all draw on field data but with very different support databases as well as underlying imputation
and mapping approaches (Hengl et al., 2014; Batjes, 2016; Samaniego et al., 2019). So-called pedotransfer functions are used
to infer model parameters from soil texture, however a plethora of pedotransfer functions are available, based on a range of
soil supports, predominantly representative of agricultural soils (Van Looy et al., 2017; Weihermiiller et al., 2021). Few studies
have investigated the effects of varying soil hydraulic properties on simulated water and energy fluxes (Schweppe et al., 2022;
Tafasca et al., 2020; Feigl et al., 2022), and these were limited with respect to spatial scope or the number of models used.

There has been a large number of model intercomparison projects (MIP) for LSMs with different focuses such as energy,
water, or carbon fluxes (Henderson-Sellers et al., 1996; Sitch et al., 2015; Huntzinger et al., 2013; Best et al., 2015; Abramowitz
et al., 2024), or evaluations on different spatial scales such as point-wise, basin-wide, or global comparisons (Chen et al.,
1997; Lohmann et al., 1998; Nijssen et al., 2003; Robock et al., 1998; Friedlingstein et al., 2006; van den Hurk et al., 2016;
Warszawski et al., 2014). Most of these model intercomparisons assumed that model differences are the result of differences
in the model descriptions of the component fluxes (e.g. Haughton et al., 2016). However, none of these studied the effects of
different process representations in detail.

Here we present results from experiments of the Soil Parameter Model Intercomparison Project (SP-MIP, Gudmundsson
and Cuntz, 2017). SP-MIP aims to confront LSMs with different soil texture maps and soil parameters to determine the soil
processes responsible for observed model differences. Global land-surface model simulations were conducted as part of SP-
MIP with spatially constant parameters to remove correlations between climate and soil type. This enabled to reveal the effects
of different process descriptions in the models.

In this study, we focus on the influence of soil hydraulic parameters on modelled water fluxes. Seven state-of-the-art LSMs

were forced with the same meteorological input data. These were run with their standard configuration where each modelling
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Figure 1. Water fluxes at the land surface. Conceptual overview of water fluxes at the land surface after Bonan (2008) with the notation used

in this study.

group chose the soil map according to their best practises, denoted as standard run in what follows. Next, they were given
globally homogeneous soil parameters representative of a sandy soil and a silty soil. While sand represents soils with very high
saturated hydraulic conductivity and low water retention throughout the soil profile, silt represents soils with low saturated
hydraulic conductivity and high water retention (see Material and Methods and Table 1). Looking in detail into the descriptions
of the processes that lead to water fluxes at the land surface in each model allowed us eventually to reveal that surface runoff
and soil evaporation are most sensitive to differences in soil properties. The parameterization of these processes consequently

govern the partitioning of water fluxes in land surface models.

2 Materials and Methods

We investigated the responses of land surface models to changes in soil hydraulic parameters. The simulation design, the soil

hydraulic parameters, and the participating land surface models are presented below.
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Table 1. Soil parameters prescribed for sand and silt experiments.

EGUsphere\

Var Description (units) Sand Silt

Kot saturated hydraulic conductivity (ms ™) 1.41-107°%  2.81-107°

Osat saturated volumetric soil moisture content (m® m™=2) 0.39 0.49

0; residual volumetric soil moisture content (m® m™2) 0.05 0.05

he air entry potential (m) 0.04 0.76

BC Brooks-Corey m parameter 4.26 533
'S van Genuchten o parameter (m™1) 3.48 0.66
V6 van Genuchten n parameter 1.75 1.68

Derived parameters

ABC Brooks-Corey ) parameter (= 5/2 +2m®C) 11.02 13.16

m'C van Genuchten m parameter (= 1 — 1/n"%) 0.43 0.40

6EC Brooks-Corey volumetric soil moisture content at 0.17 0.38
field capacity (h=3.3m) (m®>m™?)

0\]?,5 Brooks-Corey volumetric soil moisture content at 0.10 0.21
permanent wilting point (A =150 m) (m®>m™?)

OBC — 93,? Brooks-Corey volumetric plant available 0.07 0.17
soil moisture content (m® m %)

6;° van Genuchten volumetric soil moisture content at 0.10 0.29
field capacity (h=3.3m) (m® m~?)

49\‘;0,, van Genuchten volumetric soil moisture content at 0.05 0.07
permanent wilting point (b= 150m) (m>® m~3)

oS — Q\V,g van Genuchten volumetric plant available 0.05 0.22
soil moisture content (m® m~>)

KB Brooks-Corey hydraulic conductivity at 1.55-:1071%  7.48.1078
field capacity (h=3.3m) (m )

K8 van Genuchten hydraulic conductivity at 1.98-1071°  1.72:1078

field capacity (h=3.3m) (m s 'm)
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Simulation design

We contributed with this study to the Soil Parameter Model Intercomparison Project (SP-MIP, Gudmundsson and Cuntz, 2017).
SP-MIP was tailored to specifically investigate the soil component of land surface models (LSMs), i.e. the effect of varying
soil hydraulic parameters related to soil water storage and transport. It follows the protocol established in the Land Surface,
Snow and Soil Moisture Intercomparison Project (LS3MIP, van den Hurk et al., 2016), which was part of CMIP6 (Eyring et al.,
2016) and had the goal to provide a comprehensive assessment of feedbacks between LSM parameterizations. In SP-MIP, we
implemented a simulation protocol that contained seven different settings of soil parameters. Three of these settings were used
in this study to understand the processes behind the responses of LSMs to varying soil parameters. The settings were firstly
the LSMs’ standard model setup, and secondly two settings with spatially (and vertically) constant soil hydraulic parameters.
The latter two settings were chosen to cover the large range of observed hydraulic conductivity, moisture retention, and water
availability to plants. One soil had high saturated hydraulic conductivity, low water retention and low storage capacity, i.e. it
represented a relatively sandy soil, and the other soil had low saturated hydraulic conductivity, high water retention and high
storage capacity, i.e. it represented a relatively silty soil. The soil parameters that were given to the LSM modelling groups
are presented in Table 1. They correspond approximately to the values for the soils “Sand” and “Silt Loam” of Clapp and
Hornberger (1978) and for the soils “Loamy Sand” and “Silt” of Schaap et al. (2001). The soil types are called “sand” and
“silt” generically in this manuscript. There was no prescription of land cover data, and each modelling group used its preferred
land cover map, which did not change between the three settings of different soil hydraulic parameters. The soil textures and
parameters provided by SP-MIP as well as the simulation protocol can be found at Gudmundsson and Cuntz (2017).

Seven land-surface models contributed to the SP-MIP experiments. These were CLMS (Lawrence et al., 2019), ISBA
(Decharme et al., 2019), JSBACH (Hagemann and Stacke, 2015), MATSIRO (Takata et al., 2003), MATSIRO-GW (Takata
et al., 2003), NOAH-MP (Niu et al., 2011), and ORCHIDEE (Tafasca et al., 2020). We provide the parameterizations of sur-
face runoff and the description of root water uptake for each model in the Appendix. The description of surface runoff turned
out to be essential to the interpretation of the results of this study. The description of root water uptake shows the difficulty to
provide a post hoc analysis of soil-vegetation interactions and motivates the chosen proxies for a stress function for each model.
All models were run from 1980 through 2010 on a spatial resolution of 0.5° x 0.5° using GSWP3 meteorological forcing, which
is part of the LS3MIP protocol (Dirmeyer et al., 2006; van den Hurk et al., 2016). All simulations provided a consistent set of
output variables covering the water and energy cycles following LS3MIP. Model output can be found at Cuntz et al. (2026).

Parameter sensitivity

We quantified the sensitivity of hydrologic output fluxes and state variables to modified soil hydraulic parameters. The hy-
drologic fluxes are evapotranspiration (i) and its sub-components canopy evaporation (Ecanopy), s0il evaporation (Egir),
and transpiration (Fi,ns), as well as total runoff (Qom) and its sub-components surface runoff (Qqy,f) and subsurface runoff
(Qsubsurf)- The state variable was volumetric soil moisture content (). The fluxes varied substantially among models and in

different climates. The fluxes were hence normalized with precipitation on each grid cell to ease comparison across climates.
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Grid cells with less than 50 mm of precipitation per year were excluded from the analyses. We then calculated model sensitivity

as:

AF/P: Fsilt %Fsand’ (1)

where F is the mean flux over the whole simulation period and P the mean of precipitation at the grid cell. The subscript
denotes parameter settings for silty and sandy soils, respectively (Table 1).

Soil moisture, also averaged over the 30 year period, was normalized with its saturated values:

Ai _ esill gsand

asal esat,silt Gsat,sand

. 2)

where 6 denotes volumetric soil moisture content and 6, denotes saturated volumetric soil moisture content, i.e. porosity. Both
quantities are averaged over 30 years. g, siic 1S hence the porosity of the silty soil, for example. Rooting depth and root length
density are not a standard output of LS3MIP. We hence used the soil moisture content in the top 1 m of soil as a proxy for soil
moisture within the root zone. We assumed root length density following Li et al. (2001) with 20% of root mass in the first
10 cm.

Low soil moisture limits plant transpiration. There is no limitation during times with high soil moisture such as during winter
or during the rainy season. We hence focused on the dry seasons when looking at soil-plant interactions, i.e. in Figure 4. These
were defined as the months July, August, and September from 30°S to 0° and from 30°N to 90°N, and as the months January,
February, and March from 90°S to 30°S and from 0° to 30°N.

Note that we show sensitivities between silty and sandy soils, which have very different soil parameters (Table 1). Using

loam instead of silt, for example, produced very similar results only with reduced absolute values.

3 Results
The diversity of simulated water fluxes

Figure 1 provides an overview of the individual water fluxes that were calculated by the land surface models (LSMs) for the
standard configuration: canopy evaporation Ecanopy, transpiration Eiraps, soil evaporation Egi, surface runoff Qgys, and sub-
surface runoff Qgupsurt- Canopy evaporation Ecanopy represents all precipitation, rain and snow, that is intercepted by vegetation
and which is subsequently evaporating from the plant surfaces. Transpiration i, represents all water that passes through
plants, that means is taken up by roots from the soil, ascends through plant xylem, and is transpired through stomata in the
plant leaves. On a global scale, soil evaporation Ej includes all water evaporated and sublimated to the atmosphere that is
neither Feanopy NOT Eirang. This includes evaporation from the soil surface layer and evaporation from wetlands or other water
bodies. Total evapotranspiration Eio is the sum of Ecanopy, Eirans, and Egoii. Surface runoff Qg includes the water that runs
on top of the land surface if it cannot infiltrate either because the soil is already saturated (saturation-excess or Dunne runoff),
or because it rains more than the soil allows to infiltrate (infiltration-excess or Horton runoff). The two processes happen

conceptually in LSMs often in different parts of a grid cell, i.e. there is a part of the grid cell that is already saturated and
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saturation-excess runoff can occur, and there is a part of the grid cell that is not saturated and infiltration-excess runoff can
happen (see Appendix). Soil freezing, which is not represented in all LSMs, can also alter infiltration and infiltration-excess
runoff. Water reaching the soil surface can be precipitation directly (throughfall), dripped from the plant canopy, or water from
snow melt. Subsurface runoff Qg finally represents all water that leaves the system after passing through the soil. This
is mainly vertical flow in LSMs. Some models also include a storage to represent groundwater. All hydrologic processes on
the land surface are represented in the two parameterizations of Qgyr and Qgupsurr alone. Lateral flow such as interflow on hill
slopes is included rather implicitly in LSMs. Ponding of water in puddles, ponds, and similar is not included in all LSMs.

The individual water fluxes for runs with the standard configuration of each model within SP-MIP are presented on Figure 2.
They are given as a fraction of precipitation at each grid cell for better comparison of different climate regions. One can
see similarities between LSMs as well as large differences between them on the individual fluxes. For example, transpiration
FEans Over precipitation P is generally larger than soil evaporation Eg;/P in cold humid regions (see Figure A5 for climate
regions). In dry regions such as Southern California, there can be as much Ei,s as Ey in some models like CLMS5, or the
surface-to-atmosphere flux is dominated by Eg as in the MATSIRO models. There are only two out of seven LSMs, CLM5
and ISBA, that have larger Fi,/P than Fg;/P globally (Table 2) and only CLMS5 has a transpiration fraction FEians/Frotal
greater than 0.5, which in line with observation-based estimates of about 57% £ 7% (Wei et al., 2017). It is worth noting
that even in dry lands, which account for about 40% of global land, F; and Ei,y,s are roughly equal (Sun et al., 2019).
Globally, total evapotranspiration Ei,; is generally larger than total runoff Qo in all models (Figure A1 and Table 2), similar
to independent estimates of the global water cycle (Rodell et al., 2015). Q. is only about one fourth of precipitation P for
ISBA and JSBACH, and about one third in the other models. The exceptions are hot humid and cold dry regions where Qo/P
can reach values as large as FEi, /P in all models. While Ei.,,s and Eg; have about the same magnitude in large regions of
the world (cf. also left column of Figure A2), there is a clear dichotomy between Qg and Qsupsuf- While CLMS has similar
amounts of Qs and Qgypsurr in the Amazon, Europe, and south-east Asia (Figure 2 iv and v), other models have either Qg or
Qsubsurf dominating single grid points. This goes as far as JSBACH and MATSIRO having almost only Qy¢, while NOAH-MP

is the only model where the global mean fraction of Qgypsyr is larger than the global mean fraction of Qg (Table 2).
Sensitivity of fluxes to soil hydraulic parameters

The reason behind the large differences of hydrologic fluxes between LSMs was hypothesized to stem from large differences in
soil characteristics employed by the models (e.g. Samaniego et al., 2017; Weber et al., 2024; Weihermiiller et al., 2021). Tafasca
et al. (2020) had, however, found that soil texture maps had limited influence on water fluxes in ORCHIDEE. However, over
large parts of the globe there is good agreement in soil texture between the various soil maps available to land surface modellers.
Hence, Tafasca et al. found larger changes in areas where the maps had diverging soil types. We tested this by forcing LSMs
with globally uniform soil parameters and analysing only the differences between simulations performed with each model and
different soil maps to limit influences of covariation between soil and other variables such as vegetation type (Freschet et al.,
2018). We choose soils with very different hydraulic properties (Table 1) to maximize the effects. We use the generic names of

sand and silt to refer to these soils from here on (cf. Material and Methods). The differences (A) between results with silty soil
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and results with sandy soil (i.e. AF = Fy, — Fynq) are shown in Figure 3 for the individual fluxes normalized by precipitation P
and aggregated to five broad climate zones. The five climate zones range from hot to dry climates and combine several climate
regions of the Koppen-Geiger classification (Beck et al., 2023). Maps of the Koppen-Geiger classification and the aggregated
SP-MIP regions are given in Figure AS.

The first row of Figure 3 shows very well how strongly the return of precipitation to the atmosphere (i.e. evapotranspiration)
depends on soil type. In general, models show higher Ei, for silt in comparison to sand (with the exception of JSBACH for
cold dry climate), but there is no apparent pattern with respect to model or climate. The response of Eiy, is the combined
effect of Fians and Fyyyp. Both, Fgy and Qgupsurt are consistent among all models and the direction of change is as expected. In
detail, a silty soil has smaller hydraulic conductivity than a sandy soil and hence less Qspsurf- The same effect leads to higher
FEo for a silty soil in comparison to a sandy soil. Notably, the absolute magnitude of changes, expressed as a fraction of P,
are very high for Ey;.

In contrast, changes in Q¢ are less consistent. Changes in Q¢ can be both positive and negative ranging from —0.2
to about 0.2 for cold dry climates for MATSIRO-GW and NOAH-MP, respectively. From theory, it would be expected that
changes are positive (as they are for NOAH-MP and ORCHIDEE and with smaller magnitude also for JSBACH) because a
sandy soil can infiltrate more water than a silty soil. All models but NOAH-MP and ORCHIDEE use saturated area fraction
concept (fs, Beven and Kirkby, 1979) to separate infiltration from surface runoff. f, is directly related to the amount of soil
moisture in the root zone (e.g. JISBACH, ISBA) or the water table depth (CLMS, MATSIRO, MATSIRO-GW, cf. Appendix).
The latter models tend to show a decrease in Qqf, because the water table is higher in these models for sand compared to silt.
CLMS has a zero flux boundary condition at the bottom of the soil column (Lawrence et al., 2019). The Kpasefiow parameter
determining how fast the water table is decreasing has remained unchanged. MATSIRO-GW shows the largest changes in Q¢
for all climate zones, distinctly different than other models. It is the only model having an explicit groundwater storage which
depends on aquifer properties (Koirala et al., 2010). These properties remain unchanged and apparently lead to an enhanced
effect by changed soil parameters.

While the Q¢ parameterizations depend directly on soil parameters, changes in Fi.,,s are a downstream effect because
water that transpires has to first infiltrate and not be evaporated (Lehmann et al., 2019). Ei..,s shows very little changes for all
climates, apart from hot dry. For this climate, all models show strong decreases ranging from —0.05 for CLM5 to —0.2 for
MATSIRO. In general, simulated transpiration can be limited by soil moisture if the latter is below a model-dependent threshold
(i.e. field capacity in most models, cf. Appendix). For cold climates, both humid and dry, NOAH-MP and ORCHIDEE show
decreases of i, of more than -0.1, whereas the other models show almost no change. These are the only two models that do
not use fgy to calculate Qgys, Which results in higher Q¢ for silt in comparison to sand in these climates. This leads again to
a higher soil water limitation in silty soil (similarly as for hot dry climates) and as a result to negative differences for Ei,,s. We

expand on the effect of soil texture on soil water limitation for Ei,,s in the next section.
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Table 2. Global mean of the fractions of the individual water fluxes canopy evaporation Ecanopy, transpiration Eipns, soil evaporation Eg,
surface runoff Qsur, and subsurface runoff Qqusurt Over precipitation P, the ratio of transpiration Einns to total evapotranspiration Eigl,
and Fiom over P in the models standard run (Std), and the runs with sandy soil (Sand) and silty soil (Silt). Qo1 iS 1 —Eiow/P. The spatial

distributions of the values are shown in Figure 2 and Figures A3 and A4 for standard, sandy, and silty soils, respectively, and in Figure Al

for Ewta]/ P.

Ewl/P Ecanopy/ P Euans/ P Esi/ P Qsurt! P Qsubsurt/ P Eans/ Erotan

Std/Sand/Silt ~ Std/Sand/Silt ~ Std/Sand/Silt ~ Std/Sand/Silt ~ Std/Sand/Silt ~ Std/Sand/Silt  Std/Sand/Silt
CLM5 0.67/0.61/0.72  0.05/0.06/0.05 0.37/0.37/0.36  0.25/0.18/0.31 0.19/0.20/0.17 0.12/0.19/0.10  0.54/0.60/0.50
ISBA 0.74/0.68/0.74  0.13/0.11/0.11  0.33/0.34/0.32  0.28/0.23/0.31 0.14/0.16/0.14  0.10/0.14/0.11  0.44/0.49/0.43
JSBACH 0.70/0.63/0.63  0.12/0.12/0.12  0.27/0.37/0.36  0.31/0.14/0.15 0.15/0.16/0.21  0.05/0.10/0.05 0.34/0.50/0.50
MATSIRO 0.68/0.65/0.68 0.11/0.12/0.11  0.22/0.27/0.20  0.35/0.26/0.37 0.32/0.33/0.31 0.01/0.03/0.00 0.30/0.38/0.28
MATSIRO-GW  0.83/0.59/0.78 0.11/0.11/0.11 0.22/0.24/0.21  0.50/0.24/0.46  0.15/0.21/0.12  0.14/0.18/0.13  0.30/0.38/0.28
NOAH-MP 0.68/0.56/0.69  0.09/0.10/0.09  0.22/0.25/0.17 0.37/0.21/0.43  0.10/0.03/0.11  0.22/0.42/0.20  0.32/0.44/0.26
ORCHIDEE 0.68/0.65/0.68  0.05/0.05/0.04  0.29/0.27/0.16 0.34/0.33/0.48 0.16/0.06/0.14  0.15/0.29/0.18  0.43/0.43/0.27
Mean 0.71/0.62/0.70  0.10/0.10/0.09  0.27/0.30/0.26  0.35/0.23/0.36  0.17/0.16/0.17 0.11/0.19/0.11  0.38/0.46/0.36

Soil water limitation on transpiration

Previous sections have shown that there was relatively little change of transpiration A Fi,,s in most regions when changing soil
type with the exception of hot dry climates. In this climate, plant transpiration and carbon uptake is limited by large soil water
deficits. Also for hot humid and temperate climates, there are dry seasons and we hence zoom into these seasons in Figure 4.
Soil water limitation of plant activity is often implemented with a so-called stress factor f.ss in land surface models, which is
applied either to stomatal conductance or to photosynthetic activity or to both (see e.g. Egea et al., 2011, cf. also Appendix).
NOAH-MP, for example, uses the plant available water in the root zone for f.ess (Niu et al., 2011, and Figure 4U), which
is the amount of water above the wilting point relative to the maximum amount of water between field capacity and wilting
point. fyyess is defined as the inverse of field capacity ;. and decreases linearly to zero at the wilting point 8. fyuess has
different forms and complexities in the LSMS. fess of ISBA, for example, looks similar to NOAH-MP at first sight with the
difference that the sum of water in the soil layers is weighted by root length density and that fgy.ss is one above a threshold
(cf. Appendix), linearly decreasing to zero at ,,. However, ISBA also differentiates between short and tall vegetation as well
as between isohydric and anisohydric plant strategies. It is further not applying f.ss directly on stomatal conductance but on
the relative CO4 concentration within the stomatal cavity (Calvet et al., 2004). We calculated proxies of fyess for each of the
models based on the way fess 1S calculated in each of them (see Appendix). The A fyess proxies show mainly the same spatial
patterns than A Ei,,s but the magnitudes can differ significantly (Figure 4 right column), as A fy.ss mostly accentuates areas

of water limitation.
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Transpiration Ei.,,s of the dry seasons decreases in large areas when changing from sandy to silty soils (Figure 4 left
column), especially in drylands where the decrease in A FEy,s/P exceeds 0.2 in most models. MATSIRO, NOAH-MP, and
ORCHIDEE show also large decreases in the very cold regions of the high latitudes. Concurrently, almost all models show
a widespread increase in the 1-metre soil saturation (Figure 4 middle column), but with very different magnitudes for the
individual models. Only JSBACH shows a very slight tendency of reduced soil saturation with silty soil than with sandy soil.
A silty soil can generally hold more water over a longer period than a sandy soil. However, most SP-MIP models use the
difference of volumetric soil moisture content (generically called soil moisture in the following) at field capacity and wilting
point as the threshold where transpiration starts to be limited by soil moisture (cf. Appendix). Both, field capacity and wilting
point change substantially between sandy and silty soils (Table 1). The change in plant water limitation in the models can
thus be negative indeed when changing from sand to silt even with higher soil saturation. For ISBA, the MATSIRO models,
NOAH-MP, and ORCHIDEE, there are large areas on Earth with higher relative soil saturation but less transpiration in silty
than in sandy soils.

CLMS5 was the only model in the SP-MIP ensemble that included a full soil-plant hydraulic model, where root water uptake
depends on the difference between root and soil water potentials, and on soil hydraulic conductivity (Kennedy et al., 2019).
There is hence no fgyress in CLMS but plant water limitation depends directly on soil hydraulic conductivity. The model can
adjust the water potentials in the plants so that water supply suffices demand, which means that it can move root water uptake
to deeper soil layers if the topsoil dries out. Ey,,s of CLMS was hence rather insensitive to changes in soil texture. Models
using fyress also take up water from deeper soil layers once the upper layers dry out, but the deeper soil water uptake cannot
compensate for the lack of root water uptake in the upper layers. These models showed hence a more pronounced response of

Elans and fiyess to changes in soil texture.

4 Discussion

All land surface models (LSMs) that participated in SP-MIP use the Richards equation to calculate soil water transport
(Richards, 1931), and all-but-one model [ISBA used the semi-empirical model of Jacobs (1994)] used the so-called Farquhar
model for describing photosynthesis (Farquhar et al., 1980). The models differ, however, substantially in the other process
descriptions such as how soils exert water limitation on transpiration or how surface runoff is estimated (cf. Appendix). Qgurt
represents in some models saturation-excess as well as infiltration-excess runoff, while it encodes only infiltration-excess runoff
in others. However, Qg s and Qgupsurr together (Qioa1) is the amount of water that is not returned to the atmosphere in the long
term (Eiora1), Which should be not too different between LSMs to minimize atmospheric biases when coupled to atmospheric
models. Or, E; can be envisaged as evaporation from the soil surface layer in LSMs. This can be from a separate bare-soil
fraction and/or from soil underneath vegetation depending on the LSM. E; is encoded very differently in the different LSMs.
But it is conceptually all water evaporated that is neither Ecanopy NOr Eipans, the two being well defined. Eqy; includes thus

evaporation from wetlands or other water bodies, for example, that are or are not represented explicitly in the LSMs. Ejyy
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Figure 3. Mean differences of water fluxes over precipitation between the silt and sand experiments for SP-MIP climate regions. Difference
(A) of mean evapotranspiration Fia over incoming precipitation P for 1981-2010 of the experiment silt minus the experiment sand for each
model in each SP-MIP climate region (cf. Figure AS) (a) as well as the component fluxes transpiration Eins over P (b), soil evaporation
Esoit over P (c), surface runoff Qsur over P (d), and subsurface runoff Qsubsurr Over P (e). Water storage has no long-term trend if the LSM is
run into steady state. If more water is lost by evapotranspiration, this water is missing for runoff and hence AQow/P = —A Eiow/ P, which
can be seen in Figures A6 and A7. Note that the mean of the individual fractions of each grid cell of Figures A6 and A7 are given rather than

the ratio of the mean fluxes over mean precipitation.
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should, again, be similar between the LSMs. There are hence different concepts behind the process descriptions in different
LSMs but the summary fluxes Ecanopys Firanss Lsoits @surt> and Qgusurt should represent similar water fractions in all LSMs.
There were basically only two coherent results between models when changing soil texture from a sandy soil to a silty soil:
all models showed an increase in soil moisture and also an increase in soil evaporation E,;. We identified the descriptions of
the two processes soil evaporation Fiy and surface runoff Qg as the main drivers of the large variability of model sensitivity

to changed soil hydraulic parameters.
Soil evaporation and transpiration

There is an extensive literature with several reviews that compare point-scale estimates of the proportion of transpiration on
total evapotranspiration (Eiuns/ Fiorr) With satellite-derived estimates, isotope-based estimates, and model results (Schlesinger
and Jasechko, 2014; Wang et al., 2014; Bowen et al., 2019; Nelson et al., 2020). They converge on the global average of
Elrans/ Eroral being approximately between 50% and 70% depending on vegetation density among others (Wei et al., 2017). The
SP-MIP models with the highest ratios, i.e. CLMS5, ISBA, and ORCHIDEE, have between 43% and 54% FE;ans/ Eoral in their
standard runs (Table 2) while the other SP-MIP models have only around 30%. This mirrors the large spread in CMIP5 models,
which were generally between 30% and 50% (Berg and Sheffield, 2019). Studies such as Lian et al. (2018) have concluded
that the underestimation of Eians/Erora in CMIPS models comes from the descriptions of plant processes in the land surface
models, using a machine-learning model with mainly above-surface variables, while other authors (e.g. Chang et al., 2018)
were focusing rather on soil process descriptions to investigate the cause of the underestimation of Eins/ Eiotar-

Silty soils hold generally more water than sandy soils over a longer period (cf. 0 — 6y, in Table 1). This should lead to
larger soil evaporation F; in silty soils, which is indeed observed in all SP-MIP models (Figure 3 and Table 2). The magnitude
of the change, i.e. AFy,;, was, however, very large in the models and it was dominating A Eiy,1. Esoy had the most sensitive
parameters from all process descriptions in earlier studies of NOAH-MP (Cuntz et al., 2016) and CLM4.5 (Gohler et al., 2013).
One parameter for Fgy (w in Eq. A25) was so prominent in NOAH-MP, for example, that it was used as the single parameter
to calibrate NOAH-MP’s long-term water balance. NOAH-MP compared then very well with more specialized hydrologic
models for streamflow predictions within Europe without changing any other model parameter (Samaniego et al., 2019). The
parameterization of Ejy; changed substantially in CLMS where water diffuses through a dry surface layer before emanating
from the soil (Swenson and Lawrence, 2014). However, CLMS is sensitive to changes in soil hydraulic parameters in some
regions even though to a lesser extent than other SP-MIP models (Figure 4).

Soil evaporation Fyy; is indeed a large quantity in the SP-MIP models. It is larger than Fi,,s in all models but CLM5
and ISBA (Table 2). E.; comes exclusively from evaporation from non-vegetated surfaces in the former models so that it is
sensitive to the definition of the bare soil fraction within a grid cell or within grid cell patches. There is in reality, however, not
much bare soil fraction in the humid regions of the world because bare soil gets quickly colonized by grasses and forbs. E; in
CLMS5 includes evaporation from underneath the vegetation, for example from the forest floor (Lawrence et al., 2018). ISBA

uses a hybrid approach between bare-soil and below-canopy evaporation (Boone et al., 2017), which increased FEians/ Frotal
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compared to an approach using purely bare-soil fraction for Eq. It was shown that ISBA would increase Eians/Eioral €ven
more if it used the mechanistically-based parameterization of soil evaporation from CLMS5 (Marti et al., 2025).

In areas with large vegetation fractions such as in hot humid regions, our analysis showed that models using Fjq; solely
from bare soil fractions are much more sensitive to changes of soil hydraulic parameters than models where E;; happens also
on vegetated areas. Ey of the latter models are also sensitive to changes of soil hydraulic properties in drier, less vegetated
regions. As Fg is overall very large, it cannot simply be improved by more appropriate soil parameters. It seems that the
concept of bare-soil fraction should be revisited and that more appropriate process descriptions should be included in the
LSMs. For example, vapour transport in the description of water flow and redistribution in soil (via the Richards equation)
could be included so that soil evaporation is calculated directly rather than parameterized (Haverd and Cuntz, 2010; Zeng
et al., 2011; Chang et al., 2018; Cuntz and Haverd, 2018; Garcia Gonzalez et al., 2012). A litter layer is also rarely included
in current LSMs while it strongly inhibits soil evaporation (Ogée and Brunet, 2002; Napoly et al., 2017). These are complex
changes for large-scale LSMs and would require substantial work, but need to be done to improve the partitioning of Eiy, into

evaporation and transpiration.
Runoff

The SP-MIP models generally computed a large fraction of surface runoff (Qy,) compared to subsurface runoff (Qsypsurf)- The
magnitude and extent depended on the regions and on the model (Figure 2 and Table 2). Studies have shown, however, that
there is only limited direct surface runoff, being less than 40% at maximum in river catchments (Jasechko et al., 2016; Hare
et al., 2021). Given the large fraction of Qg in the SP-MIP models, one would expect also large changes of surface runoff
when changing from sandy to silty soils. Our hypothesis was that silty soils can infiltrate water less easily than sandy soils,
hence having more Qg,, that silty soils have higher water retention and lower hydraulic conductivity than sandy soils and thus
have less Qsubsurt, and that as a result silty soils would also have more soil moisture stored than sandy soils. Confirming our
hypothesis, subsurface runoff was decreased on silty soils in all models, with quite extensive differences in magnitude across
models and regions (Figure 3e and Figure A7 right column). Surface runoff on silty soils was, however, only larger than on
sandy soils in JSBACH, NOAH-MP, and ORCHIDEE. Contrary to our hypothesis, CLM5 and the MATSIRO models had even
less Qquif, hence more infiltration, on silty soils than on sandy soils (Figure 3d). This comes from the fact that all models but
NOAH-MP and ORCHIDEE included the notion of subgrid surface runoff via the concept of saturated area fraction (f,, see
Appendix). Subgrid surface runoff was introduced in a large number of land surface models after the Red—Arkansas River
basin experiment (Liang et al., 1998; Lohmann et al., 1998; Wood et al., 1998) of the Project for Intercomparison of Land
surface Parameterization Schemes (PILPS Henderson-Sellers et al., 1996), which had highlighted deficiencies in river runoff
and evapotranspiration. This could not be improved by changes to Qgpsur alone. Qgupsurr OUt Of several meter thick soils tended
to be too dampened and with a long phase lag relative to precipitation. A subgrid parameterization was thus introduced so that
part of the grid cell such as river valleys could be saturated (fs), on which saturation-excess (Dunne) runoff could happen.
There is no infiltration in this saturated fraction and the saturation-excess runoff is hence not following our hypothesis above.

Total surface runoff becomes then sensitive to f, and how it is parameterized, and it can lead to the counter-intuitive effect
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Figure 4. Differences of transpiration-related variables for dry seasons between silt and sand experiments. Differences (A) of transpiration
Elyans 0f the dry season (1* column) over mean incoming precipitation P of 1981-2010 of the silt minus the sand experiment for each
model (row), differences of ratios of mean volumetric soil moisture content of the first meter 6, over saturation soil moisture content 6y
(2™ column), and differences of post-processed stress factors that reflect the descriptions of soil moisture limitation on plant activity in the
individual models (3™ column). The right labels of each column give codified forms of the stress factors in each model. The full description
of the connection between soil water and transpiration is given in the Appendix for each model. The stress factor fiess is lower for stronger
limitations of transpiration. The difference of stress factors A firess between silt and sand experiments (i.e. silt minus sand) is hence negative
if there is reduced Eirns in silty compared to sandy soils. To better emphasize stress, dry season averages are presented here, where the dry
season is summer in the extra-tropics and winter in the tropics. That means dry season is July, August, and September for —30° to 0° and 30°
to 90°, and January, February, and March for —90° to —30° and 0° to 30°. Note the scale difference to the annual mean values of A Fiyans of

Figure A7.
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that there is less surface runoff on silty than on sandy soil such as in CLMS5 and the MATSIRO models. Vereecken et al. (2019)
touched on the importance of fg, for total runoff generation, which we here confirm with the SP-MIP experiments.

Two main approaches are followed in the SP-MIP models to parameterize fg,: 1. fso depends on the mean water table depth
of the grid cell as in CLM5 and the MATSIRO models, or 2. it depends on root zone soil moisture as in ISBA and JSBACH.
See Appendix for details. Both approaches can lead to large saturated fractions. For the models of the first category, they
tend to have shallower water table depths in sandy soils than in silty soils because water percolates more easily in sandy soils
with lower water retention and higher hydraulic conductivity than in silty soils. Water accumulates either above the bedrock
in CLM5 (Lawrence et al., 2019) or in the groundwater reservoir in MATSIRO-GW (Koirala et al., 2010). Both cases lead to
deeper water table depths in silty soils than in sandy soils, hence smaller saturated surface fractions, and thus decreased surface
runoff on silty soils compared to sandy soils.

For the models of the second category, that relate f, to root zone soil moisture, larger soil saturation leads to larger fiy
and hence larger Q. Soil saturation was higher in silty than in sandy soils in all models but JSBACH (Figure 4 middle
column). Surface runoff coming from the saturated fraction should hence be larger in silty soils than in sandy soils, the same
direction as on the unsaturated fraction. The magnitude in saturation changes was low in ISBA so that fi, and thus Qg did
not change much between model experiments. Soil saturation was almost the same for sandy and silty soils in JSBACH with
a slight tendency to lower soil saturation in silty soils (Figure 4). Q¢ of JSBACH did, however, respond rather strongly to
changes in soil parameters which is in accordance with our hypothesis. It is likely that f;, was smaller in JSBACH than in
the other models, due to the use of the standard deviation of terrain height in the calculation of fg, (cf. Appendix), but fi,
has unfortunately not been an output variable in the LS3MIP protocol, which was used in SP-MIP (Gudmundsson and Cuntz,
2017).

NOAH-MP and ORCHIDEE did not use the concept of saturated water fraction. With the chosen option (original NOAH),
NOAH-MP simply checks if there is pore volume available in the root zone to fill with water. This could be seen as a maximum
possible infiltration approach. NOAH-MP had hence the smallest Qs and also the largest Qqupsurt Of all SP-MIP models.
ORCHIDEE uses hydraulic conductivity to calculate infiltration. It is not using hydraulic conductivity of the first, potentially
dry soil layer but the mean of the hydraulic conductivities of the first saturated soil layer and the layer just above. ORCHIDEE
also ponds water in case of saturated conditions, which further increases infiltration because water can infiltrate over several
time steps, which is opposite to approaches using fq (Vereecken et al., 2019). This led in both models, NOAH-MP and
ORCHIDEE, to higher amounts of infiltration in sandy than in silty soils and led in consequence to more Qg on silty soils,
as hypothesized.

Therefore, how models parameterize infiltration matters. The models are certainly sensitive to the use of the concept of a
saturated water fraction but they are even more sensitive to the specific implementation of f,. Using water table depth in
fsat can lead to desired behaviours such as reduced subsurface runoff in MATSIRO-GW compared to MATSIRO but can also
behave counter-intuitively as in this study where there was less surface runoff on silty soils compare to sandy soils, all other
conditions being equal. It would be interesting to know if the reduced subsurface runoff in MATSIRO-GW comes almost

solely from the effect that water table depth has on f,, and how much do other details of the groundwater implementation in
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MATSIRO-GW contribute to larger Qgupsuf compared to the original MATSIRO. Interestingly, hydrologic models, for example,
often do not use the concept of f, (e.g. PCR-GLOBWB (Sutanudjaja et al., 2018), HBV (Bergstrom, 1995), mHM (Samaniego
et al., 2010), VIC (Liang et al., 1994), and HYPE (Lindstrom et al., 2010), which might be due to the high spatial resolutions
they are applied on. It might hence be less required in LSMs in the future to include such subgrid parameterization given that

the models will be used on higher spatial resolutions as well.
Soil water limitation of plants

Transpiration Ei,,s gets limited by soil hydraulic properties when soil moisture becomes so low that plants need to exert
considerable suction to further extract water from the soil. Soil water retention varies with particle size so that soil texture is
an important parameter for water limitation of plants (Liu et al., 2017, 2020; Wankmiiller et al., 2024, see Appendix).

Flrans Was quite similar on sandy and silty soils except in hot dry regions and for NOAH-MP and ORCHIDEE in cold regions.
Here, the effects of soil water on transpiration were approximated with stress functions (fress) that showed qualitatively
the same changes between experiments than transpiration. They worked quantitatively only for JSBACH and the MATSIRO
models, though, but they were the best possible proxies that could be determined from standard output variables of LS3MIP
(van den Hurk et al., 2016). Soil water limitation on plants is not always a simple stress function in land surface models,
or the models apply the stress functions on different parts of the model such as on stomatal conductance, on biochemical
reaction rates, or both (Egea et al., 2011). Wankmiiller et al. (2024) defined the onset of water limitation as the point when
the sensitivity of transpiration to leaf water potential reached 80% of its maximum. Such detailed analysis is not possible in a
model intercomparison project, also because most models did not calculate leaf water potential.

CLMS and ISBA had the smallest changes of F,,s amongst the SP-MIP models when changing from sandy to silty soils.
CLMS5 was the only model in the SP-MIP ensemble that included plant hydraulics, i.e. regulates root water uptake and transpi-
ration via water potentials within the plants (Kennedy et al., 2019). The plants can adjust their water potentials so that water
supply suffices demand, and they can hence take up water from deeper soil layers if the topsoil dries out. A large number of
land surface models are currently implementing plant hydraulics (e.g. De Kauwe et al., 2020; Yao et al., 2022) so that such
compensation effects will be more prominent in models in the future.

ISBA shows generally very little response to soil droughts (Bastos et al., 2020). A fyess exaggerated A Ey,,s for ISBA
during summer in our case because the soil water stress in ISBA limits first independently mesophyll conductance or the model
sensitivity to vapour pressure deficit, depending on plant type (tall or short, drought avoiding or drought tolerant), before it
secondly limits both simultaneously (Calvet et al., 2004). Our proxy for the stress function behaved thus qualitatively similar
to transpiration in ISBA but was quantitatively much too strong. Our results, however, confirmed the results of Bastos et al.
(2020) that soil moisture plays a limited role for plant transpiration in ISBA.

The proxies for soil water stress worked quantitatively only for three out of the seven SP-MIP models. Other models would
need to change their source code extensively to really assess soil water limitations. It will become even more difficult once
LSMs include full descriptions of plant hydraulics (Kennedy et al., 2019) or implement new schemes of “‘stomatal optimization”

(Sabot et al., 2022). One could try to base the analysis on, for example, evaporative fraction (AE/(AE+H ) with latent heat A\E
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and sensible heat H), which is used to determine the onset of soil water limitation on evapotranspiration (Fu et al., 2022a, b;
Wankmiiller et al., 2024). However, more work needs to be done to turn the evaporative fraction into a quantitative measure of

soil water limitation.

5 Conclusions

The land surface models (LSM) that participated in SP-MIP were structurally quite similar in terms of their simulations of
water fluxes. They conceptualized water fluxes in similar terms such as surface runoff (Qg,) and subsurface runoff (Qsypsurt),
and all used the Richards equation for soil water movement, although in different functional forms. They responded strongly to
changes from silt to sand parameters imposed in the SP-MIP experiments. The responses were model-specific and very different
between the LSMs. They even showed sometimes counter-intuitive results due to model-specific process parameterizations.
Model intercomparisons often identify general patterns of similarity or dissimilarity between models, or benchmark models
against observations (e.g. Haughton et al., 2016; Ménard et al., 2021). They rarely point to specific issues within individual
models. We demonstrated here that process descriptions like surface runoff and soil evaporation dominate LSM sensitivities
for the partitioning of water fluxes. Therefore, the top layer of land surface models can be perceived as a super-critical zone,
where improved process descriptions are truly needed. We do not recommend specific descriptions because they will depend
on the overall model structure and the coupling to the atmosphere, amongst other aspects. Our results can, however, help users
interpret results of land surface models and can help modelling groups move forward and improve the representation of the

water cycle in LSMs.

Code and data availability. Soil texture and parameter maps used in SP-MIP are archived on Zenodo under DOI 10.5281/zenodo.21469535
(Gudmundsson and Cuntz, 2017). Overall mean and dry season mean model outputs together with the scripts to reproduce the Figures and

Tables of this manuscript are archived on Zenodo under DOI 10.5281/zenodo.21473084 (Cuntz et al., 2026).

Appendix A

We provide summaries of the descriptions of surface runoff, soil evaporation, and soil water limitation on transpiration in
the SP-MIP land surface models. We cannot reproduce the process descriptions in minute detail here, but we present the
ideas behind the descriptions. For the detailed process implementations, we refer to the publications or the detailed model

descriptions of the modelling centres.
Al Descriptions of surface runoff in the land surface models

All but two models (NOAH-MP and ORCHIDEE) in SP-MIP used a fractional saturated area f, in their description of surface
runoff, which is based on TOPMODEL (Beven and Kirkby, 1979). This fractional saturated area represents sub-grid variability
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of soil properties, topography, and similar and depends on the current soil water status of the grid cell. The actual formulations
of f, differed in the five models.

The part of liquid water that reaches the surface through rain, canopy throughfall, and snow melt (Q}iq0) and that falls on
the saturated surface (fsQ1iq,0) gives saturation-excess runoff (Dunne runoff). Water infiltrates only in the unsaturated part of
the grid cell, i.e. 1 — f,. Any excess water in that part leads to infiltration-excess runoff (Horton runoff). Hence, surface runoff
depends always on soil water content or water table depth due to saturation-excess runoff. Infiltration into the non-saturated
surface depends in the models either on soil water content and/or on hydraulic conductivity.

2 3

Here, all water fluxes () are in kgm™ s~1, volumetric soil moisture 6 is in m> m—3, depth z is in m, hydraulic conductivity

kisin ms™!, soil water potential or water head 1) is in m, and fractions f are dimensionless.
CLMS5
CLMS uses the runoff model of Niu et al. (2005). The fractional saturated area is:

fsat = fsat,max eXp(_0-5szWt)7 (A1)

where fomax 1S the maximal possible fractional area to be saturated, f, (m~1) is a reduction factor of hydraulic conductivity
with soil depth, and zy, is the water table depth of the grid cell, which is determined by interpolating between the depth of the
shallowest saturated soil layer and the depth of the layer above that.

The moisture input at the grid cell surface, Qiq0, is the sum of liquid precipitation reaching the ground and melt water from

snow. All water falling on the saturated land surface ( fsaQiq0) gives surface runoff:

Qover == fsathiq,()- (AZ)

Another fraction of the grid cell fizoste is the fraction of the area that is inundated in CLMS to represent wetlands and small,

sub-grid scale water bodies. If the water storage at the surface exceeds a threshold, then it acts as a linear reservoir:

1

stc = ksfc f interconnected ( stc - Wc ) E ) (A3 )

where kg is a constant, finerconnected 18 the fraction of the inundated portion that is interconnected, Wiy is the water stored in
inundated areas, and W is the threshold at which outflow from inundated areas exists. The input to the inundated water storage
is all water falling on this portion of the grid cell plus any infiltration excess water, which happens in the unsaturated part of

the grid cell. Qgq and Qoyer add up to give surface runoff Q.
ISBA

ISBA uses a “corrected” TOPMODEL approach (Saulnier and Datin, 2004) where the fractional saturated area is inversely

proportional to the mean water storage deficit, D; (m):
fs;tl x D= (esat - eroot)zroot; (A4)
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where 0,4 and z,o0 are the mean volumetric soil moisture and depth of the root zone, respectively, weighted by the relative
fraction of each land surface tile of a grid cell (Decharme and Douville, 2006). .., must also be greater than the wilting point.
ISBA assumes sub-grid variability in local rainfall that follows an exponential probability distribution. Local sub-grid infil-

tration (using superscript ¢) in unfrozen soil is given by:

i 7 b’l/)sat 91’ t
Qll u zen — kL I: ( IZO -1 + 1 9 (AS)
nfl,unfrozen sat Az esat

with k!, the local sub-grid saturated hydraulic conductivity, 1, is the saturated soil water potential or air entry potential, Az

%

is a soil thickness of 0.1 m, b is the pore size distribution index from the Brooks—Corey equation, 0},

. is the local sub-grid
mean volumetric soil moisture of the root zone, and 6, is the saturated soil porosity when soil ice is present. Any liquid water
reaching the non-saturated, unfrozen surface that cannot infiltrate gives infiltration excess runoff. It adds to saturation excess

runoff as well as any water that falls on frozen ground (Decharme et al., 2019); the latter becoming runoff immediately.
JSBACH

Hagemann and Stacke (2015) extended the original Arno scheme (Diimenil and Todini, 1992) to a new five layer soil hydrology
scheme. However, fractional saturated area and infiltration remained unchanged. It uses root-zone soil moisture 6, to calculate
fsat Modellbetreuungsgruppe, 1994):

9 b
far=1- (1— ) : (A6)
0sat

where the structure parameter b is parameterized with the standard deviation of the terrain height of the respective grid cell.
Saturation-excess runoff is produced if precipitation (or snow melt) yields oversaturation, i.e. (8ro0tZroot + @liq,0) > FsatZroot>

with zo0 the depth of the root zone. Surface runoff is then the well-known “bucket model”:

qurf = Qliq,O - (gsat - eroot)zroot' (A7)

If precipitation is not yielding oversaturation, surface runoff is modified to:

qurf = Qliq,O - (esat - eroot)zroot (A8)

) e Q 1+b
T+ ;

6 ) 1_ root _ & .

o [< Osat (]‘ - b)gsatzroot

See Reick et al. (2021) for a detailed derivation of this expression.

MATSIRO, MATSIRO-GW

The MATSIRO model family also uses a simplified TOPMODEL-approach for runoff (Takata et al., 2003). The fractional

saturated area is calculated as:
fsat =1~ exp(fzzwl - 1)7 (A9)
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where f, is a reduction factor of hydraulic conductivity with soil depth (m ') and z, is the mean water table depth of the grid
cell. The latter changed substantially when a groundwater reservoir was introduced in MATSIRO (Koirala et al., 2014).
Maximum infiltration into unsaturated soil is the saturated conductivity of the first soil layer, kg, . Actual infiltration is input

water to the soil with infiltration-excess runoff subtracted:

Qsurt = Qliq,O - (1 - fsat) maX(Qliq,O - ksat,l 70) (A10)
NOAH-MP

NOAH-MP is based on the original NOAH model (Chen and Dudhia, 2001), introducing multiple options for all processes (MP)
represented in NOAH (Niu et al., 2011). For SP-MIP, the original formulation of NOAH for runoff and infiltration (option 3)
was chosen (Schaake et al., 1996). It assumes an exponential distribution of infiltration capacities, Qinf,capacity» Within each grid

cell, so that the actual spatially-averaged infiltration in the grid cell is:

Qinﬂ _ Qliq,OQinﬂ,capacity ) (Al 1)
Qliq,O + Qinﬂ,capacity

Starting from the fact that infiltration can be correlated with soil moisture deficit, NOAH(-MP) assumes that infiltration will

fill up the soil moisture deficit after long times (days to months) but it is less than the soil moisture deficit for shorter time

scales:

Qinﬂ,capacity = (asal - aroot)zroot [1 - CXP(_Ktht)] » (A12)

where 01y and z0; are the mean volumetric soil moisture and the depth of the root zone, respectively. The soil moisture deficit
is (Osat — Oroot) Zroot here. Ky is a time constant (day ~!) and At is the modelling time step in days. Any water Qg0 that is not

infiltrated is routed directly to surface runoff Qgy¢.
ORCHIDEE

In ORCHIDEE, surface runoff generation is based on an infiltration-excess process. The parameterization of infiltration is
based on the idea of a wetting front (Heber Green and Ampt, 1911). A time-splitting procedure is used to describe the wetting
front propagation during a time step (d’Orgeval et al., 2008). Infiltration is described by iteratively saturating soil layers from
top to bottom. The infiltration rate into a specific soil layer j is taken as the arithmetic mean of the actual hydraulic conductivity
of this layer, k;, and the saturated hydraulic conductivity of the soil layer just above, kg ;—1, which was just being saturated

before:

Qinnj = (kj + Ksar,j—1) /2- (A13)

Like ISBA, ORCHIDEE also assumes a subgrid-variability based on an exponential probability distribution, but applied on

the saturated hydraulic conductivity. Infiltration-excess runoff is produced where Qi is larger than the local infiltration rate
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defined by the exponential distribution. Spatial integration leads to a reduced infiltration rate in each soil layer compared to the

uniform case of equation A13:

Qi ; = Qinn,j [1 — exp(—Qiiqo/Qinn,j)] - (A14)

The part of Qg0 that has not infiltrated in a soil layer at the end of the time step defines the potential surface runoff, which
will only run off effectively if the slope is large enough. To this end, ORCHIDEE uses a ponding fraction, fyond, defining the

fraction of potential surface runoff that is allowed to pond locally and infiltrate at the next time step:
fpond: 1_min(1aS/Smax)7 (AlS)

where S is the mean slope in the grid cell and Sp.y is the slope threshold above which no ponding occurs, taken here as 0.5%.
The ponded runoff will be added at the next time step to the liquid water reaching the surface, Qiiq0, While the rest defines the

effective surface runoff, Q.
A2 Descriptions of soil evaporation in the land surface models

Soil evaporation Fj; is parameterized as:

Egoil = pairﬁ(aqsat - Qair)7 (A16)

where pyi; is air density (kgm~3), 3 the exchange coefficient, o relative humidity at the evaporating front in the soil, gy the
saturation specific humidity at the soil temperature at the evaporating front (kg kg '), and ¢,;; the specific humidity of the air
at a reference height.

The exchange coefficient [ is:

1

b= Taw + Tsoil (A7)
with 7,y the aerodynamic resistance to water vapour transfer between the soil surface and the reference height (sm™') and 7y
the resistance to water vapour transfer from the evaporating front to the soil surface. The aerodynamic resistance 7, is often
related to windspeed u (ms~1) by 7} = Cyu with the drag coefficient Cy, especially over bare soil.

The land surface models differ mostly in how they interpret «, for example as the relative humidity within the soil or the
relative humidity at the soil surface, and if they include a soil resistance rs.; and how it is parameterized.

In addition to the nomenclature of the section before, resistance r, the inverse conductance £~ 1, is in sm~! and specific

humidity ¢ is in kg kg™ !.

CLM5

CLMS uses soil moisture potential and temperature of the first soil layer (2 cm) to calculate soil relative humidity (Lawrence
et al., 2018) using the Kelvin equation (Philip, 1957):

MW S,
o = exp (R;ﬁ’llg), (A18)
S,
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with M, the molar mass of water (kg mol~1), 95| the pressure head of the first soil layer (m), g the gravity of Earth (ms~2),
R the molar gas constant (1mol~* K1), and 7} | the soil temperature of the first soil layer (K).

Soil resistance of equation A17 is calculated as a resistance due to molecular diffusion through a dry soil layer:

L
Tsoil = 75 (AL9)
with the dry layer thickness L (m), D the molecular diffusivity of water vapour in air (m?s~'), and 7 the tortuosity of the
vapour flow path through the soil matrix (Moldrup et al., 2003). The dry layer thickness is parameterized as a function of the
soil moisture of the first soil layer, 6;:
I Az gi=fi 0 <6 (A20)
0 6h > 6o
with Azp a parameter specifying the length scale of the maximum thickness of L (m), 6, the “air-dry” soil moisture defined
at a matric potential of 10* m, and 6 the moisture value at which the dry surface layer initiates. Az is taken as 15 mm and
0L is taken as a constant fraction (0.8) of soil porosity (Swenson and Lawrence, 2014).
The specific humidity of the air g, in equation A16 is the surface specific humidity at the scalar roughness lengths for

sensible heat zg, plus displacement height d, i.e. 2, + d.
ISBA

ISBA was run with the multi-energy balance option (Boone et al., 2017, ISBA-MEB,), which then gives a hybrid approach for
soil evaporation, that means it uses 7y = 0 for bare soil evaporation and a parameterization of 7, for soil evaporation below
vegetation, where aerodynamic resistance 7, is also greatly reduced compared to the bare soil fraction.

ISBA uses the surface ground humidity factor of Noilhan and Planton (1989) for a:

o= 11 cos(Pn 0<a<1), (A21)
2 ofc,l

with 6 the field capacity (adjusted in the presence of soil ice) of the uppermost soil layer.

Soil resistance is calculated after Sellers et al. (1992):
Toit = exp [ar — bi(0/0ar)] , (A22)

with the coefficients a; = 8.206 and b; = 4.255. The volumetric water content and saturated volumetric water contents are
averaged over one to several upper soil layers. Both, o and r; are adjusted when soil ice is present.

The specific humidity of the air g,;; in equation A16 is the specific humidity of a canopy air space, equivalent to the surface
specific humidity of CLMS.

ISBA has now also an option to use the same formulation of soil evaporation as CLM5 (Marti et al., 2025) but this was not

used in the SP-MIP runs yet.
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JSBACH

JSBACH is using 7, = 0 for bare soil evaporation, and « is also the surface ground humidity factor of Noilhan and Planton

(1989) as in ISBA:

amax{l {lcos< o 7r>},min{1,qair}}. (A23)
2 efc,l Gsat

The drag or heat transfer coefficient Cy depends on surface roughness and atmospheric stability (Giorgetta et al., 2013). Soil

evaporation happens only where the surface is not wet or covered by snow or vegetation. Vegetation fraction is thereby a

function of leaf area index (LAI) (Reick et al., 2021).
MATSIRO and MATSIRO-GW

The MATSIRO models also use the Kelvin equation (Philip, 1957) to calculate relative humidity in the soil as in CLMS5
(Eq. A18). Soil resistance of snow- and ice-free surfaces is calculated as (Takata et al., 2003):

1 _el/asat

—_— A24
a1a2+91/95al, ( )

Tsoil =

with the empirical constants a; = 800 and a2 = 0.2. The formulation of soil resistance is functionally similar to the formulation
of Sellers et al. (1992) used in ISBA and ORCHIDEE.

NOAH-MP

NOAH-MP is using the same idea as CLMS5 of a soil resistance due to molecular diffusion through a dry soil layer but is using
the formulation of Sakaguchi and Zeng (2009). They use a different formulation of soil tortuosity by Moldrup et al. (2004) and
parameterize the thickness of the dry surface layer as:

exp([1 — 01 /0s]™)
e—1 ’

L=Az (A25)

with Az; the thickness (m) and 6, the soil moisture of the first soil layer, e the Euler constant, 6, saturated soil porosity, and
w a parameter that controls the concavity of the curve, which is set to 5. See Swenson and Lawrence (2014) for a comparison
between the formulations of CLMS and of Sakaguchi and Zeng (2009).

ORCHIDEE
ORCHIDEE uses:
Egii = BsEpov (A26)

where potential evaporation (&) from the bare soil fraction is calculated with 74,; = 0 and v = 1, and f3; is Eoit/ Epo from the

last time step.
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To calculate S for the next time step, Fy; is calculated with a supply-demand approach:

Qsat(Tw)—qair,Qup} , (A27)

Esoii = min {pair

In the demand part, 7y is calculated after Sellers et al. (1992) as in equation A22 of ISBA, with the average volumetric
water contents taken over the top four soil layers, which corresponds to a litter zone of about 2.5 cm in the default vertical
discretization of ORCHIDEE. ¢, (T},) is the specific humidity of saturated air at the temperature of the (hypothetically wet)
evaporating surface. The temperature Ty, is found by solving an energy balance equation after Milly (1992). It is generally
lower than surface temperature so that the demand is lower than £, even for 745 = 0.

The supply part solves the Richards equation if it were evaporating with potential evaporation E,q. The soil can supply as
much water (Qyp) that the top four soil layers do not fall below residual soil moisture if it were evaporating with potential

evaporation Ly (Campoy, 2013).
A3 Descriptions of soil water limitation on transpiration in the land surface models

This section summarizes the parameterizations of soil water limitation on transpiration in the different LSMs. There are two
groups of models. The first group uses a limitation that is based on soil water potentials (CLMS5, MATSIRO, MATSIRO-GW).
The second group uses volumetric soil moisture to calculate a limitation term (ISBA, JSBACH, NOAH-MP, and ORCHIDEE).
All models calculate a factor that reduces, for example, stomatal conductance, biochemical rates, or evaporation. This is often
called a soil water limitation factor or stress factor fyyess.

In addition to the nomenclatures of the sections before, ;. denotes volumetric soil moisture at field capacity and 6, is the

moisture at the permanent wilting point.
CLM5

The description of plant water uptake in CLMS is described in detail in Kennedy et al. (2019) and briefly summarized here.
CLMS calculates a water stress factor to limit photosynthesis that is applied to the maximum carboxylation rate of well-watered

conditions, denoted as Vimax ww- The actual, “water-limited” maximum carboxylation rate is then calculated as:

chmax = fstress %max,ww» (A28)

with the stress factor fypess.
CLMS5 uses a plant hydraulic model that accounts for water potentials across the soil (i), 00t (Yro0r), plant (Ypiant)
continuum. Those are calculated iteratively to find a solution that conserves fluxes over the soil-root-plant-atmosphere system.

At the leaf level, the restriction of carboxylation is directly related to the leaf water potential by a logistic equation:
fstress = 2_(%%{/#}"50)6]{ ) (A29)

where e5¢ is leaf water potential, 150 is the leaf water potential at 50% loss of stomatal conductance, and ¢ is a shape
parameter. 1)y 5 is a plant-specific parameter that can be derived for water flow through stems (¢/seem 50) from trait databases

such as TRY (Kattge et al., 2011, 2020). A value of up to 0.5 MPa is then added to 9gem 50 to set 1y 5o used in leaves.
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Water demand is calculated by using the Medlyn stomatal conductance model that accounts for atmospheric vapour pressure

deficit (Medlyn et al., 2011). This model is first run in unstressed conditions and is then limited by applying:
E= fslressEmax> (A30)

where fyess 1S calculated from equation A29. Equation (A30) is applied to both sunlit and shaded leaves.

Root water uptake in soil layer j, Qroor,5, is calculated based on Darcy’s law as:

Qroot,j = _ksr,j (¢r00t - '(/)soil,j + szj), (A31)

where the soil-root conductivity ks ; depends root area parameter, 1ro0r and 1)1, ; are the root and soil water potentials in layer
7, respectively, and the last term accounts for gravitational effects. The influence of roots on conductivity is considered in the

following way:
ksr,j = kj RAIJ = kj fA,root (SAI + LAI) froot,j y (A32)

where fa root i a relative root area parameter, SAI and LAI are stem and leaf area indexes, respectively, and froo,; is the
fraction of roots in the soil layer. k; are root and soil water conductances in serial, where soil water conductance is calculated

per root length.
ISBA

The limitation of transpiration to soil moisture is based on the extractable soil water content in a soil layer:

ej — HWP

fi= r—— (A33)
c wp
with the stress factor:
1 NI’OOI
fstress = 7 fj froot,j; (A34)
C j:l

where foor,; 1S the root fraction in layer j of Ny soil layers with roots, and f is a critical threshold.
The stress factor is either applied on mesophyll conductance directly or on the sensitivity of mesophyll conductance to
vapour pressure. This depends on plant functional type and their drought avoiding or drought tolerating strategies. Full details

can be found in Calvet et al. (2004) and Joetzjer et al. (2015).
JSBACH

JSBACH limits transpiration by modifying canopy conductance with a stress factor. The scaling factor represents the relative
soil moisture in the root zone, which is calculated as:

0 — Oy
acrit - gwp ’

fstress = (A35)
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limited between 0 and 1.
The critical soil moisture and permanent wilting point are estimated as 75% and 35% of maximum soil moisture, respectively.

The stressed canopy conductance is then calculated as:

fotressgs  for ga < g
Js,stressed — e ’ 7 (A36)

0 otherwise.

Stomatal conductance is set to zero if atmospheric specific humidity in the lowest layer, g,, is greater than the saturated value
at the surface, gs. The stress factor fyess is applied to stomatal conductance of all canopy layers.
Transpiration (Fi.ps) is extracted from the entire root zone. There is no root distribution with depth. Water extraction from

the soil takes place homogeneously down to the rooting depth, but only for soil moisture above the permanent wilting point,

Owp.veg:

Evans for z >z and 9 > 9
- oot wp,vegs
Frgans(2) = { Tom (A37)

0 otherwise.

If soil water is below or at the wilting point somewhere in the soil, the full amount of Ei,,s cannot be extracted from the
soil and FEi.ns reduces accordingly. Note that JISBACH uses two wilting points. One vegetation-specific value that is used in
equation A37 and at which plants stop extracting water from the soil and one wilting point at which all soil water movement

stops.
MATSIRO and MATSIRO-GW

The LSMs of the MATSIRO family follows the SiB2 model to calculate a soil moisture stress factor in each soil layer relative

to unsaturated matric potential (Sellers et al., 1996):

1
- 14 eXp(0-02('l/Jcrit - "/}j)) 7

where 1. is the critical matric potential at which transpiration starts to be reduced, which is a plant-specific parameter. Typical

i

values range between —200 to —300 (Table 5 in Sellers et al., 1996). 1), is the soil matric potential calculated as ws(ﬂj/esat)_b.

These values are then weighted with root fraction to obtain the overall stress factor:

Nroot

fstress = Z fj froot,j ) (A38)

=1
where froo,5 is the root fraction in layer j, which is land cover dependent and has to sum to one over all soil layers. fyess is

then used to distribute transpiration to root water uptake in the soil layers:

Qrool,j = fjfrool,j Elrans~ (A39)

stress
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In general, the MATSIRO models calculate photosynthesis using the formulation from the SiB2 model. The reduction factor

fstress 18 used to reduce the carboxylation rate and residual stomatal conductance:
V;:max = V;;?naxfostress; (A40)

where VC?nax is the vegetation-specific maximum carboxylation rate and fr and fqes are the temperature and soil water stress
factors, respectively. At the same time, the residual conductance b of the Ball-Berry stomatal conductance model (Ball et al.,

1987) is reduced as:
Ay
gs = m7hs + b futress: (A41)

where cq is the molar fraction of CO; at the leaf surface, hy relative humidity at the leaf surface, and m and b are vegetation

specific parameters.
NOAH-MP

NOAH-MP calculates a soil moisture stress factor that limits the maximum carboxylation rate (Niu et al., 2011). Three options
to calculate the stress factor are implemented in NOAH-MP, referred to as S-factors in Niu et al. (2011). These are based on
the original NOAH-type implementation, a CLM4-type factor, and a SSIB-type factor (similar to the one used in MATSIRO).
Here, the original NOAH-type implementation was used that calculates a linear stress factor fuess between wilting point (full

stress) and a reference soil moisture (no stress):

N,
root A . 91 L ew
% min(1, 29— ey (A42)

= Zroot Oret — ewp

f stress —

where 2o 18 the rooting depth, Ny is the number of soil layers within the root zone, and Az; is the soil layer thickness
of soil layer j. Note that the reference soil moisture value is close to field capacity. Note also that there is no dependency on
root distribution in this formulation and lower soil layers receive a higher weight in Equation (A42) due to its larger thickness.
However, N is vegetation-type specific. The stress factor 3 is then used to limit Vipax:

Tu—25
Vemax = Vemax2s @10"" f(N).f (TV) fitress, (A43)
where Vimax2s is the maximum carboxylation rate at 25°C, Q19 is the temperature sensitivity, f(N) and f(T,) are foliage

nitrogen and temperature stress factors, respectively.
ORCHIDEE

Similarly to ISBA, the soil moisture stress factor in ORCHIDEE is defined in each soil layer based on wilting point and a
critical soil moisture value:

_ ej - HWP

N .l Add
fJ gcrit - 9wp ’ ( )
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limited between O and 1. §; is soil moisture in layer j and 6.y is a critical soil moisture. The latter is calculated as:
ecrit = ewp + a(efc - 9Wp)7 (A45)

where a is set to 0.8.
The effective soil moisture limitation factor is then calculated as a weighted average of layer-specific factors (Eq. A44)

weighted by root fraction:

Nroot

fstress = Z froot,j fj ) (A46)
j=1

where froo,; 18 the relative root density in soil layer j. The stress factor can be applied either to the maximum carboxylation rate

Vemax» to stomatal conductance g, or to both (MacBean et al., 2020), which results in any case in a limitation of transpiration

FElrans. The limitation factors fiyess and f; are then used to calculate root water uptake Qoo in soil layer j as:

Qroot,j = LE{rans' (A47)
f stress
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Figure A1l. Total evapotranspiration and runoff over precipitation for the model’s standard runs. Total evapotranspiration Ei (1% column)
and total runoff Qi (2™ column) over precipitation. Precipitation water can also be stored in soil and snow. This is temporary in most
places so that the mean fluxes over incoming precipitation for 1981-2010 sum up to one at each grid cell for each model (row). Cells with an

annual mean precipitation of less than 50 mm were excluded.
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Figure A2. Fraction of soil evaporation. Soil evaporation Esi over total evapotranspiration Fiom for 1981-2010 for the standard runs (1*

column), the sand experiment (2™ column), and the silt experiment (3" column) for each model (row).
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Figure AS. Climate regions. Map of Koppen-Geiger climate regions for 1991-2020 (Beck et al., 2023) (a) and the aggregated regions of
SP-MIP (b). Abbreviations: LSS, leaf soluble sugar concentration; Af, Tropical, rainforest; Am, Tropical, monsoon; Aw, Tropical, savannah;
BWh, Arid, desert, hot; BWk, Arid, desert, cold; BSh, Arid, steppe, hot; BSk, Arid, steppe, cold; Csa, Temperate, dry summer, hot sum-
mer; Csb, Temperate, dry summer, warm summer; Csc, Temperate, dry summer, cold summer; Cwa, Temperate, dry winter, hot summer;
Cwb, Temperate, dry winter, warm summer; Cwc, Temperate, dry winter, cold summer; Cfa, Temperate, no dry season, hot summer; Ctb,
Temperate, no dry season, warm summer; Cfc, Temperate, no dry season, cold summer; Dsa, Cold, dry summer, hot summer; Dsb, Cold,
dry summer, warm summer; Dsc, Cold, dry summer, cold summer; Dsd, Cold, dry summer, very cold winter; Dwa, Cold, dry winter, hot
summer; Dwb, Cold, dry winter, warm summer; Dwc, Cold, dry winter, cold summer; Dwd, Cold, dry winter, very cold winter; Dfa, Cold,
no dry season, hot summer; Dfb, Cold, no dry season, warm summer; Dfc, Cold, no dry season, cold summer; Dfd, Cold, no dry season, very

cold winter; ET, Polar, tundra; EF, Polar, frost.
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Figure A6. Differences of individual water fluxes over precipitation between the silt and sand experiments. Difference (A) of mean evap-
otranspiration Eioa Over incoming precipitation P for 1981-2010 of the experiment silt minus the experiment sand (1* column) for each
model (row), difference of mean soil evaporation E. over P (2" column), and difference of surface runoff Qg over P (3" column). Cells

with an annual mean precipitation of less than 50 mm were excluded.
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Figure A7. Differences of individual water fluxes over precipitation between the silt and sand experiments. Difference (A) of mean total
runoff Qo Over incoming precipitation P for 1981-2010 of the experiment silt minus the experiment sand (1* column) for each model
(row), difference of mean subsurface runoff Qs over P (2™ column), and difference of transpiration Eins over P (3" column). Cells

with an annual mean precipitation of less than 50 mm were excluded.
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