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Abstract

Field-characterised soil morphological data (to 1 m depth) and modelled soil

water release characteristics are recorded in the S-map database for soils cover-

ing approximately 40% of New Zealand's soil area. This paper shows the devel-

opment of the Smap-Hydro database that estimates hydraulic parameters by

synergising soil morphologic data recorded in S-map and soil physics. The

Smap-Hydro parameters were derived using the bi-modal Kosugi hydraulic

function. The validity of the Smap-Hydro parameters was tested by applying

them within an uncalibrated physically based hydrological model (HyPix) and

comparing results with soil water content, θ, measured with Aquaflex soil

moisture probes (0–40 cm deep) at 24 sites across New Zealand. The HyPix

model provided an excellent fit with observed soil water content for 25% of the

sites, a good fit for 33% of the sites and a poor fit for 42% of the sites. Applying

the model to all soils in the S-map database required adjustments for the

occurrence of rock fragments, hydraulic discontinuities caused by soil pans

and required the addition of boundary conditions for water tables and the

occurrence of impermeable rock. A discussion on how we can further syner-

gise the development of pedotransfer functions with knowledge of soil physics

is provided.
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1 | INTRODUCTION

Land and water quality degradation in New Zealand
is caused by land intensification and climate change
which has highlighted the need for more effective land

management practices and nutrient discharge regula-
tions, that can be achieved through the use of national
catchment-based hydrological models (e.g., Cao et al.,
2009; Srinivasan et al., 2021). These models require
knowledge of the spatial variability of physical soil
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hydraulic properties describing soil water retention, θ(ψ),
and hydraulic conductivity, K(ψ), functions. In New Zeal-
and, hydraulic parameters are provided by the spatially
distributed soil maps, Smap-hydro, which contains soil
hydraulic parameters profiles up to 1 m depth for about
6000 soil types. Smap-hydro is linked to a soil map cover-
ing 40% of New Zealand's soil area in 2023, which makes
up most of the highly productive land. The Smap-hydro is
derived from the S-map database (https://smap.
landcareresearch.co.nz). S-map provides, for every soil type,
the soil water content, θ [L3 L�3] derived at the following
tensions, ψ [L] = [0, 5, 10, 20, 40, 100, 1500] kPa by using
empirical pedotransfer functions (PTFs) (PTFs were devel-
oped to derive soil hydraulic parameters from more easy to
measure soil properties), which uses as explanatory vari-
ables soil order classification, rock class, drainage class, tex-
ture (Lilburne et al., 2004; McNeill et al., 2018).

Recently, there has been tremendous progress in digi-
tal soil mapping which has revolutionised the product of
fine-resolution gridded soil data (Arrouays et al., 2020).
Nevertheless, in the development of PTFs, there has been
a lack of introducing knowledge of soil physics accumu-
lated in the last decade. This paper addresses this research
gap by deriving physical hydraulic parameters through
Smap-Hydro which synergises empirical PTFs with soil
physics knowledge. This enables the derivation of more
robust plausible hydraulic parameters by assuring that the
estimated hydraulic parameter sets are physically con-
strained from principles of soil physics (Fern�andez-G�alvez
et al., 2021). The saturated hydraulic conductivity, Ks,
[L T�1] is derived from principles of soil physics by using
as input data hydraulic parameters describing the θ(ψ)
function (Pollacco et al., 2023). This assures that Ks is cor-
related to the pore size distribution described by θ(ψ). The
advantage of using physical approaches to derive Ks is that
it does not require a large observed Ks database compared
to, for example, using a random forest algorithm as used
in the European Pedotransfer functions (T�oth et al., 2015;
Szab�o et al., 2021) or by using eXtreme Gradient Boosting
in Austria (Zeitfogel et al., 2023). The limited number of
samples in New Zealand as well as the very large spatial
variability of Ks due to the very young, alluvial and volca-
nic soils (Hewitt et al., 2021), makes it very problematic to
rely on statistical approaches.

This research proposes and tests the following
approach (illustrated in Figure 1) to combining empirical
models and theoretical physics knowledge to generate
soil hydraulic parameters:

1. Collate pedological data (from the S-map database) of
soil morphological descriptors relevant to soil water
storage and permeability such as soil order, functional
horizons and texture.

2. Derive, for each soil horizon, data points describing
the relationship θ(ψ) of fines using empirical PTFs.

3. Ensure that the derived hydraulic parameters are
physically and dynamically constrained (Fern�andez-
G�alvez et al., 2021).

4. Correct the θ(ψ) of fines for rock fragments consider-
ing the water retention characteristics of the rock frag-
ments, θ(ψ)rf.

5. From the corrected θ(ψ), derive physically plausible
hydraulic parameters by using a lognormal model.

6. Derive the saturated hydraulic conductivity, Ks

[L T�1], from hydraulic parameters that describe θ(ψ)
and the percentage of clay.

7. Test the effectiveness of the Smap-Hydro hydraulic param-
eters by introducing Smap-Hydro hydraulic parameters
into the uncalibrated physically based HyPix model
(Pollacco, Fernandez-Galvez, Ackerer, et al., 2022; Pollacco,
Fern�andez-G�alvez, Rajanayaka, et al., 2022) and compar-
ing modelled soil water content, θmodel, outputs with mea-
sured soil water content, θmeasured, at specific locations.

The Ks model derived in step 6 was developed by Pol-
lacco et al. (2013) from the unimodal Kosugi θ(ψ) by
using the Hagen–Poiseuille equation which was later
extended to bi-modal θ(ψ) (Pollacco et al., 2017). Never-
theless, the Hagen–Poiseuille equation does not give sat-
isfactory results for fine-textured soils because it does not
model the processes of clay–water interactions. Pollacco
et al. (2023) improved the Ks model to make predictions
of Ks for fine-textured soils by introducing a novel clay–
water interaction function, which accounts for the strong
bonding of water molecules to clay particles.

In Smap-Hydro, the θ(ψ) and K(ψ) need to be cor-
rected for rock fragments which is one of the most

Highlights

• Smap-Hydro derives physical soil hydraulic
properties down to 1 m deep with a 40% cover-
age of New Zealand's soil area.

• Smap-Hydro is derived with pedotransfer func-
tions and soil physics.

• Hydraulic parameters are corrected for rock
fragments by considering fragment-to-fragment
contact.

• Hydraulic parameters derived from Smap-
Hydro are validated by a physically based
hydrological model.

• The hydrological model gives an excellent fit
simulating soil water dynamics for 25% of the
sites and a good fit for 33%.
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significant knowledge gaps in soil hydrology (Zhang
et al., 2016). This is mainly because of the cost-
intensive measurements necessary to quantify in situ
water flow in stony soils (e.g., Fern�andez-G�alvez et al.,
2006; Coppola et al., 2013; Pakparvar et al., 2016).
Smap-Hydro corrects θ(ψ) for rock fragments based on
research performed internationally (Naseri et al., 2023;
Parajuli et al., 2017; Peters & Klavetter, 1988;
Robertson et al., 2021).

The correction of Ks for rock fragments is more
complicated than correcting θ(ψ) because rock frag-
ments reduce the number of pores and increase the
travel time of water travelling downwards. This is
because rock fragments cause water molecules to
meander between the fragments, causing an increase
in tortuosity and a decrease in Ks. Nevertheless,
when rock fragment content becomes high, fragment-
to-fragment contact increases and Ks gradually
increases again. This explains why different studies
(e.g., Fern�andez-G�alvez et al., 2006; Hlav�ačikov�a
et al., 2016; Ma et al., 2010; Ma & Shao, 2008; Mehuys
et al., 1975; Nov�ak et al., 2011; Shao et al., 2009; Yang
et al., 2013) have shown either positive or negative
relationships between rock fragments and soil hydro-
logical processes (e.g., soil water storage, groundwater
recharge, runoff generation, solute transport, preferen-
tial flow). Ks starts to increase when rock fragment
content reaches a certain threshold, which depends
on many factors, such as the shape and orientation of

the rock fragments. No models are corrected for rock
fragments greater than this threshold. Therefore, we
introduce a novel Ks model for correcting rock frag-
ments by accounting for water flow processes in soils
with high rock fragment content that is no longer dom-
inated by matrix flow but by film flow due to
fragment-to-fragment contact.

The spatial 3D hydraulic parameters derived from Smap-
Hydro are currently implemented into a wide range of physi-
cal and conceptual models in New Zealand such as: JULES
(https://jules.jchmr.org/) (Sood et al., 2021); OVERSEER
(https://www.overseer.org.nz/) (Giltrap et al., 2022); NZ
Water Model – Hydrology (https://niwa.co.nz/freshwater/
research-projects/nz-water-model-hydrology-nzwam-hydro)
(Rajanayaka et al., 2022); SWAT (https://swat.tamu.edu/)
(Pollacco et al. 2022); and HyPix physically-based hydrologi-
cal models (Pollacco, Fern�andez-G�alvez, Ackerer et al., 2022;
Pollacco, Fern�andez-G�alvez, Rajanayaka et al., 2022).

This paper is organised as follows: Section 2
describes the theory deriving the algorithms used to
generate Smap-Hydro parameters; Section 3 describes
the data and model used in the development and valida-
tion process; Section 4 presents and analyses the model
outputs using Smap-Hydro parameters and compares
the simulated soil water content with the point scale
measurements from the field; Section 5 discusses how
we can further synergise the development of PTFs with
soil physics and Section 6 summarises the main
conclusions.

FIGURE 1 A schematic

illustrating the processes of

deriving Smap-Hydro physical

hydrological parameters.
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2 | THEORY

2.1 | Deriving physical soil hydraulic
parameters

2.1.1 | Lognormal bi-modal θ(ψ) and K(ψ)
functions

The Smap-Hydro parameters are derived using
Kosugi’(1994, 1996) soil hydraulic functions. The
choice of the Kosugi model is based on the physical
interpretation of the parameters in relation to the soil
pore size distribution and the fact that these parame-
ters can be constrained by exploiting the relationship
between them (Fern�andez-G�alvez et al., 2021). More-
over, the selection of bi-modal functions is based on
the prevalence of soils with a bi-modal pore system
(Jarvis, 2007; McLeod et al., 2008; Zhang et al., 2022),
where macropores and micropores lead to a two-stage
drainage. Fast flow (macropore flow) can occur when
the water pressure head exceeds the threshold needed
to activate the macropore network, adding to the
matrix flow. Below this threshold, only the matrix con-
tributes to the flow (Fern�andez-G�alvez et al., 2021).
The representation of the θ(ψ) and K(ψ) functions uses
the dual porosity model from Pollacco et al. (2017)
based on the Kosugi (1999; 1996) lognormal distribu-
tion. This sums up the soil water retention of the matrix
domain, θMat ψð Þ and the soil water retention of the
macropore domain, θMac ψð Þ:

θ ψð Þ¼ θMat ψð ÞþθMac ψð Þ
θMat ψð Þ¼ 1

2
θsMacMat�θr½ � erfc ln ψ=ψmð Þffiffiffi

2
p

σ

� �
þθr

θMac ψð Þ¼ 1
2
θs�θsMacMat½ � erfc ln ψ=ψmMacð Þffiffiffi

2
p

σMac

� �

8>>>>><
>>>>>:

ð1Þ

where ψ [L] is the absolute value of the soil water pres-
sure head (i.e., matrix suction, ψ ≥ 0); θs [L

3 L�3] and θr
[L3 L�3] are the saturated and residual volumetric soil
water content, respectively; θsMacMat [L

3 L�3] is the volu-
metric soil water content when the matrix domain is satu-
rated with water and the macropore domain is filled with
air; ln ψm and σ [L] denote the mean and standard devia-
tion of ln ψ , respectively, in the soil matrix domain;
and ln ψmMac and σMac [L] indicate the mean and stan-
dard deviation of ln ψ , respectively, in the soil macropore
domain.

The Kosugi (1999; 1996) log-normal unsaturated
hydraulic conductivity is described by Pollacco et al.
(2017) in its bi-modal form as follows:

Se ψð Þ¼ 1
θs�θr

1
2

θsMacMat�θrð Þerfc ln ψ=ψmð Þffiffiffi
2

p
σ

� �8<
:

þ θs�θsMacMatð Þerfc ln ψ=ψmMacð Þffiffiffi
2

p
σMac

� �9=
;

KsMac ¼Ks
θs�θsMacMat

θs�θr

KsMat ¼Ks
θsMacMat�θr

θs�θr

K ψð Þ¼
ffiffiffiffiffi
Se

p
2

KsMat erfc
ln ψ=ψmð Þffiffiffi

2
p

σ
þ σffiffiffi

2
p

� �� �28<
:

þ KsMac erfc
ln ψ=ψmMacð Þffiffiffi

2
p

σMac
þ σffiffiffi

2
p

� �� �29=
;

Ks ¼KsMacþKsMat

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð2Þ

where Se ¼ θ ψð Þ�θrð Þ= θs�θrð Þ is the effective soil water
content and Ks [L T�1] is the saturated hydraulic
conductivity.

The Smap-Hydro software can also generate the
hydraulic parameters of several θ(ψ) and K(ψ) functions,
for example: the van Genuchten (1980) with the Mualem
(1976) condition, the Brooks and Corey (1964), the Clapp
and Hornberger (1978) and the Green and Ampt (1911)
functions.

2.2 | Deriving unique physical soil
hydraulic parameters describing θ(ψ)

2.2.1 | Physically constraining the Kosugi
hydraulic parameters

The hydraulic parameters are obtained by fitting the
modelled points of the θ(ψ) derived from PTF, to the cor-
responding Kosugi θ(ψ) function. However, a severe
drawback of deriving the hydraulic parameters by inverse
modelling is that they suffer from equifinality or non-
uniqueness (Fern�andez-G�alvez et al., 2021; Pollacco
et al., 2008). Equifinality occurs when more than one set
of parameters gives acceptable simulations relative to a
given measure of goodness-of-fit between simulated and
measured values (Pollacco et al., 2008; Pollacco &
Angulo-Jaramilo, 2009). Pollacco et al. (2008) found
that to eliminate the equifinality and obtain a unique set
of hydraulic parameters, it is necessary to invert the
hydraulic parameters simultaneously from observations
of both θ(ψ) and K(ψ) and that the measurements
cover the full range of θ, from fully saturated to oven dry.
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However, in S-map, there are only limited observed θ(ψ)
data points, and therefore, it is not possible to obtain a
unique estimation of the hydraulic parameters (θs, θr, σ,
ψm, θsMacMat, σMac, ψmMac). Therefore, it is necessary to
physically constrain the hydraulic parameters using rela-
tionships among the Kosugi parameters, as described in
Table 1.

Pollacco et al. (2013) showed that it is possible to
reduce the non-uniqueness of the Kosugi hydraulic
parameters and obtain physical parameters, by using
the positive linear correlation between ln ψm and σ to
constrain the relationship between ψm and σ. Such
correlation exists because of the large median pore
size (small ψm), characteristic of coarsely textured
soils, which is linked to a smaller dispersion in pore
size (small σ). This relationship can be explained by
the fact that when ψm is small, the soil tends to have
single-grain texture (monodisperse), so σ tends to be
small. On the other hand, when ψm increases, it corre-
sponds to a smaller median pore size, which is charac-
teristic of aggregated soils with finer material and a
range of grain sizes (polydisperse) and so σ tends to be
larger.

Fern�andez-G�alvez et al. (2021) physically constrained
the relationship between ψm and σ by assuming that θ(ψ)
has a bi-modal log-normal probability density function,
in which, the feasible range of ψm is derived from σ as
follows:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ψMacMat

p
eσPσ ≤ψm ≤ψMacMate

σPσ ð3Þ

where ψMacMat [L] is the water pressure head boundary
between the macropores and matrix. Thus, when
the pores are saturated (ψ < ψMacMat), the flow is
considered macropore flow and when the soil is desatu-
rated (ψ > ψMacMat), the flow is considered matrix
flow. Jarvis (2007) found an average value of
ψMacMat = 100 mm. Pσ = 3 gives ln ψMacMat > ln ψmMac

by three times the standard deviation of the logarith-
mic macropore size distribution.

The robustness of constraining ψm and σ has been
demonstrated by Pollacco et al. (2013) and Vogeler et al.
(2021), which derives satisfactory physical predictions of
bi-modal Kosugi hydraulic parameters exclusively from
(ψ) in the absence of K(ψ), as in the S-map database.

It is to be noted that the algorithm for reducing
the non-uniqueness of the hydraulic parameters is spe-
cific to the Kosugi hydraulic functions due to the physical
meaning of its parameters.

2.3 | Deriving Ks from θ(ψ) parameters

S-map does not provide direct estimates of Ks and therefore,
we derive Ks from the hydraulic parameters that describe
the bi-modal Kosugi θ(ψ), defined in Equation (1) according
to Pollacco et al. (2023) as follows:

TABLE 1 Dynamically constraining the bi-modal hydraulic parameters. ψMacMat = 100 mm is the water pressure head boundary

between the macropores and matrix.

θs [m3 m�3] θr [m
3 m�3] σ [�] ψm [mm] θsMacMat [m

3 m�3] σMac [�] ψmMac [mm] Ks [mm s�1]

Opt. – ✓ ✓ ✓ ✓ – – –

Ref. – – – Equation (3) (Fern�andez-G�alvez et al., 2021) Equation (4)

Min. – 0 0.75 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ψMacMat

p
eσPσ 0.75 θs ln

ffiffiffiffiffiffiffiffiffiffiffi
ψMacMat

pð Þ
PσMac

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ψMacMat

p
KsModel θ ψð Þ,clay½ �

Max. 0.2 3.75 ψMacMate
σPσ θs

Note: Pσ = 3 and PσMac = 2 are the multiplier of the standard deviation for matrix and macropore domains respectively; α = 0.95 [�] is a parameter that
considers the air entrapment and the fact that not all pores are connected (Pollacco et al., 2013, 2020). The four parameters that are optimised, Opt, are
indicated by ✓.

KsMat ¼ 10
τ1

τ1�1 C π θsMacMat�θrð Þ
TclayðclayÞ
4 1�τ3ð Þ Y

ψm

� �3 1�τ2ð Þ
exp 3 1�τ2½ �ð Þ½ �2 σ2

2

� �� �4 1�τ3ð Þ

KsMac ¼ 10
τ1

τ1�1 C π θs�θsMacMatð Þ Y
ψmMac

� �3 1�τ2Macð Þ
exp 3 1�τ2Macð Þ½ �2 σMac

2

2

� �� �4 1�τ3Macð Þ

KsModel ¼KsMacþKsMat

8>>>>>><
>>>>>>:

ð4Þ
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where C is a constant (C = 3.4542 � 107 mm d�1) and τ1,
τ2, τ3, τ2Mac and τ3Mac [0–1] are tortuosity parameters; Y is
the Young–Laplace capillary parameter, with Y = 14.9 mm2

for pure water at 25�C and a contact angle of 0�.
The computation of the Tclay function is as follows:

Δθsr ¼ θsMacMat�θr

Δθs
η
r ¼ max

Δθsr� τClayΔθsr
1� τClayΔθsr

,0

" #

Tclaymax Δθs
η
r

	 
¼ 1þΔθs
η
r τClaymax

�1
	 


Clayη ¼ max Clay� τClay0 ,0
	 

1�Clay0

Tclay ¼Tclaymax Δθs
η
r

	 
� Tclaymax Δθs
η
r

	 
�1
� �

cos
π

2
Clayη

� �

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð5Þ

where Clayη [0–1] is the normalised Clay; τClay0 [0–1] is a
fitted threshold parameter describing the minimum per-
centage of clay for which Tclay function starts to reduce;
τClayΔθsr [0–1] is another threshold of θsMacMat�θr; and
τClaymax

is a fitting parameter which indicates the maxi-
mum value of Tclay.

When the tortuosity parameter values are close to 0, then
the soil can be theoretically described as a bundle of ‘per-
fect’ circular and ‘straight’ capillary tubes. The values of
the tortuosity parameters are described in Table 2.

2.4 | Correction for rock fragments

2.4.1 | Correction of θ(ψ) for rock fragments

S-map provides (a) data points of θ(ψ) for the soil fine
fraction (<2 mm); (b) field estimate of the percentage vol-
ume of rock fragments, Rf [%]; and (c) data points for the
water retention curve of rock fragments, θ(ψ)rf, represent-
ing the most common rocks found in New Zealand, as
described in Table 3 and detailed in the next section
(Robertson et al., 2021). The entire description of the soil
water retention curve, θ(ψ)tot, is performed by combining
the fine and the coarse (>2 mm) fractions. The following
algorithm for correcting θ(ψ) was shown by several
researchers (Naseri et al., 2023; Parajuli et al., 2017;
Peters & Klavetter, 1988; Robertson et al., 2021) to match
reasonably well with laboratory data. This is performed by
partitioning θ(ψ) based on the volume taken by rock

fragments and that of the fines by using volume averaging
(the composite-porosity model), as follows:

θ ψð Þtot ¼ 1�Rf
	 


θ ψð ÞþRf θ ψð Þrf ð6Þ

The correction of K(ψ) for Rf will be addressed in
Section 2.4.2, as the saturated hydraulic conductivity is
derived from θ ψð Þtot.

Water retention curve of rock fragments: θ ψð Þrf
The θ ψð Þrf was measured using a novel methodology
described in Robertson et al. (2021) that uses repacked
soil cores comprising clasts (rock and glass) and fine
earth. This is performed by incorporating a suction
plate-core containment system that can be weighed
as a unit to overcome typical core size restrictions.
The method analyses the relationship between total
core volumetric water content and Rf. Cores were
packed with a mixture of inert glass and rock frag-
ments to maintain a uniform volume of clasts between
treatments, which allowed Rf [Equation (6)] to vary
between cores, but the total clast proportion was
held at 30%. A constant total clast volume improves
accuracy and precision by ensuring the water-holding
characteristics of the matrix vary as little as possible
among cores. The derived θ ψð Þrf is input into Equa-
tion (6). An estimate of θ ψð Þrf for a range of rock types is
described in Table 3.

2.4.2 | Correction of Ks for rock fragments

The correction of Ks to account for Rf is more complicated
because rock fragments reduce the number of pores and
increase the travel time of water travelling downwards. This
is because rock fragments cause the water molecules to
meander between the rock fragments, causing an increase in
tortuosity and a decrease in Ks. However, when Rf becomes
high, fragment-to-fragment contact increases and Ks gradu-
ally increases again. The threshold Rf when Ks starts to
increase, Rf_Contact, generally occurs when Rf exceeds 40%
(e.g., Beibei et al., 2009; Urbanek Shakesby, 2009). This
threshold depends on numerous factors, such as the shape
and orientation of the rock fragments. There are no models
to correct K(ψ) for Rf > Rf_Contact, so we propose an empirical
model to correct Ks for Rf > Rf_Contact.

TABLE 2 Values of the tortuosity

parameters for K ψð Þmodel

[Equation (4)–(5)] with a feasible

range [0–1].

K ψð Þmodel τ1 τ2 τ3 τ2Mac τ3Mac Clay0 τClayΔθsr τClaymax

[0–1] [1.1–100]

0.763 0.604 0.589 0.962 0.00256 0.14 0.34 99.8

6 of 21 POLLACCO ET AL.

 13652389, 2024, 3, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.13502 by Jesús Fernández G

álvez - U
niversidad D

e G
ranada , W

iley O
nline L

ibrary on [30/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Correcting Ks for Rf ≤ Rf_Contact

For Rf < Rf_Contact, there is no need to perform further
corrections because KsModel [Equation (4)] uses hydraulic
parameters that describe θ ψð Þtot, which was previously
corrected for Rf by using Equation (6). KsModel can be con-
ceptualised as follows:

Ks_rf ≈Ks 1�Rf
	 
1:64 ð7Þ

A comparison of this model with that of Naseri et al.
(2023), who tested different models (Peck &
Watson, 1979; Nov�ak et al., 2011) for how Rf impacts K
(ψ) with different prepacked stony soils, found that the
Naseri et al., (2022) model performed the best:

Ks_rf ≈Ks 1� Rf

0:982


 �1:26

ð8Þ

Due to the similarities of the proposed model with that
of Naseri et al. (2022), we do not modify our model further
for Rf ≤ Rf_Contact. Note, Naseri et al. (2022) did not indi-
cate the range of Rf for which their model is valid.

Correcting Ks for Rf > Rf_Contact

The processes for water flow for high Rf are no longer
dominated by the matrix flow but by film flow due to the
fragment-to-fragment contact. Because there was no
available data to test the proposed KsModel model, we
obtained the Rf_Contact (40%) from the literature (Beibei
et al., 2009, Figure 3; Khetdan et al., 2017, Figure 5;
Beckers et al., 2016, Figure 2). The increase in Ks

with increasing Rf is gradual and the maximum increase
of Ks with increasing Rf is similar to when Rf = 0.
Therefore, we propose the following model, which
increases linearly from Ks_rf Rf ¼Rf_Contactð Þ¼
KsModel Rf ¼Rf_Contactð Þ to Ks ¼KsModel Rf ¼Rf_Maxð Þ, where
Rf_Max ¼ 90% is the maximum allowed Rf.

For that, we modified θs by applying a linear relation-
ship with Rf as follows:

Rf_Max

Rf_Contact

� �
Rf

Rf

� �
¼ θs

θs 1�Rfð Þ

� �
ð9Þ

We modified θr by applying a linear relationship with
Rf as follows:

TABLE 3 Description of the θ ψð Þrf modelled for a range of rock lithology implemented into Smap-Hydro.

Rock lithology Rock class

θ ψð Þrf
Notes0 5 10 100 1500

Hard quartzitic Hard metamorphic 0.04 0.03 0.02 0.01 0.01 Low porous, hard, coarse grain, does not
weather.Marble

Diorite Hard coarse grain 0.1 0.07 0.05 0.03 0.01 Based on Robertson et al. (2021) volumetric
quantification of rock fragments across
Canterbury.

Granite & Gneiss

Greywacke

Limestone

Schist

Tuffaceous sandstone

Hard mudstone Hard fine grain 0.1 0.09 0.08 0.05 0.03 Based on Hard coarse grain, but as per Maff
(1988) there is a slight increase to values as
they are likely to weather faster.

Tuffaceous mudstone

Andesite Volcanic 0.12 0.08 0.06 0.03 0.01 Based on Maff (1988), which shows volcanic
rocks tend to be more porous than
sedimentary hard rocks.

Basalt

Gabbro

Ignimbrite

Rhyolite

Soft mudstone Soft fine grain 0.13 0.12 0.11 0.06 0.03 Schoeman et al. (1997)

Carbonaceous Soft coarse grain 0.15 0.12 0.1 0.07 0.04 Schoeman et al. (1997)

Soft calcareous

Soft quartzitic sediments

Soft sandstone

Note: The ψ = [0, 5, 10, 100, 1500] are in units of kPa.
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Rf_Max

Rf_Contact

� �
¼ Rf

Rf

� �
θr

θr 1�Rfð Þ

� �
ð10Þ

We assume that when fragment-to-fragment contact
occurs, macroporosity is described by θsMacMat

[Equation (1)], which increases with increasing Rf. So we
corrected θsMacMat as follows:

Rf_Max

Rf_Contact

� �
¼ Rf

Rf

� �
0:7 θs�θrð Þþθr

θsMacMat 1�Rfð Þ

� �
ð11Þ

Figure 2 illustrates the influence of Rf on KsModel,
where low σ is representative of sandy soils and high σ is
representative of clay soils, assuming that rocks are not
wettable and KsModel is not corrected for high Clay
[Equation (5)]. There was no data to validate the model.
Figure 2 shows that the KsModel behaves as expected, with
KsModel decreasing with increasing Rf until Rf_Contact is
reached, then KsModel increases for increasing Rf until
Rf ¼Rf_Max. As expected, the increase and decrease in
KsModel with Rf is more pronounced for sandy soils than
for soils containing more clay (high σ) because soils with
a higher percentage of fine material obstruct large voids
(Poesen & Lavee, 1994).

2.5 | Soils with impervious layers

There are soils with impervious layers (pans or rock
interface) requiring default values of θ(ψ) and K(ψ), as
shown in Table 4.

The distinction between different pans is based on
their New Zealand Soil Classification (Hewitt, 1992).

A permeable rock horizon is generated for soils with rock
at the bottom of the soil profile, where that rock is not
classified as being impermeable, based on root barrier
type and the origin of the parent material.

2.6 | Physically based HyPix model

The physically based HyPix model (Pollacco, Fernandez-
Galvez, Ackerer, et al., 2022; Pollacco, Fern�andez-G�alvez,
Rajanayaka, et al., 2022) has been used to test the accu-
racy of the Smap-Hydro parameters by comparing the
time series changes in θ computed by HyPix using Smap-
Hydro parameters, θhypix, with the observed θ data, θobs,
through time.

HyPix can (a) process a large number of soil layers,
(b) simulate unimodal and bi-modal Kosugi hydraulic
parameters for each soil layer, (c) simulate realistic water
ponding at the soil surface by using a novel approach for
the computation of sorptivity (Lassabatere et al., 2021;
2023), (d) compute θ at different depths, (e) compute
rainfall interception from leaf area index, (f) derive tran-
spiration from root water uptake with a compensation
mechanism for deeper layers where root density is lim-
ited, (g) compute evaporation and (h) compute drainage
through the bottom of the soil profile under different
boundary conditions.

HyPix solves the mixed form of the Richardson–
Richard's equation (RRE) using the Newton–Raphson
method. The non-linear RRE is solved with an efficient
heuristic and physical time-stepping strategy using a
reduced number of control parameters with a maximum
time step of 1 hour. HyPix also incorporates a novel algo-
rithm to avoid ‘overshooting’ by controlling the Newton–
Raphson step. The RRE partial differential equation is
solved using a cell-centred finite-volume (implicit finite
differences) scheme for the spatial discretisation, with an
implicit Euler scheme for the temporal discretisation by
using the weighted average inter-cell hydraulic conductiv-
ity. Assuming a rigid solid matrix, the mixed form of the
RRE is written as:

θi ψ t
i

	 
�θi ψ t�1
i

	 

ΔTt �So

θi ψ t
i

	 

θsi

ψ t�1
i �ψ t

i

ΔTt

¼Qt
i�1=2�Qt

iþ1=2

ΔZi
�Sinki ψ

t�1
i

	 
 ð12Þ

where ΔTt [T] is the time-step at time t; ΔZi [L] is the
mesh size of cell i, with the vertical coordinate positive
downwards; θi [L

3 L�3] is the volumetric soil water con-
tent of cell i; θsi [L

3 L�3] is the saturated volumetric soil
water content of cell i; S0= 10�6 is a parameter that
accounts for fluid compressibility, which is assumed to be

FIGURE 2 Relationship for KsModel and Rf [0 to 0.9] for soils

with small σ representing sandy soils and large σ representing

clay soils.
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constant with depth; ψ i [L] is the soil water pressure of
cell i, considering ψ <0 for unsaturated soils; Q [L T�1] is
the soil water flux based on the extended Darcy–Bucking-
ham's law, which is positive downward and negative
when water moves upwards; Qt

i�1=2
[L T�1] is the flux

entering cell i and Qt
iþ1=2

[L T�1] is the flux exiting cell i;
and Sinki [L

3 L�3 T�1], taken as positive, is the sink term
defined as the volume of water per unit time removed
from cell i by soil evaporation and root water uptake.
Additional details of the HyPix model can be found in
Pollacco, Fernandez-Galvez, Ackerer, et al. (2022) and
Pollacco, Fern�andez-G�alvez, Rajanayaka et al., (2022).
The input, outputs and parameters required by the Hypix
model are described in Section 3.4.

2.6.1 | Boundary conditions derived from
the pedological soil profile

Hydrological models require knowledge of the bottom bound-
ary conditions, which is notoriously difficult to provide accu-
rately. S-map provides information only to a maximum depth
of 1 m, so if no pedological/geological feature is reported
<1 m, then it is assumed that there is a free boundary condi-
tion. A water table boundary condition is set where a ‘fluid’
horizon is present in S-map and an impermeable layer bound-
ary condition is set if the soil has ‘massive’ rock below that is
determined to be impermeable, based on the origin of its par-
ent material. The following boundary conditions (summarised
in Table 5) are implemented into the physically based HyPix
model, which is implemented into the AquaPore-ToolKit
(Pollacco, Fernandez-Galvez, Ackerer, et al., 2022; Pollacco,
Fern�andez-G�alvez, Rajanayaka, et al., 2022).

Free drainage boundary conditions
The free drainage boundary condition at the bottom of
the soil profile occurs when the gradient of pressure, ψ ,
with depth, Z [L], is unity. The water flux Q [L T-1] is
computed as follows:

QN ¼KsN ψ t
N

	 
 ∂ψN

∂ZN
¼KN ð13Þ

where N represents the index of the last cell in the soil
profile.

Water table boundary conditions
The prescribed water table bottom water pressure bound-
ary condition, ψbot ¼ 0 [L], is set at the bottom of cell N of
the soil profile and results in the following flux, which
results in upward capillary flux.

QN ¼�KsN
0�ψN

ΔZN=2

�1

" #
ð14Þ

Impermeable boundary conditions
This can be performed by setting Ks = 0 in the free drain-
age boundary condition [Equation (13)].

3 | MATERIALS AND METHODS

3.1 | Workflow of introducing Smap-
Hydro into the physically based
HyPix model

The hydraulic parameters of Smap-Hydro, describing
θ(ψ) and K(ψ) are derived using the following workflow:

1. Correct θ(ψ) for rock fragments by using Equation (6).
2. Optimise the bi-modal Kosugi hydraulic parameters

by matching observed θ(ψ)Smap data points with the
bi-modal Kosugi function θ(ψ) [Equation (1)] and by
minimising the objective function [Equation (16)].

TABLE 4 Default θ(ψ) and K(ψ) hydraulic parameters for unconventional soils. The ψ [0, 5, 10, 100, 1500] are presented in units of kPa.

Horizons Ks [mm s�1]

θ(ψ)

Comments0 5 10 20 40 100 1500

Continuous soil pan 2.31 � 10�5 0.1 0.098 0.096 0.095 0.092 0.088 0.068 θ(ψ) derived for soils with high
clay content

Discontinuous soil pan 4.63 � 10�5 0.1 0.079 0.073 0.067 0.060 0.050 0.023 θ(ψ) derived for soils with high
clay content

Permeable rock 2.22 � 10�2 0.134 0.037 0.019 0.016 0.016 0.016 0.016 θ(ψ) of (Dann et al., 2009,
Lowcliffe sea cliff)

TABLE 5 Features describing boundary conditions.

Boundary cond. Information

Free drainage When no other boundary conditions are
known

Impermeable When a non-permeable rock is detected

Water table When a permanent water table is
detected, identified as a ‘fluid’ horizon

POLLACCO ET AL. 9 of 21
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This step considers constraining physically and
dynamically the hydraulic parameters (Table 1).

3. Derive Ks from hydraulic parameters describing θ(ψ)
and the percentage of clay using KsModel [Equation (4)].

4. Correct Ks for Rf greater than 40% by using
Equation (9)–(11).

5. Assess the accuracy of Smap-Hydro by introducing
the Smap-Hydro hydraulic parameters into the uncali-
brated physically based HyPix model and compare the
modelled and observed θ averaged for the top 40 cm.

3.2 | Deriving S-map data

3.2.1 | Pedological description of S-map
database

S-map is a digital spatial soil information system devel-
oped to provide soil morphological information for
New Zealand soils (Webb & Lilburne, 2011; McNeill
et al., 2018). The definition and descriptions of soil
characteristics in S-map are clearly defined and, where
appropriate, are quantitative.

At the highest level, S-map soil units are based on the
New Zealand Soil Classification (Hewitt, 2010), devel-
oped in the 1980s, which organises the soils into 15 soil
orders and then into soil groups and sub-groups. The
15 soil orders, three of them split according to their soil
group, were found to have valuable relationships with
θ(ψ) (and, indirectly, infiltration rates). The classification
of soil orders is based on significant differences in soil
forming factors, as follows:

• Semi-arid, Pallic, Brown and Podzol orders form a cli-
matic sequence of soils with increasing rainfall and
leaching.

• Pumice (rhyolitic pumice), Allophanic (volcanic ash)
and Melanic (calcareous and basaltic) orders contain
soils formed from distinctive parent materials.

• Ultic, Granular and Oxidic orders contain soils formed
on old, weathered landscapes.

• Raw and Recent orders contain soils related to very
young soil development.

• The Gley order contains poorly drained soils with an
underlying water table.

• The Organic order contains soils formed from peat.
• The Anthropic order contains soils modified by signifi-

cant human disturbance.

After soil classification, soils are grouped into soil
families based on the soil profile form, rock type, three tex-
ture classes and three permeability classes. S-map contains
information to a maximum depth of 1 m. The soil profile
identifies four depth classes indicating depth to rock, to
horizons with >35% Rf, or to a soil pan. The classes are
very shallow (<20 cm), shallow (20–45 cm), moderately
deep (45–100 cm) and deep (>100 cm).

Soil families are sub-divided into soil siblings (equiva-
lent to soil types), each corresponding to a unique combi-
nation of up to six functional horizons. The functional
horizons were designed to characterise soil horizons
according to physical features related to water-holding
capacity and permeability is summarised in Table 6
(Griffiths et al., 1999; Webb, 2003).

In the S-map, functional horizons are defined in terms of:

• Topsoil/sub-soil: topsoil generally has greater water
content (and usually greater porosity) than sub-soil
horizons with the same particle size;

• Tephra/non-tephra: soils formed from volcanic ejecta
typically have higher total porosity and microporosity
than other soils and commonly have greater plant-
available water content;

• Soil strength: loose, compact and dense for soil with
>35% Rf and weak, slightly firm and firm for soil with
<35% Rf soil;

• Ped size: soil structure is sub-divided into two classes
(>2 cm or <2 cm).

Functional horizons are also identified into four ston-
iness classes and three soil texture classes, but these are
not used for the water retention model because every
horizon in S-map is assigned a percentage of rock frag-
ments, sand, silt and clay content and these are used.

The S-map database contains over 4000 siblings (soil
types) with over 16,000 soil horizon descriptions.

TABLE 6 Attributes defining

functional horizons (Webb, 2003).
Stone content Texture of fines Structure size Consistency

Non-stony Sandy (A)
Loamy (L)
Clayey (Y)

Coarse (C)
Fine (F)

Weak (w)
Slightly firm (s)
Firm (f)

Stony (S)

Very stony (V) Loose (l)
Compact (c)
Dense (d)

Extremely stony (X)

10 of 21 POLLACCO ET AL.
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3.2.2 | PTFs to derive θ(ψ) from soil
information

Empirical PTFs for θ(ψ) have been developed by McNeill
et al. (2018) to estimate the θ at different ψ , using explana-
tory variables derived in Section 3.2.1. The model described
by McNeill et al. (2018) has recently been extended to incor-
porate more sample data, as well as additional explanatory
variables. The explanatory variables include the soil order
classification, rock class of the fines, sample mid-depth,
drainage class, texture (sand, silt and clay) and parsed infor-
mation from the S-map functional horizons. The parsed
S-map information yields qualitative class information, such
as the attributes described in Table 6.

The most influential parameters for predicting θ at
different ψ were soil order, texture (sand, silt and clay),
topsoil (true, or not) and strength (consistency), although
the relative influence of these parameters depended on ψ .
For instance, the S-map tephra class is more influential at
ψ values closer to total porosity and less influential near
the wilting point. The model is not causal, so the effect of
a variable operates in association with the other vari-
ables, often in a manner that is not obvious. For instance,
sample depth is not important per se, but sample depth is
a surrogate for soil carbon concentration and the latter
is influential in predicting θ. Similarly, soil order is associ-
ated with soil density, which most likely explains its
strong association within the PTF. The tephra class is also
influential for some ψ and its variable effect for different
ψ is most likely due to its association with different soil
orders. As a result, disentangling these effects to deter-
mine causal relationships is challenging.

The PTF used in McNeill et al. (2018) uses a general-
ised additive model (GAM, see Wood, 2017) with θ as the
response, modelled as a Beta distribution to constrain
the value in the range [0,1]. For ψ equals 1500 kPa, the
scaling is direct. For other ψ , the scaling of the response
is arranged so that the response is between the maximum
at the next highest tension and unity. In this way, the
predicted θ estimates are physically constrained to be
non-decreasing for increasing ψ .

3.3 | Soil characterisation and soil water
content measurements

3.3.1 | S-map descriptions of the
monitoring sites

Validation of the Smap-Hydro model predictions was per-
formed by using information from a separate set of soil
sampling locations using Aquaflex sensors (www.aquaflex.
co.nz) to characterise soil moisture. Soil descriptions were

available for each of the monitoring sites and the soils
were described within 50 cm of the soil water content sen-
sor. Soil descriptions by pedologists included estimates of
soil colour, texture, structure, compaction, mottle pattern,
root abundance and the presence of water tables. Fifteen of
the 24 sites had particle size analysis derived in the labo-
ratory for the top 40 cm of soil material. Site soil
descriptions were then translated into the S-Map classi-
fication and soil horizon characteristics, which included
estimates of Rf, sand, silt and clay percentages. For the
remaining 9 sites, the percentage of the particle size esti-
mates are based on general pedological descriptions of
texture, such as stony silt loam and therefore have signif-
icant uncertainty. This data was entered into the S-map
database and θ(ψ) relationships were derived from the
water release model.

3.3.2 | Soil water content measurements
using uncalibrated Aquaflex

We selected a total of 24 soil water content monitoring
sites (Table 8) out of 30 available sites, the location of
which is illustrated in Figure 3. The reason why we
excluded the data from 6 sites is either because of mis-
matches of climate data and θ data, uncertainty of soil
descriptions, or soil disturbance at the site.

θ measurements were recorded hourly using Aquaflex
sensors. The Aquaflex sensors is a time domain transmis-
sivity (TDT) soil moisture tape that measures θ integrated
over a 3 m sensor length, installed from 5 to 35 cm depth.
The sensing volume around the sensor is up to a 5 cm
radius, equivalent to an overall soil volume of 6 L, corre-
sponding to the top 40 cm of the soil profile. Accuracy is
estimated at ±2% by the manufacturer. The dates of the
simulation depended on the available data and we let the
soil settle for 12 months before using the data.

The drawback of this dataset is that the sensors were
not calibrated for local soil conditions, which implies that
only differences of θ with time can be trusted and not the
actual absolute θ value. Therefore, the mean adjustment
correction to the observations, θMeanAdjObs [L3 L�3] and
HyPix simulation, θMeanAdjHypix [L

3 L�3], was computed as
follows:

θMeanAdjObs ¼ θobs�θobs

θMeanAdjHypix ¼
PLi
i¼1

ΔZiθHypixi

PLi
i¼1

ΔZi

8>>>>><
>>>>>:

�
PLi
i¼1

ΔZiθHypixi

PLi
i¼1

ΔZi

ð15Þ

where Li is the number of soil layers in the top 40 cm;
θHypix is the simulated θ by HyPix model at
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different soil layers i, ΔZi is the thickness of the soil layer;
θobs is observed θ derived from aquaflex. For each soil
layer, θ, is the mean soil water content with
time;

PN i
i¼1ΔZi ¼ 40cm.

The number of Smap-Hydro horizons in the top
40 cm is site-specific, but ranges between 1 to 4 horizons.

Smap-Hydro: Optimisation of the soil hydraulic
parameters
The fitting of the estimates of Smap-Hydro hydraulic
parameters describing the bi-modal Kosugi hydraulic
parameters of θ(ψ) [Equation (1)] is performed by mini-
mising the following objective function (OF):

FIGURE 3 Location of the 24-soil water content monitoring sites.
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OF¼
PN i

i¼1
θ ψ ið ÞSmap�θ ψ ið Þsim
h i2

PN i

i¼1
θ ψ ið ÞSmap�θ ψ ið ÞSmap

h i2 ð16Þ

where Ni for each soil sample is the number of
experimentally measured S-map data points describing
θ ψ ið ÞSmap, which is corrected for rock fragments. The
simulated values of the bi-modal lognormal model,
θ ψ ið Þsim, are derived from Equation (1).

The Kosugi hydraulic parameters are dynamically
constrained using the algorithms described in Table 1. The
optimisation is performed by using the global adaptive dif-
ferential evolution algorithm (Qin et al., 2009; Zhang &
Sanderson, 2009) derived from the BlackBoxOptim.jl
library (https://github.com/robertfeldt/BlackBoxOptim.jl),
written in the Julia programming language (https://
julialang.org).

3.4 | Parameterisation of the
HyPix model

3.4.1 | Precipitation and potential
evapotranspiration input data

The precipitation data is measured on-site, for which the
missing values are corrected with the Virtual Climate
Stations Network (VCSN) (Tait et al., 2006). The Penman–
Monteith potential evapotranspiration is computed from
VCSN which is recorded in Table 8.

3.4.2 | Discretisation of the Smap-Hydro
parameters

Smap-Hydro provides the values of the hydraulic
parameters for up to six functional horizons (depend-
ing on the heterogeneity of the soil) to a maximum
depth of 1 m, depending on the boundary conditions.
In HyPix, the vertical discretisation of the soil profile
is performed automatically to honour the depth of the
different soil horizons which vary in depth. To assure
numerical stability, the discretisation has a cell of
mesh size ΔZ ≤ 20 mm.

The soil types of the study sites are briefly described
in Table 8 and include a wide range of soil texture, soil
depth, soil density and drainage. These characteristics

are expected to have significant effects on the temporal
dynamics of θ.

3.4.3 | Vegetation parameters

Experimental sites are non-irrigated mixed pasture grass
in New Zealand. The vegetation parameters introduced
into the HyPix model are described in Table 7 for which the
algorithms are detailed in (Pollacco, Fernandez-Galvez,
Ackerer, et al., 2022; Pollacco, Fern�andez-G�alvez, Raja-
nayaka, et al., 2022).

ψFeddes1, ψFeddes2, ψFeddes3, ψFeddes4 are the trapezoidal
(Feddes et al., 1978) water stress response functions used
to represent parameters for mixed pasture grass in
New Zealand and are derived from Wesseling (1991). The
maximum root depth, Zroot, was derived by Vogeler & Cichota
(2019) and ΔRdftop is the percentage of roots in the top 30 cm
and was taken from Evans (1978). The crop coefficient, KC,
was taken from rotated grazing pasture according to an FAO
irrigation paper 56 (Allen et al., 1998) and the maximum satu-
rated storage capacity of a wet canopy (Sintsat) is derived from
Pollacco, Fernandez-Galvez, Ackerer, et al. (2022).

3.5 | Goodness-of-fit of the observed and
simulated θ

We compare the goodness-of-fit of θMeanAdjHypix and
θMeanAdjObs averaged for the top 40 cm by using the unbi-
ased Nash–Sutcliffe model efficiency coefficient:

Nseunbias ¼
PTt

t¼1
θMeanAdjHypixt �θMeanAdjObs
� �2

PTt

t¼1
θMeanAdjObst �θMeanAdjObs
� �2 ð17Þ

And the goodness-of-fit of θ derived by HyPix, θHpix

and θ derived from observations (Aquaflex), θobs, aver-
aged for the top 40 cm by using the bias Nash–Sutcliffe
model efficiency coefficient:

Nsebias ¼
PTt

t¼1
θHypixt �θObs
� �2

PTt

t¼1
θObst �θObs
� �2 ð18Þ

where Tt is the number of time steps.

TABLE 7 Vegetation parameters

representing non-irrigated pasture

grass.

Zroot ΔRdftop KC Sintsat ψFeddes1 ψFeddes2 ψFeddes3 ψFeddes4

[mm] [%] [�] [mm] [mm] [mm] [mm] [mm]

800 80% 0.86 1.28 100 250 5000 80,000
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4 | RESULTS AND DISCUSSION

4.1 | Water balance from the HyPix
model with hydraulic parameters derived
from Smap-Hydro

To assess the effectiveness of Smap-Hydro, the Kosugi
hydraulic parameters derived from Smap-Hydro were
incorporated into the physically based HyPix model. A
comparison was established between HyPix simulated θ
for the top 40 cm and the point scale average θ measured
by Aquaflex for the 24 monitoring sites across
New Zealand described in Table 8. Figure 4 shows
9 of the measurement sites representative of different
texture and soil order. For each of the 9 monitoring
sites, Figure 4 shows the time series of precipitation,
drainage, derived θMeanAdjHypix and θMeanAdjObs [Equation
(15)]. For the observed θMeanAdjObs and simulated
θMeanAdjHypix, positive values of θMeanAdjObs or θMeanAdjHypix

indicate that the value of θ is greater than the θ and nega-
tive when the values of θ are below the θ.

For most sites shown in Figure 4, θMeanAdjHypix ade-
quately match the dynamics of θMeanAdjObs and follow the
general trend according to the forcing input data. Rainfall
events are followed by a sudden increase in θ. After these
episodes, θ decreases progressively, with a simultaneous
increase in both simulated drainage and evapotranspira-
tion. A sudden increase in evapotranspiration values
occurs because, after each rainfall event, the amount of
water available next to the soil surface is greater. Drain-
age does not occur immediately after a rainfall event.
There is a delay in the drainage pulse, with differences
related to the amount of water reaching the surface dur-
ing each rainfall event and the hydraulic characteristics
of each monitoring site.

The introduction of the water table boundary condition
improved, as expected, of 8% for the Rangiora site but did not
improve the Turangi site, which is an organic soil. It is known
that S-map has to date some limitationswith organic soils.

4.2 | Comparison between the observed
and modelled data

The goodness-of-fit between the HyPix outputs,
θMeanAdjHypix and θHpix and the corresponding observa-
tions, θMeanAdjObs and θobs, was assessed using the unbi-
ased and biased Nash–Sutcliffe model efficiency
coefficients described by Nseunbias [Equation (17)] and
Nsebias [Equation (18)], respectively, in Table 8. It is to be
noted that for every site, Nseunbias adds a constant value
to θobs such that θobsAdj ¼ θhypix, but as shown in Figure 4

it does not make corrections to match the variance
between θobsAdj & θhypix. The Nse_unbias shows that the
performance of six sites was rated as ‘Excellent’ (Nse_unbias

[0.8–1]); eight sites were rated ‘Good’, (Nse [0.6–0.7]); and
10 sites performed poorly (Nse_unbias<0.6). Understanding
why some sites do not perform well presents opportunities
to improve soil descriptions, hydraulic functions, or the
models and to provide explanations for why the observa-
tions are giving unexpected results. However, there are
several challenges to elucidating the issues of the
mismatch.

• Installation of the Aquaflex sensors required disturb-
ing and repacking the soils and stones needed to be
removed to ensure good contact between the sensor
and the soil particles. Poesen & Lavee (1994) showed
that soils with high Rf are more likely to have large
voids between the rock fragments not entirely filled
by fine material, which prevents the surrounding
soil matrix from compacting (Nasri et al., 2015). This
fragile network of voids may be destroyed when
stony soils are repacked or reconstituted (Poesen &
Lavee, 1994), causing disturbances in the hydraulic
properties,

• The Aquaflex sensors give an average value of θ for the
top 40 cm and therefore do not provide information on
the dynamics of θ at different depths,

• The soil water content sensors were not calibrated and
therefore, only the differences in θ are accurate.

4.2.1 | Goodness-of-fit of the unbiased
Smap-Hydro

For every monitoring site, pedological descriptions from
S-map are provided in Table 8. The pedological informa-
tion consists of soil order, drainage class, texture, soil
depth, water table description and the Rf in the top 40 cm.
Nevertheless, the descriptions may not reflect the actual
soil description of the monitoring sites. Finding general
trends with soil descriptions and the fit of simulated θ
by using the HyPix model (Poor [Grey]/Good [Blue]/
Excellent [Red]) for the unbiased estimates is not
straightforward. The following observations can be
deduced from Table 8.

• Very stony soils: seven of the sites described in Table 8,
have soil horizons with >60% rock fragments within
the top 40 cm. These sites present a major challenge
for good aquaflex contact and even more, the soil mois-
ture probes have not been adjusted to account for the
stone-probe contacts.
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• Sandy soils do not perform as well as Loamy and Clay
textured soils. This result is plausible because these soils
are somewhat less common inNew Zealand and sowhen
deriving θ and ψ points from PTFs (Section 3.2.2), there

is a limited dataset for Sandy soils from which to develop
the PTFs.

• There seems to be no straightforward relationship
between Nse_unbias and the soil order, except that Granular

FIGURE 4 For selected monitoring sites representing different texture and soil orders described in Table 8, time series plots of:

(i) precipitation at the top of the vegetation (ΔPrTop); throughfall precipitation (ΔPrThrough); precipitation infiltrating into the soil

(ΔPrSoil); ponding (ΔHpond); and runoff (ΔRunoff ); (ii) drainage at the bottom of the root zone (ΔQHypix); and (iii) corrected mean values of

the soil water content observations (θMeanAdjObs), and HyPix simulations (θMeanAdjHypix).
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(clayey soils formed from strongly weathered volcanic
rocks or ash), Allophanic (dominated by allophane [and
imogolite or ferrihydrite] minerals), Semi-arid, Ultic
(strongly weathered soils developed on quartz-rich rocks
with a well-structured, clay-enriched sub-soil horizon)
and Gley soils seem to give a better performance. Never-
theless, there was a mixed performance for Brown soils
(thin coatings of iron oxides weathered from the parent
material cause the brown colour) and bad performance
for Pallic soils (low content of iron oxides, weak soil struc-
ture and high density in sub-surface horizons).

• There are no obvious relationships in terms of perfor-
mance between drainage class and depth.

4.2.2 | Implication of validating Smap-Hydro
with uncalibrated θ

The drawback that the sensors were not calibrated for
the local soil conditions is demonstrated by the poor per-
formance of Nse_Bias described in Table 8. This implies
that only differences of θ and fluxes with time can be
trusted and not the actual absolute θobs value. This means
that θHypix and θObs suffers from a random offset. The
question is how this offset impacts the validation of
Smap-Hydro.

For soils that HyPix can model accurately, the change
of θ with time implies that the slope of θ(ψ) and K(ψ) is
correctly modelled by σ and ψm and also by the magni-
tude of Ks which is a sensitive parameter to regulate the
flux rate. Nevertheless, we are unable to validate Smap-
Hydro effective porosity, θsr, which is θs – θr. This raises a
question for sites that HyPix models the dynamics of θ
good and excellent, can we speculate that θHypix derived
from Smap-Hydro is more accurate than uncalibrated
θObs. This hypothesis is put forward because in Smap-
Hydro, Ks is derived from σ and particularly from θsr
through KsModel [Equation (4)]. Therefore, if θsr is uncer-
tain then Ks is uncertain and therefore the θ dynamics
cannot be modelled accurately. Resolution of this inter-
esting question is beyond the scope of the current study
but is the subject of future research.

4.2.3 | Modelling soils with high content of
rock fragments

The Rf reported in Table 8 represents the top 40 cm
viewed by S-map but may not represent the actual Rf at
the monitoring sites for which there was no information.
The correction of θ(ψ) for Rf is described in Section 2.4
and the correction of K(ψ) for Rf is described in

Section 2.4.2. The Nse_unbias improvements for correct-
ing for Rf are described in Table 8 by ΔNse_Rf. There-
fore, the Nse_unbias for simulations without correcting
for Rf would be Nse_unbias- ΔNse_Rf. Only soils with
Rf > 15% seem to have a hydrological impact. The
improvements for correcting for Rf are particularly
notable for sites with Nse_unbias >0.7 in Table 8. This
indicates that the correction for Rf > 40% of Ks

(Figure 1), which accounts for the altered flow of water
for soils with high Rf (which are no longer dominated
by matrix flow but by film flow due to fragment-
to-fragment contact), makes improvements but would
require further validation. Sites with Nse_unbias < 0.6
that do not have a good match between observed and
simulated θ did not benefit from the correction for Rf.

5 | FUTURE IMPROVEMENT OF
COMBINING PTFS WITH SOIL
PHYSICS

The following research and implementation could be
undertaken to improve the predictions of Smap-Hydro
through further enhancement of the synergy between soil
physics and existing empirical approaches.

McNeill et al. (2018) have derived spatial θ(ψ) data
points for a large part of New Zealand using explana-
tory variables from the S-map soil information system
of New Zealand using empirical PTFs. The explanatory
variables include the soil order classification, sample
depth, texture (sand, silt and clay estimates) and
parsed information from the S-map functional horizon
description. While successful for predictions of the
response θ(ψ) and especially for derived quantities
such as the available water (the difference in θ(ψ) for
two adopted tensions ψ), this approach does not encap-
sulate the causal response that would be available in a
physical model. In addition, it is typical in empirical
approaches to use the explanatory variables available
from local soil descriptions, which means that super-
fluous variables can be included, while important
physical explanatory variables are not available. For
instance, the inclusion of sample depth in the empiri-
cal model does not mean that sample depth per se is
causally relevant in modelling θ(ψ); most likely the
beneficial effect of this explanatory variable is due to
the strong association with carbon concentration,
which is associated with changes in θ(ψ).

Replacing the present empirical model for θ(ψ) with a
physical model requires a modelling framework that
includes the same S-map explanatory variables that are
currently used. Since these explanatory variables are
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not included in physically-based explanations of θ(ψ),
the most successful approach is likely to be a Bayesian
framework, where the available explanatory variables
and known physical constraints of the hydraulic
parameters can be used, as described in Table 1. The
Bayesian approach permits this prior knowledge to be
incorporated into the modelling, either by use of spe-
cial priors, or by using an explicit modelling language
(e.g., Stan, 2023).

6 | CONCLUSIONS

This paper shows that the physical hydraulic parameters
describing θ(ψ) and K(ψ) for up to six functional hori-
zons to a maximum depth of 1 m can be derived by com-
bining empirical PTF and principles of soil physics. This
digital database, termed Smap-Hydro, which covers 40%
of New Zealand's soil area in 2023. The steps involved in
the development of this database are described in detail
and the validation using a set of monitoring sites is
presented.

Smap-Hydro performs the correction of θ(ψ) for Rf

and ensures the derived hydraulic parameters are
physically and dynamically constraining by using
algorithms described in Table 1. The derived Ks is
produced from principles of soil physics using explan-
atory hydraulic parameters describing θ(ψ) and from
the percentage of clay. This model for Ks introduces a
novel correction for Rf. Water-flow processes in the
presence of high Rf are no longer dominated by matrix
flow but by film flow due to fragment-to-fragment
contact, as depicted in Figure 2. It was shown that
this model improves the predictions for soils with
high Rf. Nevertheless, this model would require
further validation.

The accuracy of Smap-Hydro was assessed by
introducing derived Smap-Hydro hydraulic parame-
ters into the physically based HyPix model. Modelled
and observed soil water content averaged for the top
40 cm for 24 sites across New Zealand was compared.
An excellent fit was shown for 25% of the sites and a
good fit for 33% of the sites. In general, fine-textured
soils performed better than the coarser-textured soils,
while organic soils did not perform well.

Improving Smap-Hydro is challenging, mainly
because S-map information is not collected precisely at
the monitoring sites. Moreover, installation of the mea-
surement devices required disturbing the soils and, in
many cases, the removal of rock fragments to ensure bet-
ter contact with the sensors. Therefore, future validation
and improvements would require a larger number of sites

for which calibrated time series θ data are available at
different depths in the vicinity of sites where S-map infor-
mation is collected.

This paper highlights the need for the development of
novel physico-PTFs by synergising empirical relationships
with knowledge gained from soil physics in the last
decade.
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