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Abstract

Process-based ecosystem models are useful tools, not only for understanding the forest carbon
cycle, but also for predicting future change. In order to apply a model to simulate a specific time
period, model initialization is required. In this study, we propose a new scheme of initialization
for forest ecosystem models, which we term a “slow-relaxation scheme”, that entails scaling of
the soil carbon and nitrogen pools slowly during the spin-up period. The proposed slow-relation
scheme was tested with the CENTURY version 4 ecosystem model. Three different combinations
of scaled soil pools were also tested, and compared to the results from a fast-relaxation regime.
The fast-relaxation of soil pools produced unstable, transient model behaviour whereas
slow-relaxation overcame this instability. This approach holds promise for initializing ecosystem

models, and for starting simulations with more realistic initial conditions.
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>We propose a new scheme of initialization for ecosystem models. > The scheme entails the
scaling of the soil pools slowly during the spin-up. > The slow-relaxation scheme was tested with
the CENTURY version 4 ecosystem model. > Slow-relaxation overcame the unstable model
behaviour seen using fast-relaxation.
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1. Introduction

Process-based ecosystem models are useful tools, not only for understanding the forest carbon
cycle, but also for predicting future change. In general, ecosystem models consist of a number of
conceptual pools, with flows between them, which combine to describe the ecosystem (Smith,
2001; Smith et al., 2002). Pools/processes included in such models include net primary
productivity (NPP), biomass and soil carbon (e.g. Parton et al., 1988; Aber and Federer, 1992;
Ito and Oikawa, 2002); in soil sub-models, soil decomposition process can be described by

combining soil carbon/nitrogen pools (e.g. Jenkinson, 1990; Liski et al., 2005).

In order to apply a model for simulation of specific periods, initialization is required (e.g.
Thornton and Rosenbloom, 2005). There are several methods for initialization: the first, and most
commonly-used scheme, is to run the model until steady state, over for example a few thousand
years, until the slower changing pools (e.g. soil organic carbon, SOC) cease to change. This
initialization assumes equilibrium and as a result, net ecosystem production becomes zero. Using
such an initialization scheme, it might happen that after the calibration of plant production
modules, the estimated NPP agrees well with observed values, but the SOC is still over- or
under-estimated. This can occur because of inaccuracies in process description in the models, or
because the soil is not at equilibrium. Wutzler and Reichstein (2007), for example, showed that
equilibrium soil carbon stock after the spin-up of Yasso model exceeded observed carbon stock by
about 30 % at a site that has not been disturbed for at least 150 yrs, in spite of the reasonable
litter-fall input. The second method is either to use default pool distributions and sizes
(Kirschbaum, 1999; Murty and McMurtrie, 2000), or to arbitrarily define the size of each initial
pool. Using this method, outputs can exhibit unstable, or transient, behaviour when the model is
run forward from the initial conditions, as the soil pools begin to receive carbon inputs from the
plant production modules and change accordingly. Such unstable/transient behaviour does not
represent a realistic response of the ecosystem to a sudden change of environment, but rather is an
artefact caused by model flows to and from the pools not being in equilibrium. When using such
initialization methods, model outputs for periods of transient behaviour artefacts are sometimes

arbitrarily discarded, and the model output is used only after the model pools have stabilized. In
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most cases, it is almost impossible to obtain the actual values of all pools of models, especially
when using models with many pools, and the fact is that most models are based on conceptual
model pools that do not correspond well with measurable fractions (Smith et al., 2002; but see

Zimmermann et al., 2007).

As described above, each scheme has its disadvantages, so alternative initialization options need
to be found. Recently, several papers concerning model initialization have been published (e.g.
Woutzler and Reichstein, 2007; Carvalhais et al., 2008). Carvalhais et al. (2008) proposed using a
relaxed carbon cycle steady state assumption. They introduced a parameter that scales soil carbon
pools in the Carnegie Ames Stanford Approach (CASA) model after spin-up: as mentioned above,
soil carbon pools are at equilibrium after the normal spin-up. But at the end of the spin-up, soil
carbon pools were decreased/increased by being multiplied by the scaling factor, which allowed
the start of the simulation after spin-up with non-equilibrium soil carbon pools but with other
biomass pools at equilibrium (Fig.1 (a)). Scaling soil carbon pools at the final stage of
initialization for equilibrium decreased error of model NEP estimates, and enabled more realistic
simulations of carbon budget and model parameterizations. In this study, we refer to this original

scheme as a “fast-relaxation scheme”.

In this paper we report the test of a fast-relaxation of steady state assumptions, as described by
Carvalhais et al. (2008), with the CENTURY ver.4 model, and present an improved initialization
scheme using slower relaxation of the steady state assumptions during initialization (Fig. 1 (b)),
that enables a smoother transition from the spin-up run to the forward model run for models like
CENTURY ver.4, which have feedbacks from soil nitrogen to plant growth and complex

interactions between soil carbon and nitrogen pools.

2. Materials and Methods

The CENTURY ecosystem model ver. 4 was used. The CENTURY model can simulate carbon
and nitrogen cycle in various ecosystems, from grassland to forest, and is one of the most

widely-used plant-soil ecosystem models (Parton et al., 1988; Falloon and Smith, 2002). The
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model simulates plant production, plant biomass, soil carbon dynamics, soil nutrient cycles, and
soil water and temperature. There are optional P and S routines which were not examined in this

study.

We tested the initialization scheme at six sites in Japan from north to south using the mesh climate
data 2000 (Japan Meteorological Agency). The database includes 30-year means for the period
1971-2000 of monthly climate data. We assumed the same mean monthly climate drivers for all
years of the simulation. Here we report the result using the climate data at 33.7917 ° N and
133.6875 ° E (mesh id: 50335555; average annual air temperature, 13.0°C; average annual

precipitation 2250 mm).

The parameters used in this study were mostly from the default parameters in the AND parameter
set (parameters tuned for coniferous forests in H. J. Andrews Experimental Forest), which was
included in the CENTURY ver.4 package. The portions of sand, silt and clay were assumed to be
48, 28, and 24 %, respectively. The ph was assumed to be 5.05, and the bulk density was assumed
to be 0.62 Mg m~3. Other parameters in the site file were the default parameters in tconif.100 of

the CENTURY ver.4 files. For simplicity, no forest management was assumed in this study.

We show the results of both the fast-relaxation of steady state conditions used by Carvalhais et al.
(2008), and a new initialization scheme (the slow-relaxation initialization) that we test for its
ability to eliminate transient model behaviour after initialization. In the original application of the
fast-relaxation scheme, the microbial and slow (intermediate) carbon pool in the CASA model
was scaled at the end of the initialization spin-up period (Fig. 1(2)). In this study, a 2000 yr
spin-up interval was used; then, the scaling was done in the 1999" year in the original

initialization.

The CENTURY model has three main SOC pools, the active, slow and passive pools (Parton et
al., 1987, 1988) that increase in turnover time from active through to passive, which we will refer
to here as P1, P2 and P3, respectively. The soil carbon sub-model of CASA is based on the

simplified structure of the CENTURY model and has three pools from decomposable pool (P1),
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slow pool (P2), and resistant pool (P3) (Potter et al., 1993; Carvalhais et al., 2008).

Carvalhais et al. (2008) scaled P1 and P2; however, the decision of which pools to scale before
equilibrium probably depends on the site conditions. In other words, at some sites, the
decomposable SOC pool may not be at equilibrium, but the passive SOC pool or all SOC pools
may not be at equilibrium at another site. This should be determined by careful examination of
past land use, preliminary model simulations and comparison with observed data. We therefore
tested three variants of scaling (Fig. 2): 1) scaling the two more decomposable pools (P1 and P2),
2) scaling the two least decomposable pools (P2 and P3), and 3) scaling all pools (all), and
evaluated how the difference in pool scaling affects the soil carbon change. Also, the impact of
increasing/decreasing the scaling of SOC on model output was examined. The amount of the SOC
at equilibrium after a 2000 yr spin-up was about 8000 gC m; then, the target level of SOC (i.e.
the observed SOC) was set 1) to 6000 gC m™, which represents a case where the observed SOC is
smaller than the equilibrium SOC, and 2) to 10000 gC m™, which represents a case where the
observed SOC is higher than the equilibrium SOC. In short, we tested six combinations, three
different combinations of which pools were scaled, and two differences between observed SOC
and equilibrium SOC (larger and smaller than observed).The new slow-relaxation initialization
scheme is conducted as described below. In order to fill pools in the model to some extent, the
normal spin-up was conducted for the first 600 yrs, after which the target pools were controlled
using the following procedure. The total spin-up interval was set to 2000 yrs in this study; then the
scaling was done from 600 to 1999 yr (Fig. 1 (b)). The detailed scaling protocol is as follows:
during the initialization, the difference of soil organic carbon between model output and observed
value (target level) was calculated, and the scaling factor » was calculated at the end of the annual
routine. » was multiplied by the content of each organic carbon and nitrogen pool. In order to
relax the scaling effect, we also introduce the “easing factor” a, which was defined to reduce the
effective difference between observed SOC and modelled SOC. When a is 1, the gap between
modelled SOC and observed SOC was adjusted at one scaling, while the gap was adjusted slowly
when o is more than 1. Please note that both organic carbon and nitrogen pools were scaled for

both relaxations. For example, when scaling P1 and P2 pools, scaling was as follows:
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A =S0C, .. (t)-SOC,, . (1)

model

_ (P1(t)+ P2(t)) - Al

P1(2) + P2(¢) @
P1(t +1) = n x P1(¢) 3)
P2(t+1) = nx P2(¢) 4)
PIN(t +1) = 7 x PIN(?) )
P2N(t+1) =nx P2N(¢) (6)

where SOCnoqer 1S the modelled total SOC, SOC,s is the observed SOC (target level), 4 is the
difference between modelled and observed SOC, 7 is the scaling factor, a is the easing factor, and
¢ represents time step. PIN and P2N are the organic nitrogen pools corresponding to P1 and P2
carbon pools, respectively. In this study, o was set to be 1.0 for fast-relaxation, and 120.0 for
slow-relaxation scaling. The large easing factor allows us to scale the modelled SOC slowly and
then to reduce the gap between modelled SOC and observed SOC slowly. When scaling P2 and
P3, n was calculated using P2 and P3 and was multiplied to the P2 and P3 pools. When scaling all
three pools (P1, P2, and P3),  was calculated using total SOC (P1+P2+P3).

In short, in the fast-relaxation scheme, soil carbon and nitrogen pools are changed at one scaling
(one model time step), whereas in the slow relaxation scheme those pools are adjusted through

gradual scaling, controlled by the easing factor «, and scaled over a longer period (600-1999).

3. Results and Discussion

The behaviours of the NPP and SOC during the spin-up (0-1999 yr) and normal simulation
(2000-2100 yr) are shown in this study (Fig. 3). In all three schemes for scaling (P1+P2, P2+P3,

all), the new slow-relaxation scheme showed stable simulation results. When using
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fast-relaxation, NPP showed unstable fluctuations after scaling (NPP around 2000 yr in Fig. 3
(al)(a2)(a3)), which is probably due to the feedback of soil nutrition to plant production and
complex soil C-N interactions in the CENTURY model. Using the slow-relaxation initialization
scheme (Fig. 3 (b1)(b2)(b3)), there was no fluctuation, even after the end of the scaling period for
the soil pool (2000 yr).

Three combinations of scaled pools were tested in this study. The difference between the scaled
pools can be seen; the NPP and SOC in scaling when using “P2+P3” (Fig. 3 (b2)) and “all” pools
(Fig. 3 (b3)) were very similar, but the result when scaling “P1+P2” (most decomposable; Fig. 3
(b1)) was different from those of the other two. In scaling “P2+P3” and “all” pools, the difference
between NPP of higher SOC and that of lower SOC was less than 200 gC m™ during the
initialization, and was smaller than that of “P1+P2”. The difference then reduced slowly after the
end of the initialization phase (2000-2100 yr). The difference of SOC was also reduced after the
end of the initialization, but the magnitude was very small (Fig. 3 (b2)(b3)). On the contrary, in
scaling “P1+P2” (Fig. 3 (al)), the difference in NPP was more than 300 gC m? yr* during
initialization and was reduced faster than those of scaling “P2+P3” and “all” after initialization.
Accordingly, the difference between SOC was reduced more quickly than the difference when

scaling “P2+P3” and “all”.

A similar phenomenon can be seen in fast-relaxation scaling (Fig. 3 (al)(a2)(a3)); the model
results from scaling “P2+P3” and “all”” were very similar to each other, and the result from scaling
“P1+P2” was different from the other two. The change in both NPP and SOC was large in scaling
“P1+P2".

We tested the scheme at six sites in Japan from north to south, but only reported the results of a
site where its climate is the average of Japan to keep the manuscript concise. Simulations at a
southern site with much warmer climatic condition (average annual air temperature, 20.0 °C;
not shown) showed that fast-relaxing scheme resulted in more unstable fluctuations after scaling,
while the slow-relaxation scheme resulted in stable simulation results. However, in simulations
at a northern site with much colder climatic condition (average annual air temperature, 3.5 °C),
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even the fast-relaxation scheme produced stability. We speculate that this could be related to the
difference in speed of carbon and nitrogen dynamics: under warmer climate condition, carbon and
nitrogen dynamics are faster than under colder climate condition (or a larger amount of carbon
and nitrogen moves between pools at each time step); therefore, scaling, in particular fast scaling,
has a larger impact on carbon and nitrogen dynamics within a model. Further tests of relaxation
schemes under various conditions are needed to examine the stability and applicability of

relaxation assumptions.

To our knowledge, the proposed method is the first scheme that can successfully scale both soil
carbon and nitrogen pools. As recent studies suggest, nitrogen dynamics strongly constrain
future terrestrial carbon dynamics (Zaehle et al., 2010). The proposed method will be useful for
obtaining more realistic predictions of future carbon dynamics from simulations. We think it is
important to further examine why the fast-relaxation yields unstable model behaviour. For
example, although this is not tested, it may be possible that if the biomass pools were scaled
with soil pools, even the fast-relaxation scheme might work well. Finally, it should be
emphasized that appropriate information for initial conditions of carbon and nitrogen in plant
and soil is of critical importance when the initialization scheme is applied, and that further
comparison between results of observations and those of modelling will advance modelling

approaches.

4. Concluding remarks

A new approach for initialization of process-based models, the slow-relaxation method of scaling
soil carbon pools, is proposed in this study. Fast-relaxation scaling of soil carbon and nitrogen
pools tended to result in unstable model behaviour in the CENTURY model; however,
slow-relaxation scaling overcame such unstable model behaviour after initialization. Although
further tests are needed, this approach holds promise for initializing ecosystem C-N models and

for starting simulations with more realistic, and internally consistent, initial conditions.
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Figures

Figure 1. Diagram showing the relaxation of the initial conditions of SOC showing (a)
fast-relaxation, scaling SOC at the end of initialization. (b) slow-relaxation, scaling SOC slowly,
which is proposed and tested in this study. Note that this example shows the case when observed

SOC was smaller than the equilibrium modelled SOC.

Figure 2: Three scalings tested in this study. Combinations of scaled pools differ.

Figure 3: NPP and SOC during and after the initialization; results of the original scaling method
(left column; a) and the slow relaxation method (right column; b). Upper columns (al and b1) are
results of scaling P1+P2, middle columns (a2 and b2) are results of scaling P2+P3, and lower
columns (a3 and b3) are results of scaling all pools. The solid line shows the result of the
increasing scaling (to 10000 gC m™, #>1), and the broken line shows the results of the decreasing
scaling (to 6000 gC m, #<1). Note that the time scale (x axis) is different before and after 2000 yr,

to show the model behaviour clearly.
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