
BOREAL ENVIRONMENT RESEARCH 30: 39–54	 © 2025
ISSN 1797-2469 (online)	 Helsinki 29 January 2025

Editor in charge of this article: Christina Biasi
https://doi.org/10.58013/ber2025.7amd-7m45

Carex Model: A Mire Microtopography Formation Model 
using Numerical Simulation

Misao Okada1)2)* and Takashi Inoue3)

1) Okadax Technology Engineering Inc., Sapporo., Japan
2) Suiko Research Co., Ltd., Sapporo, Japan
3) Research Faculty of Agriculture, Hokkaido University, Sapporo, Japan
*corresponding author’s e-mail: okadax@suiko-r.co.jp or okadax@sage.ocn.ne.jp

Received 6 Nov. 2023, final version received 29 Oct. 2024, accepted 8 Nov. 2024

Okada M. & Inoue T. 2025: Carex Model: A Mire Microtopography Formation Model using Numerical 
Simulation. Boreal Env. Res. 30: 39–54.

Boreal mires have various microtopographies with patterns that sometimes present myste-
rious shapes not seen elsewhere. Having studied these interesting microtopographical pat-
terns that exist in Japanese mountainous mires, we developed an original computer simula-
tion model named "Carex" to help understand the mechanism of their formation processes. 
The basic premise of this model is that water table fluctuations due to precipitation affect 
the amount of peat accumulation, which in turn causes changes in mire microtopography. 
The Carex model is a simple physical model with clear plant ecological causal relation-
ships and realistic spatiotemporal scales, suitable for understanding the mechanisms of 
mire pattern formation. Application of the model provided convincing explanations for 
the formation processes of some typical microtopographical patterns. In this paper, we 
describe the concept and basic structure of the Carex model.

Introduction

Mires exhibit a variety of microtopographi-
cal patterns that correspond to their environ-
ment, and they often have mysterious shapes not 
seen elsewhere. Consequently, they have long 
attracted the interest of researchers and have 
been the subject of active research. With the 
development of computing technology, some 
researchers have tried to understand the mecha-
nisms of mire pattern formation using computer 
simulation models.

Swanson and Grigal (1988) originally con-
structed such models of mire patterning. They 
were able to reproduce a string pattern by deter-
mining the probability of hummock occurrence 
in relation to the water table. However, their 

model had the problem that the patterns moved 
downstream on the slope over time. The reason 
was that they used a linear function to express 
the relationship between the water table and 
hummock formation probability, such that the 
hummock formation probability increased uni-
laterally as the water table lowered. On the 
upstream side of a hummock, the water table 
tends to rise and thus the hummock formation 
probability decreases. Conversely, on the down-
stream side, the water table is lower and thus 
the hummock formation probability increases. 
Consequently, the hummock appears to move 
in the downstream direction of the slope over 
time. Couwenberg (2005) revisited this model, 
partially correcting it to show that patterns 
anatomose and merge. Couwenberg and Joosten 
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that the mechanism should be expressed more 
simply.

Harris et al. (2020) suggested that the devel-
opment of distinct microtopographies is depend-
ent on the ecohydrological setting, which in turn 
influences the processes controlling peat accu-
mulation at the microform scale in their concep-
tual model. They also suggested that the strength 
and direction of feedbacks among the vegetation 
and the hydrology differ between sites with vary-
ing ecohydrological conditions. For example, 
the relationship of gross primary productivity to 
water table depth in a bog is negative, meaning 
that an area with a deeper water table has lower 
gross primary productivity.

Many of the above models consider changes 
in microtopographical patterns related to water 
levels. However, some models lack stability 
owing to their use of linear parametric functions, 
while others ignore surface water movement. 
Moreover, certain models cannot be applied to 
existing mires because the spatiotemporal scales 
are unclear. Independently of the above models, 
Okada (2008) proposed the "Carex" model to 
determine the formation process of microtopo-
graphical patterns observed in Japanese mires. 
In this model, surface water movement is treated 
as important as groundwater movement for rea-
sons that are described later. The Carex model 
was developed by considering the environmental 
conditions of mountainous wet mires in which 
natural hydraulic conditions are well preserved. 
In mountainous areas of Japan, not only is it 
rainy in summer but there is also much snowfall 
in winter, and the snow depth can reach several 
meters. The snowmelt period sometimes extends 
into June and the first snow falls in October. 
These events are repeated annually and the 
accumulated peat is strongly compacted by the 
weight of the snow, which greatly affects water 
permeability. During the short snow-free period, 
plants grow under the influence of the ambient 
environmental conditions and dead plant mate-
rial accumulates on the upper peat layer.

As described by Lindsay (2010), "peat bog 
soils are a direct product of vegetation growth," 
and the formation of mire microtopographies 
depends on the accumulation rate of peat depos-
its. The amount of primary production of vegeta-
tion (PPV) therefore dominates the development 

(2005) applied the model to a raised bog and 
showed how small-scale processes can create 
a variety of large landscape patterns. However, 
they also encountered the same problem of the 
pattern moving downward on the slope because 
they used the same linear function as Swanson 
and Grigal (1988).

Alexandrov (1988: fig. 3-2) believed that 
the rate of peat accumulation is determined only 
by hydrologic factors, supposing complete cor-
respondence between the vegetation distribution 
and the bog water level and throughflow. Using 
a hydrologic model, it was concluded that it is 
acceptable to consider only the effect of the bog 
water level on the local rate of peat accumula-
tion.

Belyea and Clymo (2001) presented a feed-
back mechanism of steady rates of peat forma-
tion over the long term. In their analysis, they 
used four equations: productivity, rate of decay, 
dry bulk density, and rate of peat formation, 
adopting the acrotelm thickness as the independ-
ent variable. Using the relationship between the 
rate of peat formation and water table depth, they 
explained the stability of the long-term rate of 
peat formation. Rietkerk et al. (2004) proposed 
that the patterns are self-organized and originate 
via a nutrient accumulation mechanism. They 
expressed the interaction between the vascu-
lar plant biomass, hydraulic head, and nutrient 
availability using three partial differential equa-
tion systems, and determined the spatial distri-
butions of plant biomass. Subsequently, they 
reproduced string patterns on slopes and maze 
patterns on flat ground. Eppinga et al. (2009) 
presented a model that described spatial interac-
tions between four mechanisms. They used the 
model to study pattern formation driven by three 
different mechanisms: peat accumulation, water 
ponding, and nutrient accumulation. Through 
on-and-off switching of each mechanism, they 
showed how these mechanisms affect surface 
patterning. However, the very complex equa-
tions expressing the basic mechanisms make it 
difficult to understand the contribution of each 
parameter. Moreover, there is concern that arbi-
trary operations might be involved in deter-
mining the parameters. To develop a universal 
model, we believe that the number of param-
eters should be reduced as much as possible and 
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surface water flow has substantial impact on the 
distribution of water over mires. A slight differ-
ence in surface irregularities affects the move-
ment of surface water and influences the water 
table.

Differences in the water table lead to vari-
ations in vegetation growth, which determine 
the amount of peat accumulation. Therefore, 
because the movement of surface water is very 
important, the Carex model deals with surface 
water flow in detail.

Several of the existing simulation models 
introduced above ignore surface water flow 
or substitute Darcy's law in their calculations. 
Because Darcy's law was developed to express 
the frictional resistance of pipe flow, we believe 
that it is unsuitable for quantifying the move-
ment of surface water. The Carex model uses 
Darcy's law to calculate the groundwater flow 
and uses Manning's law for calculating the sur-
face water flow. Because surface water moves 
rapidly, the calculation time interval must be 
shortened appropriately to ensure the calculative 
stability of Manning's law, which means that the 
model requires a long calculation time. How-
ever, we developed the model because it has the 
advantage of quantifying detailed topographic 
change.

Methods

Basic equations of water movement in 
mires

In the model, it is first necessary to determine 
how water flows under given boundary condi-
tions. Specifically, surface water and ground-
water flow simultaneously in the mires. Further-
more, because the two flows are interdependent, 
it is important to understand both.
The primitive equations of unsteady flow of the 
surface water and groundwater are shown below.
The meaning of the symbols is given in (Fig. 1).

a) Surface water flow (unsteady state)

The governing equations of surface water flow 
are as follows:

of microtopographies under various environ-
mental conditions. The Carex model is intended 
to quantify the process via which microtopog-
raphies on a horizontal scale of several meters 
change gradually under various environmental 
conditions. The relevant events occur in the 
following order: initial rainfall, water move-
ment, water table fluctuation, and plant growth. 
Depending on the environmental conditions, 
PPV will vary spatially and peat will accumulate 
accordingly. The slight differences in the rate of 
peat accumulation make the peat surface uneven 
and eventually cause the topography to changes. 
Therefore, we coded the Carex simulation pro-
gram to realize just such a scenario.

Unlike previous models, the Carex model 
assumes that water moves along the topographic 
shape of a mire at a realistic spatial scale. Under 
these conditions, vegetation grows and with-
ers, and ultimately accumulates as peat, and the 
topography changes with the amount of peat 
accumulation. Using the water table, the Carex 
model combines the physical phenomenon of 
water movement in mires with the ecological 
factor of plant growth characteristics. Therefore, 
it can be classified as a dynamic eco-physical or 
physico-ecological model.

To a large extent, PPV depends on the water 
table in mires (Hogetsu et al. 1954; see also 
Nungesser 2003; Swanson 2007), and the peat 
accumulation rate in Japan, after subtracting 
decomposition, is approximately 1 mm y–1 (e.g., 
Hirakawa 2002, Kito and Hotes 2014). On the 
basis of these relationships, Okada (2008) cre-
ated a peat growth function (PGF) that links the 
peat accumulation rate to water table fluctuation 
during the plant growth period, assuming that 
this rate is proportional to PPV.

The Carex model uses the water table as 
the only parameter to quantify the PPV amount 
using the above relationships. Rainfall and its 
subsequent movement as surface water affect 
water table fluctuation, and the model places 
equal emphasis on the influence of surface 
water flow and groundwater in application to 
the humid environment of Japan. The frequency 
of occurrence of surface water flow on mires is 
low, but surface water moves more rapidly than 
groundwater and is strongly influenced by the 
irregularities of the uneven surface. Therefore, 
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[Equation of continuity]:

  (1)

[Equation of motion in x-direction]

  (2)

[Equation of motion in y-direction]

  (3)

where x and y are fixed horizontal coordinates, t 
is time (s), hS is depth of the surface water flow 
(m), qSx and qSy are surface water flow discharges 
per unit width in the x and y directions (m2 s–1), 
respectively, R is rainfall intensity (m s–1), F is 
infiltration intensity (m s–1), and S is the spring 
flow intensity (m s–1). In Eqs. 2 and 3, ux and 
uy are speeds of the surface water flow in the x 
and y directions (m s–1), g is acceleration due to 
gravity (m s–2), n is the roughness coefficient in 

Manning's formula (e.g., Chow 1959), and BS is 
the elevation of a bog surface (m).

b) Infiltration

Infiltration intensity F is expressed by Hor-
ton's infiltration equation (Horton, 1940):

  (4)

where fc is the final infiltration intensity (m s–1) 
and f0 the initial infiltration intensity (m s–1). 
α = (ln2) / T is a constant, with T denoting the 
time over which infiltration intensity declines 
by half.

c) Unconfined groundwater flow (unsteady state)

The equation of continuity of unconfined 
groundwater flow is expressed by Eq. 5, and 
the equations of motion of that groundwater 
are expressed by Eqs. 6 and 7 using Darcy's 
law (e.g., Whitaker, 1986) based on the Dupuit-
Forchheimer's assumption. That assumption is 
that the water head gradient is small and ground-
water flow velocity is constant with depth.

[Equation of continuity]

  (5)

Fig 1. Schematic profile of water flow in a mire. Water reaches the ground surface as rainfall infiltrates underground 
according to Horton's infiltration equation, and remaining water is added to surface water. Depending on the topog-
raphy and shape of the water surface, the surface flow and groundwater flow will move downstream while infiltrating 
the ground and emerging via springs.
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[Equation of motion in x-direction]

  (6)

[Equation of motion in y-direction]

  (7)

Here, hG is the depth of unconfined ground-
water flow (m), qGx and qGy are groundwater flow 
discharges per unit width in the x and y direc-
tions (m2 s–1), λe is effective porosity, kx and ky 
are the coefficients of permeability in the x and 
y directions (m s–1), and Z is elevation of the 
impermeable layer (m).

In the calculation, we used the leapfrog 
method (e.g., Fornberg 1973), which is a type 
of finite differencing. In the first half-step, dis-
charges per unit width qSx, qSy , qGx and qGy are 
calculated by the equations of motion (Eqs. 2, 3, 
6 and 7), and in the latter half-step, water depths 
hS and hG are defined by the equations of continu-
ity (Eqs. 1 and 5). When there is surface water 
flow, for calculative stability, the time interval 
Δt must satisfy the following equation, with Δx 
being the spatial difference interval.

  (8)

For satisfying the calculative stability condi-
tion (Eq. 8), Δt must be shortened as the depth 
hs of the pond in the mire increases. As a result, 
the number of calculation steps increases and 
the calculation period lengthens. If Δx between 

the grids dividing the calculation area is halved, 
the number of calculation steps double and the 
number of grids to be calculated quadruples, so 
the time required for calculation is increased by 
eight. Therefore, it is necessary to balance the 
required calculation accuracy with the calcula-
tion time.

Peat growth function

Various factors of mires influence PPV. Nun-
gesser (2003) identified temperature, solar radia-
tion, pH, and the water table as having an impact 
on net PPV. Among those factors, the water table 
is the only one that can change over a horizontal 
scale of several meters. Therefore, in the model, 
we considered it appropriate that PPV be quanti-
fied in relation to the water table rather than to 
any other factor.

In mires, there are areas of flat grassland 
(Fig. 2a; 43°55´53.10´´N, 142°57´33.83´´E) 
and uneven areas of irregular ridges and hol-
lows with waterlogged depressions (Fig. 2b; 
43°55´56.92´´N, 142°57´35.64´´E), and differ-
ences exist in the hydrologic conditions between 
those two types of landscapes. As explained 
later, a flat surface can develop under certain 
conditions, whereas an uneven surface can form 
under other conditions. To predict PPV, the 
relationship between vegetation growth and 
the water table must reflect the differences in 
the boundary conditions between the two land-
scapes.

Hogetsu et al. (1954) indicated that differ-
ences in the water table have the most important 

Fig 2. (a) Grassland-like flat mire surface (Ukishima-mire, Hokkaido, Japan; 43°55´53.10´´N, 142°57´33.83´´E) 
and (b) micro-relief of hummocks and shallow hollows (Ukishima-mire, Hokkaido, Japan; 43°55´56.92´´N, 
142°57´35.64´´E).
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impact on the PPV in mires. They also claimed 
that a specific water table exists that is suit-
able for every plant species growing in those 
mires. The relationship between water table 
depth (horizontal axis) in an area of vegetation 
growth and PPV (vertical axis) is illustrated in 
Fig. 3 (Hogetsu et al. 1954). The graphs demon-
strate that most plant species respond to a water 
table depth of 5–10 cm in achieving maximum 
primary production. The graphs have a shape 
that resembles a normal distribution, and they 
are very useful for determining the water table 
depth that leads to maximum PPV. Moreover, 
after subtracting decomposition, the peat accu-
mulation rate in Japanese mountainous mires is 
approximately 1 mm y–1 (e.g., Hirakawa 2002, 
Kito and Hotes 2014). Therefore, by combining 
those factors, the peat accumulation rate can be 
estimated based on water table fluctuation.

Vegetation grows and dies, and plant litter 
accumulates and becomes peat. The Carex model 
is built on the average growth characteristics of 
various plants instead of individuals, and PPV 
has a relationship with the fluctuating water table 
during the plant growth period (Fig. 3). Analo-
gously, the accumulation of peat in mires is pre-
sumed proportional to PPV. With consideration 
of work by Hogetsu et al. (1954), Okada (2008) 
created a logarithmic normal distribution func-
tion (Eq. 9) as a PGF, which used the coefficient 

Gmax to transform PPV into the final objective 
peat accumulation Gr:

[Peat growth function]

  (9)

where Gr is the peat accumulation at each 
location (mm y–1), Gmax is the maximum peat 
accumulation rate including peat compaction 
and decomposition as a negative component 
(mm y–1), Dp is the average water table depth 
during the plant growth period (m), Dc is the 
critical depth of the water table at which plants 
can grow (m), b = 1 / (Dpmax – Dc) is a parameter 
of sharpness (m–1), and Dpmax is the water table 
depth yielding the maximum peat accumulation.

Parameter Dp is expressed by the following 
relationship, where BS is the elevation of the bog 
surface (m) and WT is the water table depth (m) 
(Fig. 1):

  (10)

A negative value of Dp means that the bog 
surface is waterlogged (i.e., submerged).

For example, substituting Gmax = 1.0 mm y–1, 
b = 10.0 m–1, and Dc = –0.05 m, Gr varies as 
illustrated in Fig. 4. When the water table depth 

Fig 3. Vegetation production in relation to water table depth (partly revised from Hogetsu et al. 1954). (A) Molini-
opsis japonica; (B) Narthecium asiaticum (green) Menyanthes trifoliata (white); (C) Rhynchospora alba; (D) Carex 
middendorffii. Many plant species respond to water table depths of 5-10 cm in achieving maximum primary produc-
tion.
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fluctuates mainly in the terrestrial range ([T] 
in Fig. 4), the shallower that depth, the greater 
the value of Gr . Consequently, an uneven bog 
surface becomes flat (as pictured in Fig. 2a). In 
contrast, when the water level tends to fluctuate 
in the aquatic range ([A] in Fig. 4) and the water 
table depth is shallow or negative (submerged 
condition), the shallower the depth, the smaller 
the value of Gr . When this condition persists 
for a long time, the unevenness of the mire sur-
face becomes more remarkable (as pictured in 
Fig. 2b), and open water zones become perma-
nent. The specific values given to b and Dc were 
determined based on Hogetsu et al. (1954), and 
Gmax was established based on Hirakawa (2002) 
or Kito and Hotes (2014).

We constructed the PGF based on several 
vascular plant properties shown by Hougetsu et 
al. (1954) that we adopted as an average char-
acteristic of common vegetation. Depending on 
the setup, the PGF can represent certain plant 
growth characteristics, but we believe that the 
phenomenon should be simplified in the early 
stages of modeling. When the water table depth 
satisfies the relationship Dp = Dc + 1 / b in the 
PGF, Gr is maximized (Dp = Dpmax), and Dc 
can be interpreted as a determinant of the future 

condition of the bog surface. If the waterlogged 
condition remains deeper than the critical depth 
over many years, peat will not accumulate. Con-
sequently, such a site becomes an aquatic zone 
surrounded by areas of peat deposition.

When the parameters of Eq. 9 are determined 
as illustrated in Fig. 4, the water table depth of 
maximum vegetation growth is +5 cm and the 
limit of vegetation growth is –5 cm. In other 
words, –5 cm is the initial condition for perma-
nent submergence.

Results

Initial and boundary conditions

We applied the Carex model to the moun-
tainous mires in Japan. The Japanese archi-
pelago has unique climatic conditions owing 
to its geographic location. The Sea of Japan 
stretches between the Japanese archipelago 
and the Eurasian continent, and a warm ocean 
current flows from the southwest toward the 
northeast through this sea. During winter, the 
monsoon winds blow from the Eurasian conti-
nent toward Japan, and water vapor supplied by 
the Sea of Japan falls as snow on the Japanese 
archipelago. In northern Japan, snowfall occurs 
frequently and the depth of the snow cover can 
exceed 1 m, even on the low-lying plains. In the 
mountainous areas targeted in our study, this 
depth can sometimes exceed several meters. 
In areas with such a large amount of snow 
in winter, peat does not freeze but is heavily 
loaded and compacted. Furthermore, the water 
table tends to remain high, even after the snow 
melts.

In Japan, even on the plains around pre-
fectural capitals, precipitation ranges from 
1000 to 2800 mm y–1 (Japanese Meteorological 
Agency). In mountainous areas, there are insuf-
ficient observation points, but some observa-
tions indicate that the precipitation amount can 
be several times greater than that on the plains. 
Given that the climate of Japan is characterized 
by heavy rainfall and high humidity, even in 
summer, compacted peat in a natural mire often 
remains moist all the time. In such an environ-
ment, decomposition of peat in the mire can 

Fig 4. Example of peat growth function (PGF) using the 
lognormal distribution function. The parameters used 
here were determined from plant growth characteristics 
and peat decomposition rates. The hydraulic environ-
ment in which plants grow changes according to the 
growth characteristics of the plants growing there.
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occur, but the amount is small and varies little 
spatially. The Carex model also assumes that 
peat decomposition is spatially uniform and 
weak, and the rate of peat accumulation is taken 
as the PPV minus this decomposition. We set 
the PGF constants (Fig. 4) with consideration of 
the climate of Japan.

When applying the Carex model to mires in 
regions with a different climate or other char-
acteristics of peat, the PGF constants should be 
adjusted appropriately.

The rainfall time series data that constituted 
the starting point for all computational pro-
cesses are based on 2-hourly rainfall observed 
during June–October 1994 at the Sarobetsu-
mire in northern Japan. Most of the mires men-
tioned in this paper are in mountainous areas 
or remote areas for which there is no meteoro-
logical information available. However, there 
is a meteorological observation station near the 
Sarobetsu-mire, which has a continuous, albeit 
not long-term, record of observed rainfall data. 
We make use of this dataset as a standard basis. 
Because the Sarobetsu-mire and other mires 
have similar environmental conditions, we con-
cluded that they probably have similar rainfall 
conditions. We selected rainfall data relevant 
to the Sarobetsu-mire in 1994 because the total 
rainfall was near normal, and the rainy and dry 
seasons were clearly separated. The observed 
2-hourly rainfall was summed for each day to 
obtain the daily rainfall, the value of which was 
proportionally divided by the time differential 
interval Δt and used for subsequent calculation. 
On the basis of these rainfall data, we created 
hyetographs of heavy, light, and normal rainfall 
patterns as options for rainfall boundary condi-
tions. Each rainfall pattern of 3–4 months corre-
sponding to the plant growth period was treated 
as 1-year data and used repeatedly.

At the onset of rainfall, infiltration begins 
with initial infiltration intensity f0. If the water 
table depth is positive, rainfall will infiltrate the 
groundwater at that point with an infiltration 
intensity given by Horton's infiltration formula 
(Eq. 4). When the water table depth drops 
below zero (i.e., when water begins to pool at 
the surface), rainfall is captured by the surface 
water. The formula is reset when the daily rain-
fall is zero.

In the Sarobetsu-mire where rainfall data 
were observed, there are no measured values 
for the parameters of Horton's infiltration for-
mula. Therefore, on the basis of the measured 
rainfall and using the same basic equations 
as in the Carex model, we simulated a two-
dimensional groundwater flow with combina-
tions of various parameter values, from which 
we selected the combination that effectively 
reproduced the measured water table fluctu-
ations. Consequently, we obtained values of 
f0 = 40 mm h–1, fc = 10 mm h–1, the time over 
which the infiltration intensity declined by half 
as T = 0.2 h (in Eq. 4), effective porosity 
λe = 0.2 (in Eq. 5), Manning's roughness coef-
ficient n = 1.0 (in Eqs. 2 and 3), and coefficients 
of permeability kx and ky = 0.01 cm s–1 (in 
Eqs. 6 and 7).

The initial value of the water table at the 
start of calculation was assigned as 2 cm below 
the surface, assuming the mire condition imme-
diately after snowmelt. For each subsequent 
year, initial values for the groundwater and the 
surface water table were taken as the average 
values obtained from calculations for the previ-
ous year.

When the total rainfall cannot infiltrate into 
the ground and water runs off to the surface, sur-
face water is calculated according to Manning's 
law. When surface depressions are submerged 
to form ponds, there is the risk that surface 
water level calculations will diverge because 
of wave propagation. To avoid this, Δt must 
be determined such that it satisfies the stability 
condition of Eq. 8. The differential time interval 
Δt for the boundary conditions assumed in this 
model was approximately 0.1–2.0 s. Therefore, 
calculation of one plant growth period (i.e., one 
year) would require 5–100 million iterations. 
If this were repeated for hundreds to thousands 
of years, the amount of calculation would be 
huge and take a very long time; therefore, it was 
necessary to devise a method to shorten this 
time.To shorten the calculation time without 
affecting the result, we verified by how much 
the time could be shortened by multiplying 
the maximum accumulation amount Gmax of the 
PGF in Eq. 9 by an acceleration factor (AF). 
The Carex model calculates annual peat growth 
(i.e., annual accumulation amount) at each point 



BOREAL ENV. RES. Vol. 30 • Carex model: mire microtopography simulation	 47

based on the average water table at each point 
obtained from the hydraulic calculation for one 
plant growth period (i.e., one year). Further-
more, we multiplied the maximum accumulation 
amount by the AF to determine the peat accu-
mulation for AF years. Comparing the results 
of annual peat accumulation calculations over 
500 years, the results for AF = 25 were found 

almost the same as those for AF = 1, and the 
difference for AF = 50 was practically negligible 
(Fig. 5). Therefore, we determined that taking 
AF = 10–50 would not make a difference to the 
results. In other words, to obtain the results after 
1000 years, we shortened the calculation time 
by setting the plant growth period for 100 to 20.

Application to stair-like slope

The formation processes of the microtopogra-
phies of the mires in Japan have been explained 
qualitatively (e.g., Yoshii and Hayashi 1935; 
Hori 1961); using the Carex model, a quantita-
tive explanation can be provided. On the basis 
of many boreholes, Hori and Yajima (1954) and 
Hori (1961) acquired cross-sectional measure-
ments of a stair-like slope with a number of 
ponds in the Naebayama-mire (Fig. 6). In their 
studies, the surface shape of the mire and the 
locations of the ponds were clearly identified, 
and the depth of the impermeable layer was 
also accurately indicated; therefore, we deter-
mined that this mire was suitable as an example 
for calculation using the Carex model. Mount 
Naebayama is in the central part of the Japanese 
archipelago (36°50´43.03´´N, 138°41´32.47´´E). 
The mountain is a volcano that formed approxi-
mately 300 000 years ago and it stands 2145 m 
above sea level. The entire summit is a gently 
sloping lava plateau that forms a table-like shape 
with surrounding cliffs. The Naebayama-mire 
covers approximately 600 ha of the summit of 
the lava plateau area. The measured elevation of 

Fig 5. Difference in topography after 500 years formed 
by different values of the acceleration factor (AF).
(AF = 1): The amount of microtopographical change is 
calculated using the PGF based on water table fluctua-
tions due to precipitation during the plant growth period. 
Then, the amount of topographical change is calculated 
for the changed topography using the same procedure. 
The results of repeating this 500 times are shown in the 
panel AF = 1.
(AF = 250): Similarly, calculate the amount of micro-
topographical change and multiply it by 250. The 
results of repeating this process twice are shown in the 
panel AF = 250.

Fig 6. Ponds on the stair-like slope in Naebayama-
mire. (36°50´43.03´´N, 138°41´32.47´´E; elevation: 
2100 m) (Photo: Hitomi Kimura).
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the mire surface and the top of the impermeable 
layer are depicted in Fig. 7a. It is evident that the 
peat deposit thickened where the slope changed 
from a gentle to steep incline in the downstream 
direction, with a pond formed on the flat portion 
on the upstream side. A nearly 100-m-long sec-
tion of the peatland of Mt. Naebayama shows 
several ponds and waterless depressions in a 
stair-like slope (Fig. 7a). In the calculations, the 
elevation of the impermeable layer depicted in 
Fig. 7a was used as the topographic initial con-
dition. Because this slope is the southern slope 
just below the summit of Mt. Naebayama, the 
boundary on the left-hand side of the figure was 
treated as closed, and it was assumed that there 
was no groundwater supply from upstream.

We applied the one-dimensional Carex 
model to the stair-like slope, using the elevation 
of the surface of the impermeable layer in the 
mire depicted in (Fig. 7a). The initial condi-
tions of this case were set as follows. Assuming 
the acrotelm of peat bogs, we established the 
initial thickness of the permeable layer to be 
0.5 m and the spatial difference interval to be 
Δx = 1.0 m. The time differential interval Δt 
was calculated using Eq. (8) based on the water 
depth of the deepest pond at that time. We used 

the same PGF as depicted in Fig. 4, and we used 
repeatedly the observed rainfall time series for 
the Sarobetsu-mire. Other boundary conditions 
obtained using the above method adopted the 
following values:

Coefficients of permeability: kx, 
ky = 0.005 m s–1, roughness coefficient of Man-
ning's formula: n = 1.0, initial infiltration inten-
sity: fO = 40.0 mm h–1, final infiltration intensity: 
fc = 10.0 mm h–1, time over which infiltration 
intensity declined by half: a = 0.2 h, effective 
porosity: λe = 0.2

The state of the slope 2000 years after the 
time at the start of the calculation, with the PGF 
defined as in Fig. 4 and the acceleration factor 
set to 50, is illustrated in Fig. 7b. The calculated 
ponds formed at nearly the same locations as 
the actual ponds, and the calculated pond depths 
were similar to those of the actual ponds. This 
result shows that the model simulated the mech-
anism of peat accumulation on the stair-like 
slope under the established boundary conditions. 
Even during the same period, the location and 
number of ponds would change if the amount 
and pattern of rainfall changed. The profile 
depicted in Fig. 7b is the result obtained for a 
hyetograph pattern reflecting light rainfall.

Fig 7. Configuration of hollows in Naebayama-mire, Nagano, Japan. (a) Profile measured by Hori and Yajima 
(1954) and (b) profile simulated using the one-dimensional Carex model. Green line: peat surface, Blue line: water 
table, Red line: Initial surface of peat, Black line: Top of impermeable layer.
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Example of the two-dimensional Carex 
model

The previous section provided an example of 
a one-dimensional calculation in which causali-
ties are clearly elucidated; however, the model 
can also be applied to two-dimensional prob-
lems. An aerial view of the Matsuyama-mire 
in northern Hokkaido, Japan (44°30´5.14´´N, 
142°35´53.66´´E) is presented in Fig. 8. This mire 
formed on a gently sloping lava plateau 800 m 
above sea level, created by volcanic activity in 
the Pleistocene Epoch of the Quaternary Period. 
Close inspection reveals a pattern of concentric 
circles in the gently sloping mire, which are sparse 
stands of dwarf Sakhalin spruce (Picea glehnii). 
It is known that this plant cannot grow if the water 
table is too shallow, and thus its presence is indic-
ative of slightly drier environments. We consid-
ered that the observed pattern has been affected by 
water movement; therefore, we decided to apply 
the two-dimensional Carex model to this subject.

Assuming that wrinkles formed when the lava 
flow solidified, we placed concentric incline tran-
sition circles on the initial dome-like topography. 
We determined the constants of the boundary 
conditions as follows. The calculative matrix was 
101 × 101, the spatial difference interval was 
10 m, the initial thickness of the peat layer was 
2.0 m, the coefficients of permeability in Darcy's 
law (i.e., kx and ky) were both set at 0.1 cm s–1, 
the roughness coefficient of Manning's formula 
was set at n = 1.0, the initial infiltration intensity 
was set at f0 = 40.0 mm h–1, the final infiltration 
intensity was set at fc = 10.0 mm h–1, the time over 
which the infiltration intensity declined by half 

was set at α = 0.2 h, and the effective porosity was 
set at λe = 0.2. We used the PGF as depicted in 
Fig. 4, and used repeatedly the observed rainfall 
time series for the Sarobetsu-mire. The result of 
the calculation is presented in Fig. 9, which is 
drawn with a vertical scale that is approximately 
50 times that of the horizontal distance. In mires 
with a shallow water table, peat accumulation is 
slightly greater at incline transition lines than in 
surrounding areas, and concentric small ridges 
form.

Additionally, a pond tends to form in the cen-
tral flat part of the mire. Thus, the characteristics 
of a mire reflect the growth of trees in concentric 
circles on slightly drier ridges and the formation 
of a pond in the center of the mire where the 
groundwater is still and its level is high.

Causality in the two-dimensional model is 
more complex and various factors cause fluctu-
ations in water flow. Okada (2009) reproduced 
the shape of bog rills using the two-dimensional 
model under an initial condition with highly per-
meable peat accumulated in an old river channel. 
Subsequently, Okada (2010) explained the forma-
tion processes of string-flark complexes, adding 
certain boundary conditions to the prototypical 
two-dimensional model.

Discussion

Interpretation of microtopography 
formation mechanism

In the study of the Kenashitai-mire on Mt. Hak-
kodasan, Yoshii and Hayashi (1935) noticed that 

Fig 8. Concentric patterns on a lava plateau in
Matsuyama-mire in Northern Hokkaido, Japan. 
(44°30´5.14´´N, 142°35´53.66´´E).

Fig 9. Simulated topographic pattern using the two-
dimensional Carex model. The vertical scale is approxi-
mately 50 times greater than the horizontal distance.
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Although Yoshii and Hayashi (1935) did 
not describe detailed boundary conditions, we 
specified topography similar to that depicted in 
Fig. 10a as the initial condition: a slope with 
inclination of 1/1000 changing to 1/200 down-
stream, permeable layer thickness of 1.0 m, 
and coefficient of permeability of 0.02 cm s–1; 
other boundary conditions were the same as 
for the Naebayama-mire. The calculation results 
obtained under those conditions are shown in 
Fig. 10b. From the top to the bottom, the panels 
present the profile at 100-year intervals after the 
start of the calculation. In each panel, the lower 
red line marks the initial topography, the upper 
bold green line delineates the current topogra-
phy, and the thin blue line shows the current 
water table.

At the incline transition point from a gentle 
to steep slope in the downstream direction, the 
water table is slightly below the ground surface 
of the initial topography. When the groundwa-
ter condition is in the aquatic wet range ([A] 
in Fig. 4), plants grow slightly better than in 

ridges often form on the downstream side of hol-
lows of the sloping mire. The Kenashitai-mire 
is an oligotrophic mire on the western slope of 
the volcano Mt. Hakkodasan (40°39´52.35´´N, 
140°51´43.95´´E). The mire is at an elevation 
of 1000-1200 m above sea level, and it forms 
a strip approximately 300 m wide and 1700 m 
long. After observing the above phenomenon in 
the many small ponds in the mire, Yoshii and 
Hayashi (1935) presented an explanation of the 
formation mechanism (Fig. 10a). They noted 
that springs tended to occur on the downstream 
side of the point of transition from a gentle to 
steep incline. They suggested that vigorous veg-
etation growth near spring locations would form 
peat ridges that would dam the upstream sur-
face water flow. Consequently, wet ridges would 
accumulate more peat, deepening the water body 
and forming hollows. In Fig. 10a, Q marks the 
spring location, P indicates the location of plant 
growth, the dashed blue line represents the water 
surface, and the dotted red line identifies the ini-
tial surface of the peat.

Fig 10. (a) Explanation of hollow formation by Yoshii and Hayashi (1935). Q: spring water point, P: plant growth 
point. Dashed blue line: water surface. Dotted red line: initial surface of peat. (b) Formation of a hollow (from the 
one-dimensional Carex model).
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surrounding areas and extra peat accumulates, 
forming small ridges (Fig. 10b panel 1). Even-
tually, the upstream side of this ridge becomes 
wetter and grows at a rate smaller than that of 
the ridge itself (panel 2). As the ridge grows, 
the depth of the submerged area on the upstream 
side increases and a primitive hollow begins to 
form (panel 3). Because the properties of the peat 
mean that the hollow continues to supply water 
to the ridge body, the ridge continues to grow 
until it reaches equilibrium with the water table 
of the hollow (panel 4). Furthermore, because 
a secondary small incline transition point forms 
on the upstream side of the hollow, a second-
ary ridge occurs via the same process as that of 
the first ridge, and a secondary hollow begins to 
form (panel 5).

The concept of the PGF used in the Carex 
model differs slightly from that of Yoshii and 
Hayashi (1935) in the conditions established for 
maximum vegetation growth. However, because 
they are identical in that they consider the incline 
transition point as the trigger for hollow forma-
tion and both focus on the relationship with 
groundwater; the resulting shapes are very 
similar. The calculation results show that the 
lower slope of the ridge is slightly gentler than 
that presented by of Yoshii and Hayashi (1935) 
(Fig. 10a). This difference is believed to occur 
because the Carex model assumes that the peat 
properties are constant, whereas in reality those 
properties vary in a mire. It is known that the 
effective porosity and coefficients of permeabil-
ity of a mire diminish with depth (e.g., Umeda 

1981), further suggesting that peat properties 
change over time. Incorporating this variation 
in peat properties into the model is an issue that 
requires more detailed and quantitative knowl-
edge, and must be addressed in the future.

In our study, a water table depth of +5 cm 
was set for the maximum vegetation growth 
position, and a water table depth of –5 cm was 
established as the limiting position of vegetation 
growth by the PGF. These positional relation-
ships are important for the formation of the 
microtopography accompanied by the water sur-
face, such as the formation of ridges, which dam 
the flow. In the theory of Yoshii and Hayashi 
(1935), a ridge forms on the downstream side 
of the incline transition point from a gentle to 
steep slope. However, in the Carex model, the 
incline transition point itself increases in height. 
On the basis of the PGF of the model, if there 
is spring water on the downstream side of the 
incline transition point from a gentle to a steep 
on the mire surface, the spring point will itself 
become a transition point to a gentle slope. An 
example of a small pond formed at the incline 
transition point from a steep to gentle slope can 
be found in Kyogoku-mire in Hokkaido, Japan 
(42°57´14.87´´N, 140°56´00.08´´E) (Fig. 11).

Causality of one-dimensional model

In the model, the mechanism of pond forma-
tion on the slope can be considered as follows. 
On downslopes where the inclination changes 
from a gentle to steep slope, groundwater flow 
accelerates. This accelerated flow lowers the 
water table at the point of change in inclination. 
When the boundary condition is in range [A] (as 
in Fig. 4), i.e., a shallow water table, vegetation 
grows more vigorously at that point as the water 
table descends. Thus, over time, this point will 
grow as a hummock or ridge, eventually dam-
ming the water, and a pool will form on the 
upstream side of the hummock (Fig. 10b). How-
ever, if the boundary condition is in range [T] (as 
in Fig. 4), i.e., a deeper water table, vegetation 
growth at that point will be inhibited as the water 
table falls, preventing the formation of a pool.

In the model, bog microtopography is 
affected by differences in the water table caused 

Fig 11. Downslope pond formed at an incline transition 
point from a steep to gentle slope; Kyogoku- mire in 
Hokkaido, Japan (42°57´14.87´´N, 140°56´00.08´´E).
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by nonuniform groundwater flow. In the one-
dimensional model used for the above examples, 
inequality of water flow under the initial condi-
tions occurs only through a change in slope incli-
nation. Thus, the causality is simple and clear in 
one-dimensional models. When the water table 
is high and low in the one-dimensional Carex 
model, differences in peat accumulation at the 
inclination change point are considered as fol-
lows.

Schematics of the differences in peat accu-
mulation between the aquatic wet range ([A] as 
in Fig. 4) of the water table and the terrestrial 
dry range ([T] as in Fig. 4) are shown in Fig. 12. 
Profiles illustrating incline transition points from 
a steep to gentle slope in the downstream direc-
tion are shown in Fig. 12a and b, and profiles 
illustrating incline transition points from a gentle 
to steep slope in the downstream direction are 
shown in Fig. 12c and d. In both cases, the prob-
ability of pond formation increases only when 
the water table is shallow (left-hand diagrams). 
As mentioned in the previous section, at the 
transition point from a gentle to steep slope, 
a ridge forms at the point itself and a pond is 
formed by damming water upstream of the ridge 
(Fig. 12c). Conversely, at the point where the 

incline changes from a steep to gentle slope, 
the water table at the transition point becomes 
shallower than in the surrounding areas. Conse-
quently, plant growth is suppressed only around 
the transition point and a depression is formed 
because of lesser peat accumulation; eventually, 
the depression becomes a pond (Figs. 12a and 
11). Both cases demonstrate that a shallow water 
table is a common cause of pond formation.

Potential of the Carex model

We believe that a simpler model mechanism is 
superior because it reveals causal relationships 
more clearly. In our study, the PGF is a nonlin-
ear response function based only on the water 
table. Many studies have used the water table as 
a parameter that interacts with peat formation. 
For example, Swanson and Grigal (1988), Alex-
androv (1988), Hilbert et al. (2000), Belyea and 
Clymo (2001), Couwenberg (2005), Couwen-
berg and Joosten (2005), and Harris et al. (2020) 
all described the relationship between peat accu-
mulation and the water table. Among them, the 
relationship between the peat accumulation rate 
and the bog water level presented by Alexandrov 
(1988: fig. 3-2) closely resembles the PGF in 

Fig 12. Schematics of peat accumulation around an incline transition point. Depending on common plant growth 
characteristics, ponds often form near the incline transition point on the bog surface. If the water table is shallow 
(a, c), a pond forms around the transition point. However, when the water table is deep (b, d), the incline transition 
point will be smoothed, no pond forms, and surface unevenness will become flattened.
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the Carex model. Moreover, the relationships 
presented by Belyea and Clymo (2001: fig. 2d), 
Nungesser (2003: fig. 9a), and Swanson (2007: 
fig. 1) are reasonably similar.

The Carex model simulates what occurs in 
existing mires. It can quantify and help visual-
ize not only the changes in microtopographical 
shapes but also the water movements that cause 
them. If the calculated results differ from actual 
bog topography, the origin of the differences 
can be determined by examining the initial and 
boundary conditions. Repeated runs can bring 
the result of the computer simulation closer to 

the actual phenomenon. We believe that our 
study provides a solution that can clarify the pro-
cess of formation of topographic patterns found 
in mires.

The two-dimensional Carex model can 
describe and reproduce the formation of typical 
microtopographies observed on mires (Okada 
2009, Okada 2010, Okada 2013). In the model, 
the various factors can be set according to envi-
ronmental conditions that vary regionally. By 
adding code to the prototype Carex model, we 
can represent the effect in which floating ice 
excavates the bottom of a pond during the snow-
melt season. Additionally, we confirmed the 
potential of the model to perform reverse simula-
tions going back into the past. In other words, it 
can trace back into the past and reproduce primi-
tive topographic features by setting the present 
microtopographical shape as an initial condition 
and repeatedly subtracting the amount of peat 
growth estimated from the hydrological environ-
ment. Furthermore, when a mire development 
is planned, it is possible to predict the future 
impacts using the current shape and environ-
ments of the mire as the initial conditions and the 
changing boundary conditions.

Water movement on the surface and under-
ground is influenced by meteorological condi-
tions and the properties of the peat. The shape of 
the PGF (Fig. 4; Eq. 9) is based on the climate, 
peat properties, and ecological characteristics 
of the vegetation that dominate the area. Even 
in areas with similar meteorological and hydro-
logical environments, the shape of the micro-
topographical patterns that form will vary if the 
dominant vegetation is different. We used the 
model with boundary conditions based on stud-
ies of mountain mires in the region of heavy 
snowfall in northern Japan. The Carex model is a 
flexible simulation model, and it can be applied 
to regions with different climates, peat character-
istics, and vegetation if the boundary conditions 
such as vegetation growth characteristics and 
peat properties are set appropriately.

For readers with specific interest, a calcula-
tion flowchart of the Carex model is presented in 
Fig. 13, and we are prepared to provide a calcu-
lation program (Fortran) and a drawing program 
(VB-net) to anyone who would like to apply this 
model to their particular study area.

Fig 13. Calculation flowchart of the Carex model.
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