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A framework for quantifying hydrologic effects of
soil structure across scales
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Earth system models use soil information to parameterize hard-to-measure soil hydraulic
properties based on pedotransfer functions. However, current parameterizations rely on
sample-scale information which often does not account for biologically-promoted soil
structure and heterogeneities in natural landscapes, which may significantly alter infiltration-
runoff and other exchange processes at larger scales. Here we propose a systematic fra-
mework to incorporate soil structure corrections into pedotransfer functions, informed by
remote-sensing vegetation metrics and local soil texture, and use numerical simulations to
investigate their effects on spatially distributed and areal averaged infiltration-runoff parti-
tioning. We demonstrate that small scale soil structure features prominently alter the
hydrologic response emerging at larger scales and that upscaled parameterizations must
consider spatial correlations between vegetation and soil texture. The proposed framework
allows the incorporation of hydrological effects of soil structure with appropriate scale
considerations into contemporary pedotransfer functions wused for land surface
parameterization.
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dictions of climatic and hydrological processes require

spatially distributed soil hydraulic properties (SHPs) to
represent surface fluxes, particularly the partitioning between
infiltration and runoff!=>. SHPs are generally derived from soil
pedotransfer functions (PTFs) that correlate readily-available soil
information (e.g., texture, bulk density, organic matter) with
difficult-to-measure soil hydraulic parameters®~10. In practice,
PTFs are trained using measurements performed on laboratory-
scale samples obtained from relatively uniform soils (i.e., agri-
cultural fields)!12. This sampling and measurement bias
underrepresents the dominant role that soil structure (ie.,
aggregation of soil particles, biopores formed by plant roots and
earthworms) exerts on surface fluxes!:2%12-15  Effects of soil
structure are expected to dominate the hydrological response in
natural (non-arable) lands such as forested landscapes (=30% of
the Earth’s land surface!®) and in regions with intense rainfall
rates.

Furthermore, the standard parameterization of SHPs in LSMs
uses sample scale information, often with little consideration of
effective (scale informed) parameter values that account for the
heterogeneity (in space and time) of natural landscapes and
emergent hydrological nonlinearities and feedbacks!>»17-24. To
this end, a definition of functional relationships between land-
scape attributes and SHPs, in combination with appropriate
regionalization functions and scaling operators?224, might pro-
vide a way forward for a systematic and physically-based defini-
tion of SHPs across scales and locations?!:23-25,

Focusing primarily on biologically-enhanced soil structure,
studies have shown consistent links between vegetation as a pro-
moter of biological activity and soil structure, which, in turn,
affects soil hydrological response and properties26-31. It has been
shown that the hydrological response of vegetated landscapes may
vary significantly from non-vegetated areas in terms of runoff-
infiltration partitioning under similar climatic conditions!%31-34,
In their seminal work, Dunne and co-authors33 have shown strong
positive feedbacks between the fraction of vegetation cover and
average infiltration, as illustrated in Fig. 1i where the effective
infiltration for different rainfall intensities (after accounting for
canopy interception) varies with vegetation cover and affects
runoff generation. A meta-analysis2® has shown that the infiltra-
tion capacity in arid landscapes increases as a power-law function
of above ground vegetation biomass, whereas the correlation was
less significant in humid climates. Across a climatic gradient from
xeric to hydric, the slope of the power-law relationship between
above ground biomass and infiltration capacity decreased, with no
discerned effects of soil texture on the relationship. Similarly,
positive relationships between plant Leaf Area Index (LAI) or
vegetation biomass?”-30 and saturated soil hydraulic conductivity
(Ks) have been observed, with stronger vegetation effects mani-
fested in fine-textured soils compared to coarse soils”30. This
nuanced and important aspect of soil texture-dependent structure
effects on hydrological response may be misinterpreted under
certain conditions as elaborated shortly. The inherent links
between vegetation, biological activity, and soil structure devel-
opment and maintenance imply an increase in transport proper-
ties (prominently the soil hydraulic conductivity) in structured
soils relative to repacked samples or those obtained from tilled
soil. We hypothesize that persistent bias in SHPs of vegetated
lands could be rectified by considering effects of vegetation on
spatially-informed PTFs.

The study was motivated by the ever-increasing need for
spatially-resolved soil parameters and by the limitations of cur-
rently used PTFs which omit soil structure and lack scale
information2>1%-30:35 We capitalize on highly resolved soil and
vegetation cover maps to simultaneously address these limitations

E arth system and land surface models (LSMs) used for pre-

of PTFs and propose a framework for inclusion of soil structure
effects informed by vegetation and soil patterns at different scales.
For simplicity, in this study we ignore the relatively limited effects
of abiotic processes (shrinking cracks and freeze-thaw) to focus
on the primary driver of soil structure, namely vegetation-
promoted biological activity. We propose a simple framework for
parameterization of soil structure effects on SHPs via observable
vegetation indices (as illustrated in Fig. 1) with emphasis on how
macroporosities alter the saturated hydraulic conductivity and
infiltration response of landscapes. To maintain our focus on
improving land surface parameterization, we first use a minim-
alist infiltration model and synthetic examples to disentangle the
nonlinear feedbacks between vegetation cover, soil texture, and
climate and evaluate the conditions and scales where soil struc-
ture corrections are likely to have a major impact. In addition,
while a systematic evaluation of the proposed parameterization is
hindered by the limited observability of soil structure effects at
large spatial scales!?, catchment-scale simulations with the Noah-
MP LSM are used to highlight conditions in which soil structure
corrections may strongly alter the local and catchment-scale
hydrologic response. Specifically, we will show that, under certain
soil and climatic conditions (i.e., fine-textured soils with dense
vegetation cover subjected to high-intensity rainfall events), small
scale soil structure plays a key role on the dynamics and timing of
the hydrologic response even at the large scales relevant to LSMs.

Results and discussion

Soil structure characterization using vegetation indices. To
harness the availability of spatially resolved soil maps and vege-
tation metrics, we formalize the links between vegetation and soil
structure and their potential effects on surface hydrology. In the
analyses we consider the primary effect of biologically-induced
soil macroporosity (e.g., presence of roots) on modifying the soil
hydraulic conductivity near-saturated conditions3® (see Fig. 2a),
while the effects on other parameters of the soil retention curve
are deemed to be relatively minor!3. This allows us to focus on
soil structure modifications of soil saturated hydraulic con-
ductivity (relative to its value based on texture only) and asso-
ciated landscape hydrological responses such as rainfall
partitioning to infiltration and runoff.

We evaluated vegetation indices including aboveground vegeta-
tion biomass, B [kg m~2], and LAI [mlzeaf mé;gun 4. Experimental
data?627:30 (see Fig. 2b and Supplementary Fig. S1) show a
systematic increase in structure-modified saturated hydraulic
conductivity (denoted as K;) with increasing values of vegetation
attributes (biomass or LAI). For practical implementation without
full mechanistic modeling of vegetation effects on soil structure, we
propose the following empirical relation for approximating
structure effects on the soil saturated hydraulic conductivity,

Ks,mux - KO
&—&W—TT@T7 )

where V is a vegetation metric (i.e., B or LAI), « and f3 are shape
parameters, K, is the saturated hydraulic conductivity of texture-
only or unstructured soil (ie, when V=0), and K. is the
maximum saturated hydraulic conductivity of a soil with fully
developed structure (ie., fully vegetated surface). The postulated
sigmoidal relation in Eq. (1) was fitted to literature data in Fig. 2b
and Supplementary Fig. S1, and values of the shape parameters «
and 8 were defined based on the data comparison (here a« =04,
B=4 for V=B, and a=4.5, f=5 for V=LAI). The extreme
values of K, for soil with no structure and the same soil with well-
developed structure (marked by Ky and K .y, respectively) vary
with soil textural class. While K, is easily obtained from traditional
texture-based PTFs, the magnitude of K .« is derived here based
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Fig. 1 Proposed methodology for the development of structure-corrected soil hydraulic properties to be used in Land Surface Models. Functional
relationships between soil hydraulic properties (SHPs) and vegetation cover across different soil types and biomes will be first defined, thus allowing the
characterization of soil structure effects on SHPs using vegetation metrics as surrogates. Such functional relationship can be directly employed to correct
SHPs from traditional pedotransfer functions (PTFs). The effect of soil structure on the hydrological response (in terms of runoff-infiltration partitioning) is
then quantified from point to grid cell scale to estimate scale appropriate modifications of SHPs accounting for the effect of spatial heterogeneities on the
areal-averaged hydrological response. Spatial distribution of (e, f) mean LAl (MODIS data, 500 m resolution, year 2017), a, b percentage of sand at 30 cm
depth (SoilGrids Data, 250 m resolution), ¢, d saturated hydraulic conductivity (Ko) obtained from soil textural properties using PTFs from Saxton®®, g, h
structure-corrected saturated hydraulic conductivity (K;) computed by means of Egs. (1) and (2) with V = LAl (mean annual value), a = 4.5, #="5. CA and
BR refer to synthetic case studies in California and Brazil, respectively; black represents no-data points. i The effective infiltration rate as a function of
rainfall for different levels of vegetation cover: symbols represent data digitized from Dunne et al.33 (circles) and Stone et al.34 (asterisks), solid lines are
obtained from the theoretical areal-averaged infiltration rate (see Supplementary Methods) assuming mg, = 34cm day~1, vk, = 900 cm? day—2, and 45%
sand. Line colors refer to different amounts of aboveground vegetation biomass B (orange = 0.15 kg m—2, yellow = 0.4 kg m—2, green =14 kg m—2). The
gridded globe was retrieved from https://commons.wikimedia.org under the CC BY-SA 3.0 license and modified to grayscale.

on soil type, as detailed below. The postulated relationship between
vegetation indices and structure-modified saturated hydraulic
conductivity represents a vast simplification of other influences
such as vegetation type and details of soil biological activity, as well
as influences of abiotic processes (that were neglected here for
simplicity).

As noted earlier, the degree by which vegetation influences the
soil saturated hydraulic conductivity (ie., the value of K .y)
varies with soil texture®30, Results from previous work® show that
the effect of soil structure on saturated conductivity can be
expressed by the ratio of saturated conductivity of soil with
structures (K may) to saturated matrix flow (Kp) and that soil
structural effects are larger in finer textured media soils. The ratio
of structured to matrix saturated conductivities was further
evaluated for a series of observations in temperate and boreal
regions retrieved from the SWIG database’’, confirming the more
pronounced role of soil structure for finer texture soils (Fig. 2c).
Based on these observations, we postulate that the ratio of K .«
to K, will decrease in proportion to the soil’s percentage of sand

fraction Sa [%] according to the relation

KLmﬂX .
log )= =35 — 1.5-Sa%13, (2)
where the coefficients are derived from a fitting procedure (see
Fig. 2c). Specifically, the regression was performed using the
Matlab nonlinear fitting tool and constrained so that the upper
limit at 0% sand content is equal to the 90 percentile of the

Ks.max

log K,
content between 0 and 10%.

Egs. (1) and (2) enable observation-driven characterization of
the impact of increasing vegetation cover on the soil saturated
hydraulic conductivity across different soil textures, as exempli-
fied in Fig. 2d where K is depicted as a function of above-ground
vegetation biomass for typical sandy, loamy, and clayey soils:
while soil structure only partially modifies K; for sandy soils, the
saturated hydraulic conductivity can change by 1 to 2 orders of
magnitudes for finer texture soils (e.g., clay). This highlights how
the proper quantification of soil structure effects is not merely

values of measurements in soil samples having sand
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Fig. 2 Soil-structure characterization via vegetation indices and across soil textures. a Model of structured porous media applied for aggregated loam
where soil matrix and macroporosities differently affect the hydraulic conductivity functions (modified from Tuller and Or (2002)36). b Saturated hydraulic
conductivity as a function of above-ground vegetation biomass (gray symbols are xeric sites from Thompson et al.2%, yellow squares are results from a
rainfall simulator in Sardinia, Italy2”). The red line is given by Eq. (1) with V=8, a=0.4, =4, Ko =5cmd~", and Ky max = 1000 cm d~". ¢ Relationship
between percentage sand and 108 15K nax/Ko (black circles are data from Weynants et al. (2009)°, asterisks are data for temperate and boreal regions of
the SWIG database3’, the red line is Eq. (2)). d K, as a function of aboveground vegetation biomass for typical sand (85% sand, Ko = 300 cm d="), loam
(50% sand, Ko =50 cmd~"), and clay (5% sand, Ko =4 cmd~") soils, computed by means of Egs. (1) and (2) with V=B, a=0.4, and f= 4.

related to the amount of vegetation/biological activity, but the
magnitude of its effect is non-linearly tied to the type of soil
under consideration.

Effects of soil structure on the hydrological response. To
quantify how soil structure affects the hydrological response of
vegetated landscapes, we first used a simplified infiltration model
based on the two-term Philip’s equation38 with Brooks and Corey
parameterization of the SHPs (see Supplementary Methods for
details). Vegetation-enhanced soil structure effects were accoun-
ted for by modifying the saturated hydraulic conductivity
according to Egs. (1) and (2). We focus on the landscape
hydrological response at later stages of a rainfall event, when the
impact of capillary terms has diminished (i.e., sorptivity affects
initial infiltration in a similar manner for unstructured and
structured soils), and infiltration rate is controlled by gravity and
saturated hydraulic conductivity. This is also the stage where
surface runoff becomes important, hence of interest for this study.
Representative results for a point-infiltration process into typical
profiles of sand, loam, and clay soils are shown in Supplementary

4

Fig. S2. Generally, soil structure-correction delays the time of
ponding and reduces surface runoff due to an increase in the soil
infiltration capacity. The effect of soil structure on infiltration
metrics is more pronounced in fine-textured soils under most
rainfall rates, whereas the impact on hydrological flux partition-
ing in coarse soils becomes relevant only at very high rainfall rates
(Supplementary Fig. S2).

Effects of spatial organization of vegetation and soil texture.
The results in the previous section were mostly diagnostic,
focusing on the behavior at the point scale. To include realistic
landscapes at scales relevant to land surface modeling (ie., a
catchment or a LSM grid cell) we now investigate how hetero-
geneities and spatial variations in soil texture and vegetation
cover affect the (subgrid) magnitudes and spatial arrangements of
the modified soil hydraulic properties. Specifically, to quantify an
areal-averaged response of larger domains considering vegetation
and soil heterogeneities and evaluate the impact of subgrid spatial
arrangements, we derived an expression for the areal-averaged
infiltration rate, < i >, when capillary influence diminishes and
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Fig. 3 Soil structure effect on areal average infiltration rate. a, b Probability distributions of unstructured (K, blue bars) and structured (K, yellow bars)
saturated hydraulic conductivities values shown in the maps of Fig. 1: solid lines show the fitted lognormal distributions (red = structured, blue =
unstructured). ¢, d Steady-state infiltration rate as a function of rainfall rate: solid lines show areal averaged quantities while dotted lines are results
obtained assuming homogeneous domains with mean parameter values (yellow = structured, blue = unstructured). The dashed lines are theoretical areal-
averages obtained from Eq. (3). The black dash-dotted lines show pdfs and theoretical results obtained by modifying the unstructured distribution using
mean LAl and percentage sand values, see Eq. (S8) in the Supplementary Methods. Left and right panels refer to results for the regions in CA and BR,

respectively.

infiltration rate attains near steady-state conditions (see Supple-
mentary Methods for details). The analytical form of the steady-
state areal average assumes a lognormal distribution of soil
saturated hydraulic conductivity as supported by experimental
evidence3*~42 (see also comparison with data in Fig. 3a, b) and
reads

el 2 _In3r

In L e rerfc (L)

<ig> =£—|—1erf<#+ 0 3’) + V2 3)
2 ﬂa 6

2
where r is the rainfall rate (assumed homogeneous in space and
during the rainfall event in the applications here), and the
parameters y and o are related to the mean and variance of the
probability density function (pdf) of K. Among the many sim-
plifying assumptions, we neglect here effects of topography and
lateral water flows either above or below ground, consider short
time windows (ie., a rainfall event), and do not distinguish
between different runoff generation mechanisms. These simpli-
fications are motivated by our objective of using a minimalist
framework as a benchmark for testing the salient features of the
proposed soil-structure modified SHP parameterization and
impacts on runoff-infiltration partitioning across combinations of
soil textures, rainfall amounts, and vegetation cover. The behavior
of the steady-state infiltration rate for a loamy soil and different
amounts of aboveground vegetation biomass is shown in Fig. 1i,
displaying a decrease in runoff as vegetation increases, in line
with previous observations3*34 (also shown in Fig. 1i) and thus
supporting the use of vegetation indices as surrogates for soil-
structure parameterization. Furthermore, accounting for the

spatial distribution of saturated hydraulic conductivities (instead
of using mean parameter values, as for the point-infiltration
process in Supplementary Fig. S2) was instrumental in recovering
the observed gradual increase of infiltration rates with increasing
rainfall intensity. Such gradual increase is associated with the
spatial distribution of K, over the considered domain: the higher
the variance of the K distribution, the more gradual is the
increase in infiltration as a function of rainfall (Supplementary
Fig. S3). Conversely, changes in the mean K value shift the
response curve up and down (i.e., change the magnitude of the
infiltration rate) without modifying its overall shape as a function
of rainfall rate (Supplementary Fig. S3).

We further examine the integrated runoft-infiltration response
at a catchment scale using a typical LSM grid cell (generally
between 102 and 104 km?2). At these large scales, remotely sensed
vegetation indices are particularly useful for quantifying the spatial
distribution and density of vegetation and the associated impact
on SHPs. For simplicity, in this case we opted for using mean
annual LAJ as a surrogate for soil structure modifications, noting
that other metrics could be equivalently suitable (e.g., gross
primary productivity) provided that a relationship between the
altered SHP (i.e., K,) and the vegetation variable of interest has
been established (i.e., Eq. (1)). The use of a constant value of LAI
(i.e, neglecting seasonal variations) is motivated by the fact that
seasonal changes in LAI do not affect the dominant root system or
below-ground biomass distribution (which are likely to be more
stable throughout the year for a natural vegetation cover).

For the evaluation of the proposed SHP parameterization at the
LSM grid cell we considered two regions of approximately 80 km
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by 80 km in Northern California (CA) and in the Brazilian
Amazon (BR), and used MODIS*>** and SoilGrids*> data for the
spatial distribution of LAI and soil properties, respectively
(see Fig. 1 and Supplementary Fig. S4). These two case studies
were chosen as diagnostic experiments to illustrate the effect of
the proposed parameterization over landscapes characterized by
different soil and vegetation cover and provide general guidance
for what scale-appropriate modifications of SHPs might mean.
We emphasize that the focus of the analyses is not the
hydrological model performance, but we seek to highlight the
influence of the two parameterization schemes via their effect on
infiltration-runoff response for different spatial arrangements of
vegetation and soil texture. This will further allow us to identify
strategies (and constraints) for the definition of scale-appropriate
soil hydraulic parameterizations (as discussed further below). The
CA grid cell is characterized by a soil texture gradient from clay to
sand with patchy vegetation cover concentrated primarily in
loamy areas, whereas the grid cell in Brazil (BR) is mostly clayey
with a uniform and dense vegetation cover (see Fig. 1). The
spatial distribution of texture-based saturated hydraulic con-
ductivity (K,) and its structure-corrected counterpart (K,) are
shown in Fig. 1. While the saturated hydraulic conductivity was
slightly modified in the vegetated patches of the CA domain, its
value is changed up to two orders of magnitude over the BR area
due to the combination of high vegetation cover and fine
texture soil.

The areal average behavior of the system for texture-based and
structure-corrected SHP conditions was quantified by solving
Philip’s equation at every point within the grid cell (i.e., over sub-
grid areas of 250m by 250m, a resolution imposed by the
SoilGrids database) for increasing rainfall rates. Results are shown
in Fig. 3 and Supplementary Figs. S5 and S6. As expected, the BR
domain experiences faster and more extensive ponding compared
to the CA case for conditions where soil structure is neglected
(due to the clayey nature of the soil in BR). However, accounting
for soil structure modifies the average behavior of the BR grid cell
rendering it more similar to the CA domain, with delayed and
lower surface ponding for the same rainfall rates (between
approximately 1 and 20 cm d~!) and initial conditions (Supple-
mentary Figs. S5 and S6). These results highlight the important
role of soil structure in the magnitude and timing of hydrological
response. The areal averaged infiltration rate as a function of
rainfall at steady state is shown in Fig. 3c, d (solid lines), stressing
the bias in runoff estimate if soil structure is neglected. In
particular, while such bias is negligible for low rainfall rates where
no runoff occurs, it becomes significant as rainfall intensity and
duration increase. Further comparison with the solution obtained
considering a homogeneous grid cell with mean parameter values
(dotted lines in Fig. 3c, d) shows that accounting for spatial
heterogeneities allows us to recover the gradual increase of
infiltration with rainfall333446, The analytical solution for the
areal-averaged infiltration rate (Eq. (3), dashed lines in Fig. 3¢, d)
is in good agreement with the numerical areal average.

The expression for the areal-averaged steady-state infiltration
rate given by Eq. (3) requires the knowledge of the pdf of the
spatially distributed structure-corrected saturated hydraulic con-
ductivity. This may be obtained via a point-by-point modification
of the original soil saturated hydraulic conductivity (based on
Egs. (1) and (2)) at the sub-grid cell scale to define the parameters
of the pdf of K;. Fortunately, this strict requirement could be
relaxed in the absence of cross-correlation between soil texture
and vegetation cover (as suggested from a preliminary analysis for
natural vegetation across different biomes—see Supplementary
Fig. S10). Consequently, the pdf of K; is derived from the pdf of
Ko modified by mean values of soil texture (% sand) and
vegetation cover (LAI) to allow for analytical representation (see

Supplementary Methods for details). The resulting steady-state
infiltration rate is shown in Fig. 3¢, d (black dash-dotted line),
exhibiting good agreement with the numerical (point-by-point
evaluation) areal-average for the BR case, while it underestimates
the effect of soil structure for the CA domain. Within this
simplified analysis, the lack of vegetation cover correlation with
soil texture for the Brazilian case permits analytical representation
of the areal response using mean surrogate properties, which
would not be possible in case of cross-correlation (as in the CA
case where vegetation is more abundant over intermediate and
coarser soils, see Supplementary Fig. S7). In areas where
significant correlation exists between soil texture and vegetation,
a numerical grid-specific parameterization would be needed (see
also the synthetic simulations presented in Supplementary Figs.
S8 and S9 and discussed in the Supplementary Results). The
sensitivity of the outcome to cross-correlation is important for
other upscaling methods that attempt to derive effective spatial
properties influenced by multiple variables (such as the potential
of vegetation-soil cross-correlation).

LSM application: evaluating conditions for soil structure
activation. Notwithstanding the physical basis and simplicity of
the approach for considering vegetation effects on soil structure
and alteration of SHPs, in the following we address the important
question: do these alterations actually matter at such large scale
applications? In fact, for a range of conditions (i.e., low rainfall
rates, sandy top soils) the soil structural macroporosities may be
unimportant or not activated under most conditions!'>. We thus
opted for two simple motivating examples and performed 2-year
LSM simulations to evaluate the hydrological response of two
contrasting catchments, namely the Haast river catchment loca-
ted on the West Coast of the South Island of New Zealand (NZ)
and a Mediterranean catchment (Auzon) of the Ardéche region,
France.

The Haast catchment (1026 km?) is characterized by a mean
annual rainfall of up to approximately 6000 mm yr—! and
elevations between 90 and 2245 m a.s.1.4/~49, with rather coarse-
textured soils (Supplementary Fig. S11) and a vegetation cover
ranging from podocarp-dominated forests in the lowlands,
hardwood and broadleaf forests in the montane region, small
tree conifers present in the subalpine zone, and mostly shrub-
lands and grasslands at higher elevations®®. The Auzon
catchment®! (116 km2) has elevations ranging between 140 and
1019 m a.sl, average yearly rainfall of approximately 850-900
mm throughout the basin (which is an intermediate value
between the 500 mm annual average of the Rhone Valley to the
east and the 2000 mm of the Ardéche Mountains to the west), and
mainly clay and fine silt soils (Supplementary Fig. S11).
Approximately 27% of the Auzon catchment consists of forest,
while pastures, vineyards, and sparsely vegetated areas represent
the 17, 19, and 14 % of the basin, respectively (the remaining land
is occupied by crops, natural grassland, and urban areas).
Figure 4a and d shows the pdf of the texture-based (K,) and
structure-corrected (Kj) soil saturated hydraulic conductivity for
the two catchments. The rather coarse texture of the Haast basin
provides relatively high K, values, with a median of 157.4 cm d~!
that is increased to 310.1 cm d~! once vegetation-based structure
corrections are introduced (Fig. 4a). Conversely, the finer texture
soils of the Auzon catchment result in lower K, values (median
Ky =9cmd!) that are increased once structure-corrections are
considered (median K, =21.3 cm d—!, Fig. 4d).

Results from 2-year simulations with the Noah-MP LSM show
a marked impact of soil structure on the spatial distribution of
mean annual runoff values as well as cumulative runoff for both
catchments (Fig. 4), with surface runoff being reduced by up to
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Fig. 4 Effect of soil structure informed soil hydraulic property at the Land Surface Model grid scale on runoff generation at two vegetated catchments.
Results from Noah-MP modeling for (a-c) the Haast river basin (NZ) and (d-f) the Auzon catchment (France). a, d Probability distributions of texture-
based (black) and structure-corrected (red) saturated hydraulic conductivities values; the black/red dashed lines show median values for the texture/
structure cases, respectively, while the blue line shows the 99th percentile of the rainfall rate (from hourly data in b, e). b, e Time series of the mean
cumulative runoff (black = texture, red = structure) and the mean rainfall rate over the basins (blue). ¢, f Spatial distribution of the percentage decrease in

mean annual runoff due to the soil structure correction (AQ = (Qyext. —

more than 80% in densely vegetated areas (Fig. 4c, f). A more in-
depth analysis at the scale of the single rainfall peaks shows that
the role of soil structure only becomes predominant during strong
rainfall events (see also Supplementary Fig. S12), as exemplified
in the resulting positive correlation between rainfall intensity and
runoff difference between texture- and structure-based para-
meterizations (Fig. 5a, b). Lastly, we observe that the parameter-
ization proposed here recovers the positive feedback between
vegetation cover and infiltration as observed in previous
studies?>34. This is exemplified in Fig. 5c, d showing a higher
reduction in runoff (i.e., more infiltration) due to structure
corrections in areas of the catchments characterized by higher
LAI values.

Conclusions
The growing need for highly resolved and reliable representation
of Earth surface fluxes draws attention to the poorly constrained
yet critical role of SHPs. Observations at different scales suggest
that the simple paradigm of using soil texture as a main predictor
of SHPs is no longer tenable and factors such as soil structure,
vegetation, and scale must be integrated into the parameterization
of modern LSMs!>°2, Unfortunately, at this stage, we are not able
to assess the potential gain in model performance that could be
achieved by considering soil structure corrections, but the blue-
print presented in this study offers a physically-based and sys-
tematic approach to incorporating these traits while relying, to a
certain degree, on empirical relations to link vegetation and soil
structure. The pragmatic approach presented here lays the
foundation for future experimental and modeling efforts to
include other factors that affect land surface parameterization.
We evaluated soil structure effects on landscape hydrological
response focusing on rainfall partitioning to infiltration and
runoff locally and, over larger heterogeneous domains, demon-
strating that the upscaled parameterizations must consider spatial

Qstr.)/Qtext. * 100)

correlations between vegetation and soil texture. This stands in
contrast with other approaches such as flux-matching
constraints?3 that are likely to be of limited application for cor-
related soil texture and vegetation, as estimated parameters would
be destined to remain “associated” with a particular grid cell, thus
limiting parameter transferability in space and time. The frame-
work proposed in this study (Fig. 1) could either directly use soil
and vegetation information to modify PTF-derived SHPs, or
provide guidance for a parameterization that accounts for the
statistical description of the sub-grid variability of the original soil
parameters and vegetation attributes. Such parameterization
would remain valid across scales, thus providing a direct link to
current methodologies for upscaling parameter fields for dis-
tributed hydrological modeling?2%4, such as the multiscale para-
meter regionalization?223,

The study attempts to overcome the agricultural land bias that
dominates soil survey information and remains in the core of
nearly all SHPs!112. By explicitly considering potential effects of
vegetation on soil structure and SHPs and selecting parameters
that are scale-informed and integrate the hydrologic response at
scales of interest for modeling applications, we bridge the present
gap introduced by samples from arable lands. Specifically, the
study may offer a first step towards a blueprint for future spatially
informed and scale-appropriate SHPs that integrate soil proper-
ties with vegetation and other landscape attributes including their
sub-grid spatial organization. Within this context, we argue that
the present practice of using sample values and laboratory mea-
surements for regional and global scales applications must be
revised, especially for conditions where vegetation-promoted soil
structure effects are prominent and are associated with high
rainfall intensities?1>-3°.

Future studies should address the challenge of a more detailed
quantification of functional relationships between SHPs and remotely
sensed vegetation attributes (e.g, more systematic measurements of
vegetation-infiltration-soil metrics) across different biomes (to better
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Fig. 5 Effect of vegetation cover and rainfall rates on runoff generation for structure and unstructured soil hydraulic property at catchment scale.
Difference in runoff (as average over the catchment) for texture only and soil structure parameterization (AQ = Qext. — Qstr) as a function of rainfall rate
over the a Haast and b Auzon catchments. The color codes the number of observations in each rectangular bin, the fitted black lines have equation AQ =
0.009 - 114 (with R2=10.2) and AQ = 0.003 - 104 (with R2=0.3) for the Haast and Auzon catchments, respectively (r being the rainfall rate). ¢, d

Difference in instantaneous runoff (AQ = Qext. — Qst.) for grid cells with different maximum annual LA/ (green = LAI>4, yellow = 2 < LAI<4, red = LAIL2)
for the ¢ Haast and d Auzon basins. Solid lines show the median, while the shaded areas mark the region between the 25th and 75th percentiles. Values
were computed considering peaks in rainfall (local maxima from hourly data) and the respective runoff in each grid cell—for simplicity, no time lag between

rainfall peaks and runoff was considered.

constrain the parameters in Eq. (1)). In fact, while the para-
meterization introduced here is based on limited information, the
framework is easily updatable as more data becomes available across
soil types, vegetation covers, and climates. Additionally, the analysis
of correlations between natural vegetation and soil properties across
scales and biomes will be of interest to define the range of applic-
ability of mean parameter values in structure corrected SHPs as well
as the conditions under which generic relations can be derived for
transferring parameters across scales and locations. The quantifica-
tion and analysis of such feedbacks is needed for the development of
effective parameterizations to be used in LSMs?!232> accounting for
the spatial heterogeneities in SHPs due to soil and vegetation dis-
tributions. Furthermore, for certain conditions and parameters,
covariation and spatial organization at the sub-grid scale preclude
derivation of generic (space invariant) PTFs and we may consider
linking parameters with a particular grid cell (as presently done in
machine learning-based digital soil mapping#>°2->3).

The work here offers a framework for injecting vegetation-
promoted soil structure effects in SHP parameterization, yet
analyses of other functional traits (e.g., topography, spatial
variability of rainfall) will be required for establishing more
complete causal links between landscape attributes and hetero-
geneities in physical properties, as envisioned in previous
studies?1:2>. This will provide a mechanistic strategy for model
parameterization across scales, rather then ad hoc tuning and
empirical calibration. Experience from other large scale studies
shows that improved mechanistic representation of SHP may not
direcly improve model performance!21>24 due to various con-
founding processes and scale-appropriate parameters, yet such
realism provides a path forward for updating the representation

as more information becomes available (updatability) and enables
systematic attribution and adjustment of parameterization for
more reliable LSMs under future climate scenarios.

Methods

Noah-MP LSM applications. Simulations for the Haast and Auzon catchments
were performed using the Noah-MP LSM> within HRLDAS (High-Resolution
Land Data Assimilation System>’), with the updated version 4.0.1 (available at
https://github.com/NCAR/hrldas-release)—see Supplementary Methods for addi-
tional model details. For these applications, we retrieved spatially distributed soil
properties from the 1 km SoilGrids dataset®®. Soil profiles were discretized in four
layers (0-0.15m, 0.15-0.6 m, 0.6-1.0 m, and 1.0-2.0 m) and properties for each
layer were estimated from aggregating soil characteristics at various depths (as
available from SoilGrids). Soil hydraulic properties of each layer were calculated by
applying PTFs using Rosetta 3°7. Soil structure corrections were introduced by
modifying the saturated hydraulic conductivity based on Eqs. (1) and (2) with V
equal to the maximum annual LAI (the use of maximum annual LAI in the LSM
applications is motivated by the fact that in the Auzon catchment there are some
deciduous forests and the use of mean annual LAI may underestimate the
underground biomass). LAI values were extracted from the 1 km 8-day MODIS
Leaf Area Index products®®. Atmospheric forcing data, including wind speed, air
temperature, air pressure, specific humidity, radiation, and precipitation were
obtained from ECMWF ERA5-Land reanalysis dataset (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form), with horizontal
resolution of 9 km and temporal resolution of 1 h.

Data availability

The SoilGrids database and MODIS LAI data were retrieved from https://soilgrids.org
and https://earthdata.nasa.gov, respectively. For the Noah-MP model application,
atmospheric forcing data were retrieved from https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-land?tab=form. The SWIG database and the data from Weynants
et al.? are available for download at https://doi.org/10.1594/PANGAEA.885492 and
https://doi.org/10.1594/PANGAEA.879233, respectively. Summary tables containing
data used in Fig. 2b, ¢ and Supplementary Fig. S1 are provided in the Supplementary
Data 1 and are available at https://doi.org/10.5281/zenodo.4741920.

8 COMMUNICATIONS EARTH & ENVIRONMENT | (2021)2:107 | https://doi.org/10.1038/s43247-021-00180-0 | www.nature.com/commsenv


https://github.com/NCAR/hrldas-release
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
https://soilgrids.org
https://earthdata.nasa.gov
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
https://doi.org/10.1594/PANGAEA.885492
https://doi.org/10.1594/PANGAEA.879233
https://doi.org/10.5281/zenodo.4741920
www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/543247-021-00180-0

ARTICLE

Code availability
The Noah-MP model code can be downloaded at https://github.com/NCAR/hrldas-
release.
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