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ABSTRACT
Simple and robust hydrological modelling is critical for peat studies as water content (θ) and water table 
depth (dWT) are key controls on many biogeochemical processes. We show that near-surface θ can be a 
good predictor of θ at any depth and/or dWT in peat. This was achieved by further developing the 
formulae of an existing model and applying it for Mer Bleue bog (Ontario, Canada) and a permafrost peat 
plateau at Scotty Creek (Northwest Territories, Canada). Simulated θ dynamics at various depths in 
hummocks and hollows at both sites matched observations with R2, Willmott’s index of agreement (d), 
and normalized Nash-Sutcliffe efficiency coefficient (NNSE), reaching 0.97, 0.95, and 0.86, respectively. 
Simulated bog WT dynamics matched observations with R2, d, and NNSE reaching 0.67, 0.87, and 0.72. 
Our approach circumvents the difficulties of measuring subsurface hydrology and reveals a perspective 
for large spatial scale estimation of θ and dWT in peat.
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1 Introduction

Peatlands are important ecosystems that occupy only ~3% of 
Earth’s surface (Maltby and Immirzi 1993), yet contain large 
amounts of organic carbon (C), estimated at ~450–500 Pg, i.e. 
~1/3 of the world’s soil C (Yu 2012, Loisel et al. 2014). 
Therefore, these ecosystems are a primary concern for their 
potential response to climate change (Yu et al. 2003, Fenner 
and Freeman 2011, Goldstein et al. 2020). Moreover, large 
areas of peatlands are in the zone of permafrost, i.e. ground 
with a temperature below 0°C for two or more consecutive 
years (Quinton and Gray 2003), the southern boundary of 
which is subject to rapid warming and high rates of permafrost 
thaw, which will ultimately affect their hydrology 
(Johannessen et al. 2004, Jorgenson et al. 2010). This vast 
peatland C store is very sensitive to soil hydrology (Clymo 
1983, Lafleur et al. 2003), which is a key control on greenhouse 
gas (GHG) emissions and C sequestration in plants and soil 
(Bubier et al. 2003, Strack et al. 2006, Sulman et al. 2009). 
Hence, there is an urgent need to develop better tools for 
estimating and monitoring peatland hydrology in these remote 
and diverse ecosystems.

1.1 Challenges with studying hydrology of peat

Peatland hydrology is challenging to study. The reasons for 
this include: (i) the intrinsic complexity of peat profiles, with 
sharp transitions between poorly decomposed upper peat of 
various thickness and large porosity facilitating infiltration and 
more decomposed waterlogged deeper peat (Holden 2009, 
Talbot et al. 2014, Weber et al. 2017); (ii) complex microtopo-
graphy of peatland surfaces (Shi et al. 2015); (iii) pronounced 

variability of peat properties at microtopographic and mesos-
cales (Moore et al. 2002, Lafleur et al. 2005a, 2005b, Sonnentag 
et al. 2008, Dimitrov et al. 2010a, 2014); (iv) the presence/ 
absence of ground ice-rich permafrost, which controls the 
lateral flow, waterlogging and/or water table (WT) depth 
(Quinton and Baltzer 2013); and (v) influence on heat transfer, 
and thus freeze/thaw processes (Kurylyk et al. 2016, Devoie et 
al. 2019). These challenges impose serious limitations on 
expensive and spatially scarce field measurements at remote 
sites.

Ecohydrological modelling offers solutions to some of the 
issues noted above, but is also challenging. Many models require 
continuous meteorological drivers at hourly or daily time steps, 
which often are not measured at the desired locations, and 
hydrological and soil parameters that may vary widely among 
sites or even within the same site (Fraser 1999). Examples 
include saturated hydraulic conductivities that differ vertically 
and laterally (Reeve et al. 2000), evapotranspiration forcing, site 
aspects and terrain slopes, largely unknown field boundary 
conditions (Grant 2001), soil water retention curves (SWRCs) 
with empirical curve-fitted parameters (Mezbahuddin et al. 
2016), and large, but often unknown, macropore fractions 
(Baird 1997, Wallage and Holden 2011).

On the other hand, in the past few decades global applica-
tion of hyperspectral and multispectral airborne and satellite 
imagery has produced large amounts of spatial data on near- 
surface soil properties, such as water contents and tempera-
tures at depths of 5 or 10 cm, which can be accessed through 
websites with application programming interface (API) end 
points (e.g. OpenWeather n.d., Agro API n.d.). Despite some 
limitations, such as coarse spatial and temporal resolution with 
seasonal constraints on image interpretation, difficulties in 
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predicting belowground properties and uncertainties in relat-
ing imagery directly to ecosystem processes (Arroyo-Mora et 
al. 2018, Kalacska et al. 2018), remote sensing data are the only 
means to assess peatland near-surface hydrological conditions 
on a large spatial scale. Complemented by ground data collec-
tions of plant and soil properties available online through 
other API websites (e.g. GBIF n.d., Soilgrids REST n.d.), 
these resources provide an opportunity for large spatial scale 
simulations through appropriate modelling interfaces, which 
are currently missing in most process-based models. Hence, 
given that soil water content (θ) and WT depth (dWT) are key 
controls on biogeochemical processes in peatlands and that 
they are difficult to obtain at a large spatial scale, there is an 
emerging need for robust, but computationally inexpensive, 
modelling methods. Specifically, models are needed that are 
applicable at the site (i.e. local) and large spatial (i.e. regional) 
scales, and that can be driven by easily measurable or accessible 
hydrological and soil properties for continuous estimation of θ 
at any depth and/or dWT in peat.

1.2 Rationale of the proposed approach

Dimitrov and Lafleur (2020) proposed a new approach to 
peatland hydrological modelling, encoded in a simple pro-
cess-based model named Peat Hydrological Model (PHM), 
which is now part of a larger online platform for modelling 
and research named DIMONA (©2019 Dimitre Dikov 
Dimitrov). PHM successfully simulated θ dynamics in peat at 
various depths by using dWT observations. We propose that the 
method of Dimitrov and Lafleur (2020) can be developed 
further to calculate θ at any depth in peat with or without 
WT measurements. Specifically, their original formulae for 

calculating peat θ from dWT can be inverted to simulate daily 
dWT from the observed daily near-surface θ. Further, by insert-
ing the simulated WT (dWT,sim) into the original PHM formu-
lae, peat θ at any depth can be simulated.

Since peatlands occur in different climate zones on the 
globe, it is important that our model is applicable to any 
climatic setting. In this study we consider two main peatland 
environments: the low boreal and temperate peatlands and the 
high-boreal and sub-arctic peat plateaus in the discontinuous 
permafrost zone. According to Xu et al. (2018), these two 
environments contain the majority of the world’s peatlands. 
The rationale for this research is based upon the premise that 
the organic soils of peat plateaus are of a similar composition, 
structure, and porosity to those of non-permafrost low boreal 
and temperate peatlands (Quinton and Gray 2003, Quinton 
and Hayashi 2004). The main difference between the two peat-
land environments is the presence of permafrost in peat pla-
teaus. For consistency throughout this study, the non- 
permafrost peatlands are referred to hereafter as peatlands 
and those with permafrost as peat plateaus.

In peat plateaus the permafrost table is the impermeable 
boundary separating the seasonally thawed (i.e. active) layer 
and the underlying permafrost, thereby promoting the hori-
zontal runoff. The saturated (thawed) layer and horizontal 
runoff are all confined to the active layer. The WT, i.e. the 
upper surface of the zone of saturation where the matric water 
potential is equal to the atmospheric pressure (Freeze and 
Cherry 1979), is typically continuous in non-permafrost peat-
lands and also in peat plateaus during periods of high moisture 
supply and minimal active layer thaw. However, as the active 
layer deepens and drains, the WT in peat plateaus can become 
discontinuous (Wright et al. 2009). Figure 1 shows how dWT, 

Figure 1. Schematics of (a) a hydrological profile of peat with dry upper and waterlogged deeper layers, observed water table depth (dWT), and simulated water table 
depth (dWT,sim) reflecting the observed one in a peatland; (b) a hydrological profile of peat overlying permafrost with dry upper and waterlogged deeper layers, dWT 
and dWT,sim reflecting the observed one; and (c) a hydrological profile of peat overlying permafrost with dry upper and waterlogged deeper layers, without dWT and 
dWT,sim, reflecting a fictitious water table (i.e. the water table that those peat profiles might have had if permafrost was not present).

2 D. D. DIMITROV ET AL.



sim reflects the existing WT in peatlands (Fig. 1a) or peat 
plateaus (Fig. 1b), regardless of whether the WT was measured 
or not.

In the case of no WT in the peat plateau, which cannot be 
ruled out for some periods of time and locations, dWT,sim in 
the model reflects a fictitious WT that corresponds to the 
dWT that those peat profiles might have had if permafrost 
was not present (Fig. 1c). Simulations of θ with dWT,sim 
reflecting a fictitious WT are based upon the assumption 
that daily unsaturated θ in peat plateau profiles are in equili-
brium like those in non-permafrost peatlands (Frolking and 
Crill 1994, Frolking et al. 2002). With the uniqueness of the 
equilibrium state, the daily θ profile above permafrost is 
expected to be the same as the corresponding θ profile with 
a fictitious WT in the absence of permafrost. Also, dWT,sim 
estimated by near-surface θ can reflect the fictitious WT 
during spring thaw, when the near-surface peat may be 
thawed, but the majority of the peat profile is still frozen. 
Thus, by inserting dWT,sim in the original PHM formulae, we 
can calculate θ at any peat depth with or without permafrost 
and/or WT observations and at different microforms (hum-
mocks and hollows).

1.3 Objectives and hypotheses

The objectives were to develop novel methods for estimating 
daily θ (liquid, not ice) at any depth and/or dWT in peat, by 
using near-surface θ. First we derived formulae for calculating 
dWT,sim from near-surface θ. We coded these formulae into 
PHM for dynamic simulation of daily θ at any depth from 
observed near-surface θ using dWT,sim in the PHM equations of 
Dimitrov and Lafleur (2020). We then tested the modified 
PHM for modelling WT and θ at various depths at different 
microforms of a bog with WT observations and a peat plateau 
without WT observations. The main hypothesis was that the 
near-surface θ can be a good predictor of θ at any depth and/or 
of dWT in peatlands and peat plateaus. The following specific 
hypotheses were addressed. 

Hypothesis 1: The WT depth in peat can be predicted from near- 
surface θ observations. This hypothesis was tested by inverting 
the original PHM equations for calculating peat θ at any depth 
from dWT to calculate daily dWT,sim from the observed near- 
surface peat θ by log-transformed Campbell and van 
Genuchten SWRC in PHM. We call this a method for predict-
ing WT (MPWT).

Hypothesis 2: The θ at any depth in a peatland can be 
predicted from near-surface θ observations. This hypothesis 
was tested by inserting dWT,sim into the PHM equations to 
calculate θ at any (user-specified) depth by using the log- 
transformed Campbell and van Genuchten SWRC.

Hypothesis 3: The θ at any depth in a peat plateau can be 
predicted from near-surface θ observations. This hypothesis was 
tested by inserting dWT,sim into the PHM equations to calculate 
θ at any (user-specified) depth above the permafrost by using 
the log-transformed Campbell and van Genuchten SWRC. 
Hypotheses 2 and 3 refer to a method of simulated WT 
(MSWT).

2 Materials and methods

2.1 Modelling water content profiles using near-surface 
water contents
2.1.1 Modelling WT using near-surface water contents.
Matric potential in organic soils can be expressed by dWT (m) 
at a daily time scale (Dimitrov and Lafleur 2020), as follows: 

ψm;i ¼
� dWT � dið Þ

100
; therefore dWT ¼ 100 � ψm;i

� �
þ di

(1) 

where Ψm,i is the soil matric potential (MPa) at a given depth di 
(m) to a soil layer i below the soil surface. Then, by inverting 
the equations in Dimitrov and Lafleur (2020) for calculating 
daily volumetric θi (m3 m−3), i.e. θi = f(ψm,i) for log-trans-
formed Campbell and van Genuchten SWRCs, we derived ψm, 

i = f(θi,obs), which was inserted into Equation (1) to calculate 
dWT,sim from the observed soil water contents, θi,obs, at di. The 
general solution for the log-transformed hyperbolic Campbell 
SWRC and hyperbolic segments of van Genuchten SWRC was: 

ψm; i ¼ � e
ln � ψm; 2ð Þ� ln � ψm; 2ð Þ� ln � ψm; 1ð Þ½ �f g

ln θ2ð Þ� ln θi;obsð Þ½ �= ln θ2ð Þ� ln θ1ð Þ½ �f g (2) 

and the solution for the lowermost segment of van Genuchten 
SWRC, with properties of an inverse hyperbolic segment, was: 

ψm;i ¼ � e

� ln � ψm; 2ð Þ� ln � ψm; 1ð Þ½ �Mþln � ψm; 1ð Þ
ln θ2ð Þ� ln � ψm; 2ð Þln θ1ð Þ

� �

= ln θ2ð Þ� ln θ1ð Þ½ �

(3a) 

M ¼ θ1= ln � ψm; 2

� �
� ln � ψm; 1

� �h i

þ 1=θ1 þ θi;obs= ln � ψm; 2

� �
� ln � ψm; 1

� �h i

(3b) 

where the pairs {θ1; −Ψm,1} and {θ2; −Ψm,2} are the end points 
of each segment (Fig. 2).

The parameters to substitute for {θ1; −Ψm,1} and {θ2; −Ψm,2} 
in Equations (2) and (3) for each case above are shown in Fig. 2 
at the hygroscopic point (HP), wilting point (WP), field capa-
city (FC), inflection point (LX), and saturation (sat). 
Depending on the soil substrate, any of the hyperbolic seg-
ments of van Genuchten SWRC could be combined and con-
fined only between the corresponding end points. Thus, van 
Genuchten SWRC of low inflection point can be confined 
between the pairs {θr; −Ψm,HC} and {θLX; −Ψm,LX} for its hyper-
bolic part and {θLX; −Ψm,LX} and {θr; −Ψm,HC} for its part with 
properties of the inverse hyperbolic segment (Fig. 2).

The above formulae are used to calculate dWT,sim from θi,obs 
at a near-surface depth, di, with Equation (2) or Equation (3), 
and then the result for Ψm,i is inserted into Equation (1). Thus, 
by choosing di at near-surface depths (5 or 10 cm, depending 
on the available data), PHM can simulate the entire range of 
WT variation within the soil profile at a given site, up to di.

2.1.2 Modelling water contents at any depth by simulated 
WT. Simulated dWT,sim by θi,obs is used by PHM to simulate 
θi at any depth of the soil profile specified by the user, 
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following the relationships θi = f(ψm,i) and ψm,i = f(dWT) 
described in Dimitrov and Lafleur (2020). Thus, with ψm,i 
calculated by dWT,sim in Equation (1), we use the following 
equations in this study: 

θi ¼
θp � θM

θp

� �

θr

1�
ln � ψm;HCð Þ � ln � ψm;ið Þ

ln � ψm;HCð Þ � ln � ψm;satð Þ

� �

θp

ln � ψm;HCð Þ � ln � ψm;ið Þ

ln � ψm;HCð Þ � ln � ψm;satð Þ

� � (4) 

for the log-transformed Campbell SWRC and 

θi ¼
θp � θM

θp

� �

θr

1�
ln � ψm;HCð Þ � ln � ψm;ið Þ

ln � ψm;HCð Þ � ln � ψm;LXð Þ

� �

θLX

ln � ψm;HCð Þ � ln � ψm;ið Þ

ln � ψm;HCð Þ � ln � ψm;LXð Þ

� � (5a) 

θi ¼
θp � θM

θp

� �

ln � ψm;LXð Þ � ln � ψm;satð Þ
ln θLXð Þ � ln θpð Þ

� �2

1
θLX
�

θp

ln � ψm;ið Þ � ln � ψm;LXð Þ

ln � ψm;LXð Þ � ln � ψm;satð Þ

h i

θLX

ln � ψm;ið Þ � ln � ψm;satð Þ

ln � ψm;LXð Þ � ln � ψm;satð Þ

h i

8
><

>:

9
>=

>;
þ θLX

8
>>>>><

>>>>>:

9
>>>>>=

>>>>>;

(5b) 

for the log-transformed van Genuchten SWRC of two parts 
only (low or high inflection points). The PHM accounts for 
macroporosity θM,i (m3 m−3), if any macropore fraction is 
specified at di. Thereby, θi is constrained as follows: 

θi 2 ½θr; θpÞ with dWT > di and θi ¼ θp with dWT � di (6) 

2.1.3 Correction for thawing and freezing. Although model-
ling of soil temperatures at depth is not within the scope of 
this paper, a general soil temperature function (Jansson 
1998, Weiss et al. 2006, Wang et al. 2020) was introduced 
in PHM: 

Tdi ¼ Tamean

� Taamp e� di

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π= D ycyeð Þ

p

cos
t � tph
� �

2π=ycycle
� �

� di

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

π= D ycycle
� �q

" #

(7) 

where Tdi (°C) is the soil temperature as a function of the depth 
di and time t (days), Tamean (°C) is the annual average soil 
temperature at di,Taamp (°C) is the amplitude (by months) of 
the soil temperature at di,ycycle (days) is the period length, D 
(m2 d−1) is the thermal diffusivity of peat, and tph (days) is the 
phase shift at di, i.e. after how many days thawing/freezing 
would occur at di.

Equation (7) together with Equations (1), (4), (5) and (6) 
that determine the relationship θi = f(dWT,sim) were connected 
to Equation (8) for implementation in PHM of a new func-
tion, fTF, to account for the proper timing of increase and 
decrease of θi at a given depth di with thaw and freeze through 
Tdi and T0:

where θi,prev is θi from the previous day, Tfpd (°C) is the 
freezing point depression, TB (°C) is the temperature below 
which further cooling has little effect on θi, and T0 (°C) is the 
temperature at the soil surface or in the near-surface layer 
from which dWT is estimated, both calculated with 
Equation (7).

When the soil surface is thawing and the soil at a depth 
di has not thawed completely, the increase of θi (with 
increase of dWT,sim calculated by increased near-surface θ 
with thaw) is constrained by Equation (8a), depending on 
Tdi and T0, following the pattern of thawing in a perma-
frost organic soil (fig. 3b in Quinton and Baltzer 2013). 
Also, when the soil surface is freezing and the soil at a 
depth di has not frozen completely, the decrease of θi 
(with the decrease of dWT,sim calculated by decreasing 
near-surface θ with freeze) is maintained by Equation 
(8b), following the pattern of freezing in a permafrost 
organic soil (fig. 3a in Quinton and Baltzer 2013). Thus, 
the changes of θ with thaw and freeze at any depth in 
PHM are driven by the changes of near-surface θ through 
Equations (1), (4), (5) and (6), as the timing of θi changes 
at each depth di is controlled by fTP through Equation (8) 
depending on Tdi and T0. For simplicity, users can acti-
vate fTP only for those soil layers where the timing of θi 
changes with thaw and freeze is expected to be affected by 
Tdi and T0 (e.g. in the deeper waterlogged peat in cold 
northern regions). In the upper, drier portions of the peat 

Figure 2. Generalized soil water retention curves (SWRC), hyperbolic Campbell 
SWRC and sigmoidal van Genuchten SWRC (Dimitrov and Lafleur 2020). The key 
soil parameters that determine the hyperbolic Campbell SWRC for peat are the 
pairs {residual soil water content (θr); hydroscopic potential (−Ψm,HC, i.e. the soil 
matric potential at air-dry condition)} and {total porosity (θp); water potential at 
saturation (−Ψm,sat)}. The key soil parameters that determine the hyperbolic 
segments of van Genuchten SWRC in the general case (high inflection point) are 
the pairs {θr; −Ψm,HC} and {water-filled porosity at wilting point (θWP); water 
potential at wilting point (−Ψm,WP)} for the upper hyperbolic segment, {θWP; 
−Ψm,WP} and {water-filled porosity at field capacity (θFC); water potential at field 
capacity (−Ψm,FC)} for the middle hyperbolic segment, {θFC; −Ψm,FC} and 
{water-filled porosity at the inflection point (θLX); water potential at the inflection 
point (−Ψm,LX)} for the lower hyperbolic segment. The lowermost part with 
properties of the inverse hyperbolic segment is confined between {θLX; −Ψm, 
LX} and {θr; −Ψm,HC}. Thus, van Genuchten SWRC can be simplified only between 
{θr; −Ψm,HC} and {θLX; −Ψm,LX} for its hyperbolic part, and {θLX; −Ψm,LX} and 
{θr; −Ψm,HC} for its other part for both low and high inflection points.
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Figure 3. Study sites. (a) The hummocky microtopography of Mer Bleue bog, Ontario, Canada. The hummocks of ~1 m diameter occupy about 70% of the surface area, 
alternating with the hollows that occupy the remaining ~30%, with ~0.25 m between the top of the hummock domes and the hollow surface. (b) The wetland- 
dominated discontinuous permafrost basin of Scotty Creek, Northwest Territories, Canada. The permafrost peat plateau is the treed area marked by the star (top left), 
surrounded by open areas of flat bogs and channel fens.
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profile, or at lower latitudes with warmer climate, fTP may 
not be activated, in which case the thaw and freeze 
changes of θi at di follow only Equations (1), (4), (5) 

and (6), i.e. θi = f(dWT,sim), and no timing delays with 
depth are simulated with Equation (8) provided in its two 
parts below. 

θi ¼ fTP dWT;sim;Tdi;T0
� �

¼

¼

If T0 >TB ¼ >

f dWT;sim
� �

if Tdi � 0
max θi;prev; 0:75f dWT;sim

� �� �
if Tfpd � Tdi > 0

max θi;prev; 0:5f dWT;sim
� �� �

if TB � Tdi <Tfpd

min θi;prev; f dWT;sim
� �� �

if Tdi <TB

8að Þ

8
>>><

>>>:

If T0 � TB ¼ >

θi;prev if Tdi � 0
max 0:75θi;prev; f dWT;sim

� �� �
if Tfpd � Tdi > 0

max 0:5θi;prev; f dWT;sim
� �� �

if TB � Tdi <Tfpd

min θi;prev; f dWT;sim
� �� �

if Tdi <TB

8bð Þ

8
>>><

>>>:

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:



2.1.4 The PHM model. The above formulae were coded into 
PHM, a simple physically based model built for calculating 
ambient θ from ambient dWT, and vice versa, based on the 
specifics of peat SWRC. The model avoids variable soil proper-
ties, such as hydraulic conductivities (Fraser 1999) and empiri-
cal coefficients of the Campbell and van Genuchten SWRC, by 
replacing them with hydrological parameters published in the 
literature (Letts et al. 2000, Mezbahuddin et al. 2016) or easily 
measurable on site. PHM now reads daily near-surface θobs 
measured on site for the simulation periods. As part of the 
DIMONA platform, PHM can utilize current daily near-surface 
θobs and/or soil physical properties at any geographic coordi-
nates in its Internet of Things (IoT) modelling regime, i.e. when 
near-surface θobs are provided by websites with API end points, 
to which PHM is connected through DIMONA for real-time 
simulations (Dimitrov and Lafleur 2021). Although there are no 
theoretical limitations on the maximum dWT,sim, PHM is 
designed for peat, where WT may vary within the top 1–2 m. 
PHM does not simulate vertical and lateral soil water fluxes, and 
hence does not use spatial boundary conditions. Initialization of 
model simulations for each site starts with the initial records of 
near-surface θ or dWT, and pre-set parameters of different peat 
layers for their SWRC, θp (from bulk and particle densities), and 
fTP, measured on site or reported as general peat properties. 
Model calibration is manual, with parameters varying in ranges, 
such as {θr; Ψm,HC}, {θWP; Ψm,WP}, {θFC; Ψm,FC}, {θp; Ψm,sat} and/ 
or {θLX; Ψm,LX}, θM (if any) and tph.

2.2 Sites and measurements
The performance of PHM was tested at two peatland sites, a 
non-permafrost bog and a peat plateau, which is a type of bog 
overlying permafrost. The former is located at Mer Bleue peat-
land complex, near Ottawa, Ontario, Canada (Lafleur et al. 
2005a, 2005b), the latter at Scotty Creek research basin, near 
Fort Simpson, Northwest Territories, Canada (Quinton and 
Hayashi 2004). Mer Bleue bog (45.41°N, 75.48°W), hereafter 
referred to as MB (Fig. 3), is one of the most intensively studied 
peatlands in the world. It has a hummock–hollow 

microtopography with hummocks representing ~70% and hol-
lows ~30% of the surface area. The hummock tops are elevated 
~0.25 m above the hollow bases. The least decomposed, well- 
drained fibric peat occupies the upper ~0.35 m in hummocks, 
and the upper ~0.1 m in hollows, followed by a ~0.1 m thick 
layer of transitional haemic peat across hummocks and hollows. 
Farther below, the most decomposed, waterlogged sapric peat 
extends ~4 m down to the contact with mineral soil. dWT, 
referenced to the hummock surface, was recorded continuously 
in wells, using a float and counterweight system attached to a 
potentiometer, complemented by manual dWT measurements to 
verify the potentiometer readings (Lafleur et al. 2005a, 2005b). 
Daily WT was aggregated from half-hourly measurements in 
hummocks from 1999 to 2004 and varied from ~0.7 to ~0.25 m 
below the hummock surface and from ~0 to ~0.5 m below 
hollows. Daily θ were aggregated from half-hourly measure-
ments at 0.1, 0.2, 0.3, 0.4, and 0.5 m in hummocks, and at 0.03 
and 0.15 m in hollows, taken with water content probes (model 
CS615, Campbell Scientific, Logan, UT). The calibration and 
normalization of the probes are described by Lafleur et al. (2001, 
2003, 2005a).

Although the peat plateau at Scotty Creek (61.44°N, 121.25° 
W), hereafter referred to as SC (Fig. 3), is intensively studied 
(Quinton et al. 2019), there were no WT measurements 
obtained together with the θ measurements used in this 
study. θ was measured continuously at 0.05, 0.1, 0.2, 0.3, and 
0.4 m below the ground surface in hummocks and hollows 
with water content probes (model CS615), calibrated by using 
θ of peat samples collected at the time of installation (Quinton 
et al. 2005). SC has pronounced microtopography, with hum-
mock tops elevated ~0.40 m above hollow bases (Hayness et al. 
2020). Even if the soil is frozen, there are always residual θ of 
~0.2 m3 m−3 in the soil profile (Quinton and Hayashi 2004).

2.3 Model tests and evaluation
2.3.1 Parameterization and simulations for a peatland. To 
test Hypotheses 1 and 2, PHM was run for MB hummocks and 
hollows with log-transformed Campbell and van Genuchten 
SWRC with low inflection point (Table 1) following Dimitrov 

Table 1. Summary of PHM model runs with their soil water retention curves (SWRC), model equations implemented in each model run (Equations), sites of model 
application and model-data comparisons (Site), time series in years for continuous simulations at a daily time step in hummocks and hollows (Period), hypotheses and 
proposed methods, i.e. Method for Predicting Water Table (MFWT) and Method of Simulated Water Table (MSWT) for predicting soil water contents in peatlands and 
peat plateaus.

PHM 
Model Run SWRC Equations* Site Period Hypotheses†

Expected Outcome 
& 

Purpose

CAMP Log-transformed 
Campbell

(1), (2), (4), (6) Mer Bleue bog 1999 – 2001 
hummocks 
1999 – 2004 
hollows

1, 2 MPWT to model the water table (WT) depth 
from near-surface soil water contents at a 
daily time scale.

VANG Log-transformed 
Van-Genuchten

(1), (3a,b), (5a,b), (6) Mer Bleue bog 1999 – 2001 
hummocks 
1999 – 2004 
hollows

1, 2 MSWT to model soil water contents at depth 
from near-surface soil water contents by 
simulated WT at a daily time scale in 
peatlands with or without WT 
observations.

PLAT Log-transformed 
Campbell, 
Log-transformed 
Van-Genuchten

(1), (2), (3a,b), (4), 
(5a,b), (6), 

(7), (8)

Scotty Creek permafrost 
peat plateau

2013 – 2019 
hummocks and 

hollows

3 MSWT to model soil water contents at depth 
from near-surface soil water contents by 
simulated WT at a daily time scale in peat 
plateaus with or without WT observations.

*Model equation numbers. 
†Hypotheses numbers.
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and Lafleur (2020). The model run with Campbell SWRC was 
called CAMP and the one with van Genuchten SWRC was 
called VANG. CAMP and VANG were driven by observed 
daily θ at 0.1 m depth during the 1999–2001 period for MB 
hummocks. Due to a large amount of missing or low-quality 
observations of θ at 0.1 m during 2002–2004, we did not run 
PHM for MB hummocks for that period. We used dWT,sim to 
model θ at depth in MB hummocks. For MB hollows, dWT,sim 
was the average of the simulated water table using θ at 0.03 and 
0.15 m depths, used to avoid effects of evapotranspiration on θ 
at 0.03 m. The simulations include all years in the 1999–2004 
period. CAMP and VANG were parameterized and run for soil 
profiles of MB hummocks and hollows, consisting of 10 and 8 
peat layers , respectively (Table 2), thus capturing the range of 
WT fluctuations during 1999–2004. General values for peat θp 
and θr for the fibric, haemic and sapric peat were taken from 
Letts et al. (2000). The values of Ψm,sat were taken from the 
same source; however, they were slightly modified to satisfy 
Ψm,sat = 1/ α, where α is the van Genuchten α parameter in 
fibric peat, where hydrological changes and θ measurements 
were most frequent (Mezbahuddin et al. 2016). For θr we 
assigned a value of Ψm,HC, i.e. the hydroscopic coefficient 
(Thien and Graveel 2003). Other parameters in Table 2 were 
taken from previous modelling studies at MB (see Dimitrov et 
al. 2010a, Dimitrov and Lafleur 2020).

Simulated dWT in hummocks was compared with the cor-
responding observed WT in hummocks. Field WT in hollows 
was computed as WT in hummocks minus 0.25 m, i.e. the 
difference between hummock tops and hollow bases. These 
values were compared against the simulated WT for hollows. 
Simulated θ at depths of 0.1, 0.2, 0.3, 0.4, and 0.5 m in 
hummocks, and 0.03 and 0.15 m in hollows, were compared 
with the corresponding observed values.

2.3.2 Parameterization and simulations for a peat plateau.
To test Hypothesis 3, PHM was run for SC with log-trans-
formed Campbell SWRC for the upper peat and log-trans-
formed van Genuchten SWRC for the deeper peat in 

hummocks and hollows (Table 1). The PHM run for SC was 
called PLAT. To avoid effects of near-surface evapotranspira-
tion on θ at 0.05 m, PLAT was driven by the observed daily θ 
at 0.1 m during the period 2013–2019. The soil profiles at SC 
hummocks and hollows (Table 3) reflect the field and labora-
tory measurements at a location representative for both 
microforms. Observations for bulk density (g cm−3) were 
taken at each 0.02 m or 0.03 m depth increment from the 
surface down to 3.46 m depth. Those observations were 
aggregated into 20 soil layers in PHM. Following Letts et al. 
(2000), a peat type (fibric, haemic, sapric) was assigned to 
each layer based on its average-weighted bulk density, con-
verted to θp using the average-weighted particle density cal-
culated from its organic and mineral contents. Macropore 
fractions were assigned in hummocks and hollows (Table 3) 
following Quinton and Hayashi’s (2004) report that mean 
pore diameters decrease from 1580 μm at 3.5 cm depth to 
390 μm at 28.5 cm depth. Also, reflected in Tables 3 and 4 are 
the general pattern of macroporosity decline in hollows with 
improved contact with water and limited drying, compared to 
hummocks (Dimitrov et al. 2010b).

Two observed SWRCs have been reported for SC (fig. 4 in 
Quinton and Hayashi 2004), one for the upper 0.1 m peat 
and another one for the peat between 0.1 and 0.4 m. The 
shape of the observed SWRC for the upper peat implied low 
water holding capacity at near-saturation, similar to the 
observed θ in the upper 30 cm in hummocks and 10 cm in 
hollows. Therefore, following Dimitrov and Lafleur (2020), 
we used the log-transformed Campbell SWRC for peat at 
0.05, 0.1, 0.2, and 0.3 m in hummocks, and at 0.05 and 0.1 m 
in hollows. The other observed SWRC, with a more pro-
nounced sigmoidal shape, was considered representative for 
the deeper peat in hummocks and hollows. Hence, we used 
the log-transformed van Genuchten SWRC with two parts at 
0.4 m in hummocks and 0.2, 0.3, and 0.4 m in hollows. The 
values of θLX and Ψm,LX were inferred from Quinton and 
Hayashi (2004), and Ψm,sat was implied from Ψm,LX (Tables 
3 and 4).

Table 2. Soil model parameters for Mer Bleue bog, hummock and hollow, including soil water retention curves (SWRC), macroporosity (θM), total porosity (θp), matric 
potential at saturation (φsat), residual soil water content (θr), hydroscopic potential (i.e. the matric potential in the air-dry condition, φHC), water content at the inflection 
point (θLX), water potential at the inflection point (φLX), status of the thawing/freezing function (fTF) and its phase shift (tph). Parameter sources are referenced in detail 
by Dimitrov and Lafleur (2020).

No Layer [ - ]
Peat type 

[ - ]

Depth of  
Observation 

[m]

Layer  
Thickness 

[m] SWRC
θM 

[m3 m−3]
θp 

[m3 m−3]
φsat 

[MPa]
θr 

[m3 m−3]
φHC 

[MPa]
θLX* 

[m3 m−3]
φLX* 

[MPa] fTF

tph 

[days]

Hummock

1 Fibric 0 - 0.05 Campbell 
& 
Van Genuchten

0.8 0.93 -0.0007 0.04 -3.1 0.99(θp) -0.00071 Off -
2 0.1 0.05 - 0.15

3 0.2 0.15 - 0.25
4 0.3 0.25 - 0.35
5 Hemic 0.4 0.35 - 0.45 0.3 0.88 -0.0007 0.15 -3.1 0.98(θp) -0.00071 Off -
6 Sapric 0.5 0.45 - 0.55 0 0.83 -0.0007 0.22 -3.1 0.97(θp) -0.00071 Off -
7- 10 0.55 – 4.0

Hollow (~ 25 cm below the hummock surface)

1 Fibric 0.03 0 - 0.05 Campbell 
& 
Van Genuchten

0.8 0.93 -0.0007 0.04 -3.1 0.99(θp) -0.00071 Off -
2 Fibric 0.05 - 0.10
3 Hemic 0.15 0.1 - 0.2 0.3 0.88 -0.0007 0.15 -3.1 0.98(θp) -0.00071 Off -
4 - 8 Sapric 0.2 – 3.75

*Only for Van Genuchten soil water retention curve (SWRC).
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The fTF for seasonal thawing and freezing was applied to 
the layers at 0.4 m in hummocks and 0.2, 0.3, and 0.4 m in 
hollows, where these effects were expected to appear with 
high water contents and waterlogging at depth. The PHM 
parameters for Equations (7) and (8) were calculated for the 
entire period of simulations (2013–2019), i.e. 
Tamean = −0.53°C, Tamean = 14.27°C, ycycle = 365 days, fol-
lowing Jansson (1991), D = 0.00864 m2 d−1 at SC peat 
plateau following Braverman (2017), TB = −0.7°C and 
Tfpd = −0.3°C following Quinton and Baltzer (2013), t-
ph = 0 days at surface and user specified for each peat layer 
(Tables 3 and 4). Simulated θ at depths of 0.05, 0.1, 0.2, 0.3, 
and 0.4 m in hummocks and hollows were compared with 
the corresponding observed ones.

2.3.3 Statistical analysis to evaluate model performance. To 
evaluate PHM performance, linear regressions of simulated dWT 
and θ (y-axis) on observed dWT and θ (x-axis) were performed at 
each depth in hummocks and hollows at MB and SC. The overall 
model accuracy was evaluated using the root mean square error 
(RMSE) and its systematic (RMSEs) and unsystematic (RMSEu) 
components (Willmott 1981). Willmott’s index of agreement (d, 
0 ≤ d ≤ 1) was calculated to estimate the relative model accuracy 
with respect to the magnitude of observed values (Willmott 1982). 
The Nash-Sutcliffe efficiency (NSE) coefficient was calculated to 
assess how well the model performs with respect to the average of 
the observed values (Krause et al. 2005). For convenience, we 
report the normalized NSE, i.e. NNSE = 1/(2 − NSE), 0 ≤ NNSE 
≤ 1 (Nosent and Bauwens 2012). In addition, the 95% confidence 

Figure 4. Daily water table (WT) depths at Mer Bleue bog in (a) hummocks, observed and simulated by near-surface soil water contents (θ) and log-transformed 
Campbell soil water retention curve (SWRC) during the 1999–2001 period; (b) hollows, observed and simulated by near-surface θ and log-transformed Campbell SWRC 
during the 1999–2004 period; (c) hummocks, observed and simulated by near-surface θ and log-transformed van Genuchten SWRC during the 1999–2001 period; (d) 
hollows, observed and simulated by near-surface θ and log-transformed van Genuchten SWRC during the 1999–2004 period. The negative vertical scale refers to the 
depth below the soil surface.
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intervals (CI95%) were estimated for RMSE and NNSE by applying 
the statistical software FITEVAL (Ritter and Munoz-Carpena 
2013, 2020).

3 Results

3.1 Modelling WT depth from near-surface θ in a peatland
Both CAMP and VANG closely captured the seasonal and 
inter-annual dynamics of WT in MB hummocks during the 
series of dry (1999) – very wet (2000) – dry (2001) years, 
including the peak WT rise in April 2000 and the development 
of summer droughts in 1999 and in 2001 (Fig. 4a and b). Also, 
CAMP and VANG captured the seasonal and inter-annual 
dynamics of WT in MB hollows during the hydrologically 
diverse period of dry (1999) – very wet (2000) – dry (2001) – 
very dry (2002) – normal (2003) – wet (2004) years (Fig. 4c and 
d). Although for hollows CAMP and VANG often underesti-
mated the observations during the periods of summer WT 
drawdowns in 1999, 2001, 2002 and 2003, both runs closely 
followed the observed WT during the wet periods in 1999– 
2004. Both models also captured the daily WT rise of ~23 cm 
accompanying the most intensive rain event in that period, 
124.5 mm over 24 h on 9 September 2004.

Statistics (observed on modelled) for CAMP and VANG 
daily dWT in hummocks and hollows of the MB bog are 
given in Table 4. The R2 was ~61% for hummocks and 67% 
for hollows. The slopes were near unity and intercepts near 
zero for hummocks, while for hollows the slopes departed 
from unity and intercepts were greater than zero, indicat-
ing greater bias in the model compared to hummocks. 
Willmott’s d > 0.85 indicated good model performance of 
both CAMP and VANG for hummocks and hollows. RMSE 
values for both runs were smaller and their CI95% narrower 
for hummocks compared to those for hollows, but RMSEs 
was greater than RMSEu and approaching RMSE for hol-
lows, suggesting that the parameterization would need 
improvement rather than the model formulae (Willmott 
1981, 1982). The better performance of CAMP and 
VANG for hummocks was also indicated by their higher 
NNSE with narrower CI95%, compared to those for hollows. 
The NNSE and their upper CI95% boundaries for hum-
mocks reached acceptable values, i.e. NNSE > 0.61 (corre-
sponding to NSE > 0.36 in Ramanarayanan et al. 1997, 
Motovilov et al. 1999) and good values, i.e. NNSE > 0.67 
(corresponding to NSE > 0.5 in Moriasi et al. 2007), NNSE 
> 0.74 or even > 0.8 (corresponding to NSE > 0.65 or even 
> 0.8 in Ritter and Munoz-Carpena 2013). The upper CI95% 
boundaries of NNSE for hollows indicated acceptable per-
formance for both runs. However, the threshold values for 
NNSE and NSE given above should be treated with caution 
for soil hydrology modelling as they were set mainly for 
large-scale surface hydrology studies (e.g. river or 
watershed discharge).

3.2 Modelling θ at various depths from near-surface θ in a 
peatland
The θ simulated by CAMP and VANG followed the seasonal 
and inter-annual dynamics of observed θ in MB hummocks 
at all depths (Figs 5 and 6). Both runs captured the dynamics 

of θ during 1999–2001 in the dry fibric peat in hummocks at 
0.1 and 0.2 m, including the two spring thaw peaks in April 
2000 and 2001 at 0.2 m. CAMP performed slightly better than 
VANG at 0.1 m (Figs 4a and 5a) and the two model runs 
were comparable at the 0.2 m depth (Figs 5b and 6b). Both 
runs reproduced the magnitude and dynamics of θ changes in 
the hummock wet fibric peat at 0.3 m with pronounced peaks 
during spring thaw in April 2000 and 2001 and during 
intensive rain events in May 2000 (Figs 5c and 6c). Similar 
results were obtained for the haemic peat at 0.4 m during the 
summer droughts in 1999 and 2001 and the consistently 
shallow WT in summer 2000 (Figs 5d and 6d). VANG simu-
lated slightly more waterlogged conditions compared to 
CAMP at 0.3 and 0.4 m in hummocks. Both runs simulated 
conditions close to saturation at 0.5 m in hummock sapric 
peat for most of the time during 1999–2001, and captured the 
steep declines of θ in August 1999 and September 2001 (Figs 
5e and 6e). For hollows, both runs closely captured θ 
dynamics during the 1999–2004 period at 0.03 and 0.15 m 
depths (Fig. 7). The thaw and θ peaks between June and July 
2000, April and May 2001, April, May and July 2002, and 
May and June 2003 at 0.03 m were captured too (Fig. 7a and 
c), as was the summer decline of θ at 0.15 m with droughts in 
1999 and 2001 (Fig. 7b and d).

Statistics (observed on modelled) for CAMP and VANG 
daily θ in MB hummocks and hollows are given in Table 5. 
Despite the apparent visual fit between simulated and observed 
θ at 0.2 m in hummocks (Figs 4b and 5b), R2, slopes, 
Willmott’s d and NNSE were low. However, RMSEs greater 
than RMSEu and approaching RMSE suggests that the para-
meterization would need improvement rather than the model 
formulae. Both runs improved their performance in the zone 
of wet fibric peat at 0.3 m and haemic peat at 0.4 m, where the 
largest WT fluctuations occurred in hummocks, as reflected by 
Willmott’s d values approaching and surpassing 0.8, and 
NNSE values and CI95% boundaries > 0.61 and > 0.74. 
Although the effect of waterlogging on θ variation at 0.5 m in 
hummocks made R2, Willmott’s d and NNSE lower compared 
to those above, the upper NNSE CI95% boundaries were ~0.61, 
indicating the potential for acceptable model performance at 
that depth. Both runs performed well for MB hollows 
(Table 5).

3.3 Modelling θ at various depths from near-surface θ in a 
peat plateau
PLAT closely captured the seasonal and inter-annual dynamics 
of θ at various depths in SC hummocks and hollows during 
2013–2019 (Figs 8 and 9). The model was able to simulate θ in 
the non-saturated upper peat at depths of 0.05, 0.1, 0.2, and 0.3 
depths in hummocks (Fig. 8a–d) and 0.05 and 0.1 m in hollows 
(Fig. 9a and b), and θ in the frequently waterlogged peat at 0.4 
m in hummocks (Fig. 8e). Model performance was similar for 
the depths of 0.2, 0.3, and 0.4 m in hollows (Fig. 9c–e). PLAT 
captured the pattern of θ increase with spring thaw at the end 
of April–beginning of May and then the θ decrease with fall 
freeze at the end of September–October. During the frozen 
period, between September–October and April–May, PLAT 
maintained θ at all depths in hummocks and hollows of 
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~0.2–0.3 m3 m−3, in agreement with the observed residual θ of 
~0.2 m3 m−3 at that time of the year (Quinton and Baltzer 
2013).

The fTF function for thaw/freeze effects on the timing of 
simulated θ changes with depth (Tables 3 and 4) was deacti-
vated for PLAT simulations at 0.05, 0.1, 0.2, and 0.3 m in 
hummocks (Fig. 8a–d), and at 0.05 and 0.1 m in hollows 
(Fig. 8a and b), due to their low θ and proximity to soil surface. 
For the deeper peat at 0.4 m in hummocks and at 0.2, 0.3 and 

0.4 m in hollows, we compared PLAT with fTF activated and an 
identical PHM run with fTF deactivated (Figs 8e and 9c–, 9e, 
respectively). These comparisons demonstrated the impor-
tance of thaw/freeze effects on the timing of θ changes with 
depth. These effects were most pronounced in the waterlogged 
hollow layers, illustrated by large shifts to the right (later in 
time) of observed θ at depths of 0.2, 0.3, and 0.4 m due to 
delayed thaw and freeze at those depths, compared to observed 
and simulated θ at 0.05 and 0.1 m (Fig. 9c–e). A similar shift of 

Figure 5. Daily soil water contents (θ) at Mer Bleue bog during the 1999–2001 period in hummocks, observed and simulated by available near-surface θ records and 
log-transformed Campbell soil water retention curve at depths of (a) 0.1 m, (b) 0.2 m, (c) 0.3 m, (d) 0.4 m, (e) 0.5 m. All depths are with reference to the soil surface 
(hummock tops).
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θ to the right was observed at 0.4 m in hummocks, although it 
was not as large due to the lower θ compared to θ in the 
waterlogged hollows (Fig. 8e). The lack of thaw/freeze effects 
on θ in hummocks at 0.05, 0.1, 0.2 and 0.3 m (Fig. 8a–d) can be 
explained by air convective heat flux that might have occurred 
in hummocks with heights of ~40 cm (Hayness et al. 2020), 
high porosity and large macropore fractions (Dimitrov et al. 
2010b). The heat flux enhanced by air convection could have 
offset Tdi lagging in depth, hence shifting θ to the right. 
Therefore, PLAT reproduced the pattern of higher observed 

θ at 0.05 and 0.1 m compared to those at 0.2, 0.3 and 0.4 m in 
late April–May in hollows (Fig. 8), which was also evident in 
hummocks (Fig. 9), and consistent with the field studies at SC 
(Quinton and Baltzer 2013).

Statistics for PLAT daily θ in SC hummocks and hollows are 
given in Table 6. Although simulations followed θ observations 
at 0.05 m (Figs 8a and 9a), the poor statistics at that depth, 
especially in hollows, can be explained by the evapotranspira-
tion effect on near-surface θ, which is currently not simulated 
by PHM. For all other depths in both hummocks and hollows, 

Figure 6. Daily soil water contents (θ) at Mer Bleue bog during the 1999–2001 period in hummocks, observed and simulated by available near-surface θ records and 
log-transformed van Genuchten soil water retention curve at depths of (a) 0.1 m, (b) 0.2 m, (c) 0.3 m, (d) 0.4 m, (e) 0.5 m. All depths are with reference to the soil surface 
(hummock tops).
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PLAT performed well, demonstrating a good fit between simu-
lated and observed θ. The goodness of fit was confirmed by the 
high R2, slopes approaching 1 and intercepts close to 0, small 
RMSE, Willmott’s d > 0.9 and NNSE > 0.67 and > 0.74, with 
their upper CI95% boundaries > 0.83. When fTF was deactivated 
for the layers at 0.4 m in hummocks and at 0.2, 0.3, and 0.4 m 
in hollows, the model performance for those layers degraded, 
thus confirming statistically the importance of modelling the θ 
shift with depth caused by seasonal thaw and freeze.

4 Discussion

4.1 Building upon previous modelling work
This study builds upon the previous work of Dimitrov and 
Lafleur (2020), where PHM was shown to successfully simulate 
θ at various depths from observed dWT at the MB peatland. 
PHM has now been further developed to use the near-surface 

θobs instead of dWT as a model driver. This modification cir-
cumvents the problem that dWT is normally only available at 
research sites, whereas the near-surface θ can be obtained from 
other sources at a larger spatial scale (section 1.1). Thus, the 
near-surface θobs has been used to drive PHM for modelling 
dWT,sim, which is then used to model θ at any depth. Our 
findings indicate that both Campbell and van Genuchten 
SWRCs can be used to model WT dynamics in peat.

Abrupt fluctuations of simulated vs. observed θ at MB (Figs 
5–, and 7), especially within the zone of intensive WT variation 
at 0.3 and 0.4 m in hummocks, might be artefacts of combined 
sensitivity to near-surface θobs variation of the exponential 
Equations (2) and (3) for dWT,sim and exponential Equations 
(4) and (5) for simulated θ. However, the daily aggregations of 
near-surface θobs from API websites may vary less compared to 
those hourly aggregated on site, thereby mitigating such arte-
facts. The discrepancy in width between simulated and 
observed θ below 0.2 m in SC hollows (Fig. 9) could be due 

Figure 7. Daily soil water contents (θ) at Mer Bleue bog during 1999–2004 period in hollows at (a) 0.03 m depth, observed and simulated by available near-surface θ 
records and log-transformed Campbell soil water retention curve (SWRC); (b) 0.15 m depth, observed and simulated by available near-surface θ records and log- 
transformed Campbell SWRC; (c) 3 cm depth, observed and simulated by available near-surface θ records and log-transformed van Genuchten SWRC; (d) 15 cm depth, 
observed and simulated by available near-surface θ records and log-transformed van Genuchten SWRC. All depths are with reference to the soil surface (hollow bases). 
Different time scales are due to reporting simulations only for the corresponding available observations at each depth.
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to using the general soil temperature function instead of simu-
lating the peat thermal regime (to be implemented in the 
future). However, for both SWRCs, the PHM performance 
on modelling θ dynamics in peat profiles driven by the near- 
surface θobs (Table 5) was only slightly poorer than the corre-
sponding PHM performance driven by the observed dWT (see 
table 2 in Dimitrov and Lafleur 2020). The pattern of reported 
statistics for all θ (Table 5) was consistent with the correspond-
ing pattern in table 2 in Dimitrov and Lafleur (2020), with the 
best model performance at 0.3 and 0.4 m in hummocks, as well 
as in hollows, for both SWRCs.

4.2 Advances and uncertainties of the proposed approach
The recent development of PHM has resulted in several methods 
for modelling peatland hydrology with and without permafrost. 
Depending on the availability of observed dWT or near-surface 
θobs, one can predict WT dynamics alone from near-surface θobs 
(Table 1, MPWT), θ dynamics at any depth from near-surface 
θobs through dWT,sim (Table 1, MSWT), or θ dynamics at any 
depth from observed dWT, following Dimitrov and Lafleur (2020). 
Introducing the fTF function to account for the effects of seasonal 
thaw/freeze on timing of θ changes at different depths, without 
explicit simulations of the soil thermal regime, was another 
important development for modelling hydrology of frozen peat, 
hence PHM’s applicability to a wide variety of soil conditions. By 
providing an option for users to switch fTF off for layers where the 
effects of delayed thaw and freeze with depth are not expected, 
PHM acts to reduce the potential uncertainty with θ simulations 
in upper peat and warm climate.

Near-surface θ data can be provided by remote sensing at 
a large spatial scale (Champagne et al. 2015, Arroyo-Mora et 
al. 2018). Thus, we anticipate that PHM has the potential to 
become easily applicable at both site and large spatial scales 
by utilizing the near-surface θobs as a model driver. Moreover, 
PHM has been incorporated recently in the DIMONA online 
platform (sections 1.2 and 2.1.4). DIMONA is connected to 

various websites with API endpoints for providing free 12- or 
24-h aggregates of near-surface θ and soil temperatures at 10 
cm depth extracted from the remote sensing (OpenWeather 
n.d., Agro API n.d.), soil profile data for physical and chemi-
cal properties, texture, organic C and nutrients down to a 
depth of 2 m (Soilgrids REST n.d.), and biota (GBIF n.d.), at 
any geographic coordinates in the world where those data are 
available (Fig. 10). Hence, using a combination of field data 
(dWT and/or near-surface θobs observations and soil physical 
properties measured at the site), remotely sensed data (near- 
surface θobs), and/or website data collections (soil profile 
properties) to drive PHM and parameterize its soil profiles, 
it is possible to run simulations in various ways. These 
include switching from one model driver to another (i.e. 
from dWT to near-surface θobs and vice versa), from one site 
to another, and/or from one site to a series of sites along 
ecological gradients at a large spatial scale.

Uncertainties with PHM application can arise at the site and 
large spatial scales. Those at the site scale have been addressed in 
Dimitrov and Lafleur (2020), and are related to the availability 
and variability of soil hydrological parameters (e.g. Ψ and θ pairs 
at various states in Fig. 2), and soil physical parameters (Tables 
2, 3 , and 4), with peat type, microtopography, and site category. 
Reported uncertainties at the large spatial scale are related to the 
coarse spatial and temporal resolution of remotely sensed data, 
including the seasonality of their interpretation (Meingast et al. 
2014, Arroyo-Mora et al. 2018, Lees et al. 2018). These can affect 
the estimation of near-surface θobs, hence its values extracted by 
remote sensing and/or provided through the request/response 
cycle via websites with API endpoints (e.g. OpenWeather n.d., 
Agro API n.d.).

4.3 Implications for remote sensing
PHM could help remote sensing studies by providing a process- 
based alternative for relating near-surface θ to dWT and/or θ at 
different depths in the soil profile and expanding these relation-
ships spatially across the landscape. For example, recent remote 

Table 5. Statistics of simulated vs observed daily soil water contents at depths of 0.1 m, 0.2 m, 0.3 m, 0.4 m and 0.5 m in hummocks, and 0.03 m and 0.15 m in hollows 
at Mer Bleue bog, over the periods of 1999 –2001 for hummocks and 1999 –2004 for hollows. The statistics include the number of observations (N), the coefficient of 
determination (R2), slope, intercept Willmott’s index of agreement (d), root mean square error (RMSE) with its 95% confidence interval (CI95%), systematic (RMSEs) and 
unsystematic (RMSEu) components, and the normalized Nash-Sutclife efficiency (NNSE) with its CI95%.

Statistics* N R2† Slope† Intercept† d RMSE (CI95%) RMSEs RMSEu NNSE (CI95%)

Units ( - ) ( - ) ( - ) (m3 m−3) ( - ) (m3 m−3) (m3 m−3) (m3 m−3) ( - )

Model run with log-transformed Campbell Soil Water Retention Curve, MBCAMP

Hummock, 0.2 m 665 0.37 0.35 0.07 0.69 0.06 [0.02; 0.12] 0.05 0.04 0.34 [0.1; 0.38]
Hummock, 0.3 m 668 0.53 0.66 0.05 0.85 0.17 [0.13; 0.22] 0.08 0.15 0.62 [0.32; 0.78]
Hummock, 0.4 m 632 0.35 0.61 0.32 0.77 0.16 [0.12; 0.2] 0.08 0.13 0.53 [0.32; 0.72]
Hummock, 0.5 m 630 0.09 0.78 0.2 0.41 0.06 [0.05; 0.08] 0.02 0.06 0.51 [0.33; 0.6]
Hollow, 0.03 m 1664 0.79 0.6 0.05 0.9 0.12 [0.09; 0.15] 0.09 0.07 0.63 [0.45; 0.78]
Hollow, 0.15 m 982 0.7 0.91 0.11 0.89 0.1 [0.06; 0.13] 0.05 0.08 0.71 [0.46; 0.87]

Model run with log-transformed Van Genuchten Soil Water Retention Curve, MBVANG

Hummock, 0.2 m 665 0.5 0.3 0.07 0.68 0.08 [0.03; 0.15] 0.07 0.03 0.24 [0.07; 0.4]
Hummock, 0.3 m 668 0.43 0.5 0.06 0.79 0.23 [0.16; 0.3] 0.16 0.16 0.61 [0.47; 0.72]
Hummock, 0.4 m 632 0.37 0.56 0.34 0.79 0.16 [0.12; 0.2] 0.08 0.13 0.54 [0.36; 0.71]
Hummock, 0.5 m 630 0.14 0.61 0.34 0.54 0.07 [0.05; 0.09] 0.03 0.06 0.48 [0.27; 0.63]
Hollow, 0.03 m 1664 0.79 0.6 0.05 0.9 0.12 [0.09; 0.15] 0.09 0.07 0.63 [0.45; 0.78]
Hollow, 0.15 m 982 0.69 0.9 0.13 0.88 0.1 [0.07; 0.13] 0.05 0.08 0.69 [0.44; 0.86]

*The daily volumetric soil water contents (θ) are modelled at every time step using the simulated water table depths (dWT) from the available near-surface observed θ at 
depth of 10 cm in hummocks, and by the average simulated dWT from the available observed θ at depth of 3 and 15 cm in hollows. 

†From the linear regression of simulations on measurements at significance level α = 0.05 (p < 2.2e-16).
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sensing studies have empirically related the narrowband 
NDWI1240, i.e. the normalized difference water index (Gao 
1996) centred at 1240 nm, to the WT position by simple linear 
regression (Kalacska et al. 2018). This empirical relationship can 
be replaced by the PHM relationships developed in this study 
(Table 1), which allow using the near-surface θ extracted by 
remote sensing to estimate dWT (and/or θ at any depth) and 
thereby WT intra- and inter-seasonal variation at a landscape 
scale with variation of surface properties of the landscape. 
Furthermore, PHM can help remote sensing studies to character-
ize the hydrology of individual peatlands and peatland complexes, 
where the remote sensing estimation of near-surface θ is limited 
mainly to hollows, based on the empirical relationship between 
NDWI1640 and near-surface θ requiring exposed Sphagnum cover 
without seasonal interference from vascular plants (Lalonde 2013, 

Arroyo-Mora et al. 2018). By using the remote sensing near- 
surface θ in hollows as a model driver, PHM can estimate WT 
and/or θ at any depth in hollows by dWT,sim. Then, based on the 
interconnectedness of WT between hollows and hummocks, 
PHM can use dWT,sim adjusted for hummocks by the average 
hummock minus hollow surface difference for estimating θ at any 
depth in hummocks.

To demonstrate this concept, we ran PHM for MB during 
2002–2004 period with missing near-surface θobs in hum-
mocks. The hollow dWT,sim was adjusted for hummocks by 
accounting for the 0.25 m difference between the hummock 
and hollow surfaces. Thus, the adjusted dWT,sim for hum-
mocks was used to simulate hummock θ at various depths 
(Fig. 11). Although not as good as the corresponding simula-
tions with observed dWT in hummocks figs 6–9 in Dimitrov 

Figure 8. Daily soil water contents (θ) at Scotty Creek permafrost peat plateau during 2013–2019 in hummocks at depths of (a) 0.05 m; (b) 0.1 m; (c) 0.2 m; (d) 0.3 m, 
observed and simulated by available near-surface θ records and log-transformed Campbell soil water retention curve (SWRC); and (e) 0.4 m, observed and simulated 
log-transformed van Genuchten SWRC. The dashed line is simulated θ without modelling of the timing of thawing/freezing in wetter peat at 0.4 m depth. All depths are 
with reference to the soil surface (hummock tops).
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and Lafleur (2020), PHM with adjusted dWT,sim for hum-
mocks managed to simulate the low θ at 0.2 m (Fig. 11a), 
captured the pronounced θ dynamics at 0.3 m (Fig. 11b) and 
0.4 m (Fig. 11c), and maintained the high θ at 0.5 m (Fig. 
11d). Therefore, PHM captured the gross characteristics of 
the soil water profile.

4.4 Implications for ecosystem modelling
PHM can be applied as an independent hydrological model or 
coupled to ecological models acting as their hydrological module. 
As part of DIMONA, PHM simulated θ in the peat profile from 
observed dWT. The simulated θ values at depth were used by 
DIMONA for modelling plant water relations, coupled to photo-
synthesis and growth of vascular plants and bryophytes. 
Therefore, PHM provided to DIMONA the simulated soil hydrol-
ogy needed to model the hourly and daily shrub, moss, and 
ecosystem gross and net primary productivities during a 

hydrologically diverse period of years (Dimitrov and Lafleur 
2021). Additional information on the performance and interface 
of DIMONA online modelling and research platform with PHM 
can be found at: https://cce-datasharing.gsfc.nasa.gov/files/confer 
ence_presentations/Poster_Dimitrov__266_21.pdf. Thus, we 
show the potential of PHM to be used in ecosystem models as a 
simple alternative to their sophisticated three-dimensional hydro-
logical schemes and their application for modelling ecological 
processes.

5 Conclusion

This study supports the main hypothesis that near-surface θ 
can be used to predict daily θ at any depth in peatlands with 
and without permafrost, thus revealing a perspective for large 
spatial scale simulations. New methods have been developed 
and tested by a simple hydrological model, i.e. for estimating 

Figure 9. Daily soil water contents (θ) at Scotty Creek peat plateau during 2013–2019 in hollows at depths of (a) 0.05 m; (b) 0.1 m; (c) 0.2 m; (d) 0.3 m, observed and 
simulated by available near-surface θ records and log-transformed Campbell soil water retention curve (SWRC); and (e) 0.4 m, observed and simulated log-transformed 
van Genuchten SWRC. The dashed line is simulated θ without modelling of the timing of thawing/freezing in waterlogged peat layers at 0.2, 0.3 and 0.4 m depth. θ 
values above unity were calibration artefacts of the near-saturation conditions. All depths are with reference to the soil surface (hollow bases).
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WT from near-surface θ in peat (Hypothesis 1), and for 
estimating θ at any depth from simulated WT by near-surface 
θ in peatlands (Hypothesis 2) and on peat plateaus 
(Hypothesis 3). The methods and the model can be applied 
at any location for which there are near-surface θ records and 
soil physical properties, measured on site, reported in the 
literature, provided on the Internet, or extracted by remote 

sensing. The simulations can be implemented by embedding 
the model into an online modelling and research platform, 
which requests and obtains from various API websites the 
near-surface daily θ and soil physical properties for any geo-
graphic coordinates in the world, thereby providing an 
opportunity to upgrade from site to large spatial scale mod-
elling. These new methods can enhance remote sensing 

Table 6. Statistics of simulated vs observed daily soil water contents at depths of 0.1 m, 0.2 m, 0.3 m, 0.4 m and 0.5 m in hummocks, and 0.03 m and 0.15 m in hollows 
at Scotty Creek permafrost peat plateau over 2013 – 2019 period. The statistics include the number of observations (N), the coefficient of determination (R2), slope, 
intercept Willmott’s index of agreement (d), root mean square error (RMSE) with its 95% confidence interval (CI95%), systematic (RMSEs) and unsystematic (RMSEu) 
components, and the normalized Nash-Sutclife efficiency (NNSE) with its CI95%.

*Statistics N R2† Slope† Intercept† d RMSE (CI95%) RMSEs RMSEu NNSE (CI95%)

Units ( - ) ( - ) ( - ) (m3 m−3) ( - ) (m3 m−3) (m3 m−3) (m3 m−3) ( - )

Model run with layer-specific log-transformed Campbell (predominantly) or Van Genuchten Soil Water Retention Curve, SC

Hummock, 0.05 m 1814 0.63 1.2 0 0.69 0.05 [0.04; 0.07] 0.04 0.03 0.5 [0.46; 0.52]
Hummock, 0.2 m 1949 0.97 1.26 -0.04 0.93 0.03 [0.02; 0.03] 0.04 0.07 0.81 [0.77; 0.85]
Hummock, 0.3 m 1316 0.87 1.13 -0.03 0.95 0.03 [0.03; 0.04] 0.02 0.03 0.86 [0.79; 0.9]
Hummock, 0.4 m 1425 0.33 0.5 0.2 0.73 0.12 [0.1; 0.15] 0.08 0.1 0.52 [0.49; 0.6]
Hummock*, 0.4 m 1425 0.48 0.73 0.12 0.83 0.09 [0.08; 0.11] 0.03 0.08 0.63 [0.54; 0.71]
Hollow, 0.05 m 1798 0.07 0.48 0.16 0.45 0.12 [0.08; 0.18] 0.03 0.12 0.5 [0.47; 0.53]
Hollow, 0.2 m 1949 0.61 0.68 0.19 0.88 0.17 [0.15; 0.2] 0.09 0.15 0.65 [0.59; 0.73]
Hollow*, 0.2 m 1949 0.78 0.73 0.17 0.93 0.14 [0.11; 0.17] 0.08 0.11 0.75 [0.66; 0.83]
Hollow, 0.3 m 1949 0.37 0.69 0.26 0.79 0.25 [0.21; 0.29] 0.1 0.23 0.57 [0.5; 0.65]
Hollow*, 0.3 m 1949 0.79 0.96 0.13 0.91 0.17 [0.13; 0.22] 0.11 0.13 0.74 [0.64; 0.83]
Hollow, 0.4 m 1949 0.13 0.39 0.42 0.67 0.3 [0.25; 0.34] 0.16 0.25 0.56 [0.39; 0.64]
Hollow*, 0.4 m 1949 0.75 0.86 0.16 0.91 0.16 [0.13; 0.2] 0.09 0.14 0.74 [0.64; 0.83]

*The daily volumetric soil water contents (θ) are modelled at every time step using the simulated water table depths (dWT) from the available near-surface observed θ at 
depth of 10 cm in hummocks, and hollows. 

†From the linear regression of simulations on measurements at significance level α = 0.05 (p < 2.2e-16).

Figure 10. The 12-hour near-surface soil water contents and soil temperatures at 10 cm depth, soil physical properties down to 2m depth below the ground surface, 
and weather inputs at a one-minute time step, at a shrub site near Sacramento (California, US) with geographic coordinates 39°N and 122°W, requested by DIMONA 
online modelling and research platform, to which PHM is embedded, and received in response from Agro API website, REST SoilGrid website, and OpenWeather 
website, for real time simulations of shrub productivity controlled by ambient hydrology, with application programming interface (API) endpoints (Dimitrov and Lafleur 
2021).
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studies by providing a process-based alternative to their 
regression-based relationships between near-surface proper-
ties and hydrology of peat. The approach proposed in this 
study can improve our understanding, estimation, and 
dynamic simulation of peatland hydrology at large spatial 
scales where field observations are absent.
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