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Theory of the Compost Bomb Instability

Summary

First generation climate-carbon cycle models suggest that climate change will suppress

carbon accumulation in soils (Friedlingstein et al., 2006), and could even lead to a

net loss of global soil carbon over the next century (Cox et al., 2000). These model

results are qualitatively consistent with soil carbon projections published by David

Jenkinson almost two decades ago (Jenkinson et al., 1991). More recently there has

been a suggestion that the release of heat associated with soil decomposition, which is

neglected in the vast majority of large-scale models, may be critically important under

certain circumstances. Models with and without the extra self-heating from microbial

respiration have been shown to yield significantly different results (Khvorostyanovet

al., 2008a). The present paper presents a mathematical analysis of a tipping point or

runaway feedback that can arise when the heat from microbial respiration is generated

more rapidly than it can escape from the soil to the atmosphere. This ‘compost-bomb

instability’ is most likely to occur in drying organic soils with high porosity covered by

an insulating lichen or moss layer. However, the instability is also found to be strongly

dependent on the rate of global warming. This paper derives the conditions required

to trigger the compost-bomb instability, and discusses the relevance of these to the

concept of dangerous rates of climate change. Based on simple numerical experiments,

rates of long-term warming equivalent to 10◦C per century could be sufficient to trigger
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compost-bomb instability in drying organic soils.

Introduction

Recent attempts to include the carbon cycle as an interactive element of climate models

have demonstrated that the response of the land carbon sink is a key uncertainty in

projections of future climate change (Cox et al., 2000, Friedlingstein et al., 2003).

Coupled climate-carbon cycle models all indicate that climate change will increase the

fraction of our CO2 emissions that remain in the atmosphere. However, the magnitude

of this positive feedback varies markedly amongst the models, resulting in predicted

CO2 concentrations by 2100 that vary by more than 200 ppmv across the model range

(Friedlingstein et al., 2006). Changes in soil carbon, in response to CO2-enhanced

photosynthesis as well as climate change, constitute one of the largest uncertainties in

the climate-carbon cycle system (Jones et al., 2003, Jones et al., 2004, Denman et al.,

2007).

Warming is generally expected to accelerate specific respiration rates (Davidson and

Janssens, 2006) in the short-term leading to a net loss of soil carbon, more atmospheric

CO2, and further global warming. This effect was first brought to prominence by David

Jenkinson (Jenkinson et al., 1991) and we term it the ‘Jenkinson Effect’ in his honour.

The extent of this accelerated decomposition, and the timescale over which it will

operate, are still subjects of much debate (Knorr et al., 2005), but there is quantative

agreement amongst models that soil carbon will decrease under global warming unless

litter inputs to the soil also increase as a result of enhanced photosynthesis. The

Jenkinson Effect is therefore very apparent in the latest climate-carbon models. There

remains a great challenge to quantify the size of the climate-carbon cycle feedback,

most probably by making use of observed interannual variability in atmospheric CO2

concentrations to constrain key soil properties such as the temperature sensitivity of

decomposition (Jenkinson et al., 1991, Rayner et al., 2005).

Acceleration of global warming through the Jenkinson Effect could be very

significant (Cox et al., 2000), but based on current soil models it appears that the
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associated climate-carbon cycle feedbacks are not strong enough to lead to an abrupt

shift or tipping point in the climate-carbon system (Cox et al., 2006). However, all

current global climate-carbon cycle models ignore a potentially important soil biological

heating term that could change this situation radically. Compost heaps are kept warm

as a result of the heat released by microbial respiration, and the corresponding risk

of spontaneous combustion is already well known in the field of waste management

(Nelson et al., 2007, Sidhu et al., 2007). The first attempt at including biological

heating in a global biogeochemisty model demonstrated its potential importance in

permafrost melt (Khvorostyanov et al., 2008a, Khvorostyanov et al., 2008b).

In this paper, we analyse how the inclusion of biological heating changes the stability

of organic soils under climate change, and derive conditions for a local compost-bomb

instability which could lead to an abrupt release of soil organic carbon under rapid

global warming. We introduce a deliberately simple model of soil carbon and soil

temperature which includes the biological heating term, present a linear stability

analysis for this model and show the implications of this analysis for the stability

of drying organic soils under slow and fast global warming. Next we show numerical

solutions for the model under varying rates of global warming, which shows a well-

defined dangerous rate of warming beyond which a compost-bomb instability occurs.

Finally, we discuss the limitations of our model and discuss its relevance to the stability

of real organic soils under 21st century climate change.

A simple soil carbon-temperature model

The simplest model for soil temperature, Ts (◦C) is to assume that it relaxes to

the atmospheric temperature, Ta (◦C), with a timescale determined by the thermal

properties of the soil:

µ
dTs

dt
= −λ(Ts − Ta), (1)

where µ is the areal soil heat capacity (J m−2 ◦C−1) and λ is the heat transfer coefficient

of the soil (J year−1 m−2 ◦C−1).
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In this study, one extra term is included to represent the heat energy generated by soil

respiration. This term depends on the respiration rate of the soil, Rs (kg C year−1

m−2), and the specific heat of the respiration reaction, A = 3.9× 107 J (kg C)−1. This

value is derived from the enthalpy change of the respiration reaction (Thornley, 1971).

With the addition of the biological heating term the soil temperature equation

becomes:

µ
dTs

dt
= ARs − λ(Ts − Ta). (2)

Therefore the rate of change of soil temperature in Equation 2 depends on the capacity

of the soil to store heat (µ), the amount of heat generated by soil respiration (ARs)

and the transfer of heat out of the soil to the atmosphere (λ(Ts − Ta)).

The rate of soil respiration, Rs, is dependent on soil temperature, Ts, and soil

carbon, Cs:

Rs = κsCsfΘfT , (3)

where κs is the specific soil respiration rate at some reference temperature, fΘ is a

moisture-dependent function and fT is a temperature dependent function. Function

fT is often modelled with a ‘Q10’ form (Kirschbaum, 1995):

fT = Q
0.1(Ts−Tref )
10 , (4)

where Q10 is a dimensionless soil-specific temperature coefficient, the respiration rate

increase for a temperature increase of 10◦C. This exponential dependence is clearly a

simplification as soil respiration is known to reduce at very high temperatures (Nelson

et al., 2007). However it does not affect the conclusions with regard to the stability of

the soil system at normal temperatures, which depends purely on the local derivative

of the specific respiration rate with respect to soil temperature, as shown below. Soil

respiration is typically limited in very dry or very wet soils (see Discussion), but for

this very simple model we consider non-moisture limited soil respiration. Under this

assumption the soil respiration can be written:
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Rs = κsCsQ
0.1(Ts−Tref )
10 . (5)

Using natural logarithms, Equation 5 can be written

Rs = Csrs(Tref ) exp [α (Ts − Tref )] , (6)

where α = ln Q10

10
and κs = rs(Tref ) is the respiration rate at a reference temperature

Tref . Soil respiration rate therefore increases exponentially with temperature in Q10

models.

Soil carbon, Cs, is also modelled by a first order differential equation, dependent

on the net primary productivity (NPP), Π, and Rs:

dCs

dt
= Π − Rs, (7)

therefore soil carbon increases with NPP (Π) as it is added to the soil through litterfall,

and decreases with respiration (Rs) as it is lost to the atmosphere as carbon dioxide

through respiration.

Equations 2, 6 and 7 provide the basis of the model in which the variables interact

as a set of feedback loops (Figure 1). As soil carbon increases, so does respiration

rate. However, increased respiration rate results in decreasing soil carbon, a negative

feedback in the system. Soil respiration rate depends on the temperature of the soil and

the amount of carbon in the soil. As soil temperature increases so does respiration rate,

which in turn generates biogeochemical heat release which increases soil temperature.

This potentially important positive feedback is usually neglected in large-scale models.

Linear stability analysis

The extra thermal energy from soil respiration creates the potential for a runaway

feedback in the system, where a tipping point is crossed and the system becomes

unstable. The existence of such a tipping point is investigated through a linear

5



stability analysis, which provides information on the behaviour of the system around

its stationary points or equilibria.

Recall Equations 2 and 7. Let

f = ARs(Ts) − λ(Ts − Ta) (8)

and

g = Π − Rs, (9)

then the system can be written as:

(

Ṫs

Ċs

)

=

(

f(Ts, Cs)
g(Ts, Cs)

)

. (10)

Now consider small perturbations to Ts and Cs, ∆T and ∆C, respectively. After

manipulation, and ignoring small terms of O(|∆|2) or greater, the linearization of (10)

can be written as:

(

∆̇T

∆̇C

)

= J

(

∆T
∆C

)

, (11)

where J is the Jacobian matrix of partial derivatives,

J =

( ∂f

∂Ts

∂f

∂Cs

∂g

∂Ts

∂g

∂Cs

)

, (12)

The eigenvalues of J , evaluated at equilibrium, determine the stability of the

equilibrium. These eigenvalues are solutions for the exponential growth-rate, γ, given

by

det(J − Iγ) = 0, (13)

where I is the identity matrix. Now:

det(J − Iγ) = γ2 + γ

(

λ

µ
−

AαRs

µ
+ rs

)

+
λrs

µ
, (14)

so solutions for det(J − Iγ) = 0 are:
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γ =
−

(

λ
µ
− AαRs

µ
+ rs

)

±

√

(

λ
µ
− AαRs

µ
+ rs

)2

− 4λrs

µ

2
. (15)

The system is potentially unstable if at least one eigenvalue has strictly positive real

part. This is true only if:

λ

µ
−

AαRs

µ
+ rs < 0. (16)

The nature of the {Cs, Ts} equilibrium determines the stability of the system as a

function of λ, µ, α and A.

Equilibria

The linearization holds only for equilibria of the system, such that:

dTs

dt
=

dCs

dt
= 0. (17)

For a prescribed atmospheric temperature, Ta, setting
dTs

dt
= 0 in Equation 2 gives

an equilibrium soil temperature:

T eq
s = Ta + β. (18)

The biological heating term therefore warms the soil relative to the atmosphere by β,

where:

β =
ARs(T

eq
s )

λ
. (19)

Two limiting cases are considered.

Slow climate change limit

In the slow climate change case, any potential increase in respiration rate caused by

increasing soil temperature is mitigated by a decrease in respiration due to a decrease

in the carbon fuel for the respiration reaction (see Figure 1).
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Setting dCs/dt = 0 in Equation 7 gives an equilibrium of:

Ceq =
Π

rs(T
eq
s )

, (20)

and substituting this into Equation 16 gives the instability condition:

1 −
AαΠ

λ
+

µ

λ
rs(T

eq
s ) < 0. (21)

In this case, increasing soil temperature and soil respiration acts to stabilize the

system, as shown by increasing rs(T
eq
s ) in Equation 21. This means that for constant

values of Π and λ, if the system is initially stable it is always stable. The decrease in

soil carbon keeps up with the increase in soil temperature, so that instability does not

occur.

Fast climate change, or compost-bomb limit

The second case, the compost-bomb limit, is when the decrease in soil carbon cannot

keep up with the increase in soil temperature. This means that soil respiration increases

too fast to be mitigated by a reduction in soil carbon, leading to a runaway feedback

in the system. To model this case it is assumed that the carbon stock is constant at its

initial value, since its rate of change is small compared with that of the soil temperature.

Substituting C0, the initial soil carbon, for Cs in (16) gives the condition:

λ − Aαrs(T
eq
s )C0 + rs(T

eq
s )µ < 0 (22)

=⇒ 1 −
Aα

λ
Rs(T

eq
s ) +

µ

λ
rs(T

eq
s ) < 0. (23)

In this compost-bomb limit, Teq (18) and the corresponding condition for instability

(23) can be plotted in the (Ta, Ts) plane (Figure 2). This figure shows that for large

enough atmospheric temperatures Ta such that Equation 23 is satisfied, no solutions

exist for equilibrium soil temperature T eq
s , and that the upper section of the equilibrium

is unstable.

Defining a dimensionless number to represent the ratio between the sensitivities of

the soil to heat generated by microbial respiration and the transfer of heat out of the
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system, the ‘Zimov number’, Z, where:

Z = αβ, (24)

gives instability for:

1 +
τT

τs

< Z, (25)

with timescales τT = µ/λ andτs = 1/rs for soil temperature and soil carbon,

respectively. For realistic soil respiration rates and soil thermal properties the ratio

of these timescales, τT /τs is small, so the condition can be simplified to:

Z > 1 (26)

Instability occurs when the heat from microbial respiration is generated more rapidly

than it can escape from the soil to the atmosphere.

Dangerous global warming

Figure 2 demonstrates that elevated atmospheric temperatures can lead to compost-

bomb instability in the fast climate change limit. In this limit, Z increases with the

atmospheric temperature, Ta, such that global warming could push the system over

tha stability boundary at Z = 1. Recall the respiration function, Equation 6. Using

Equations 18 and 24, Equation 6 can be rewritten as:

Rs(Ts) = Rs(Tref ) exp(Z) exp [α (Ta − Tref )] , (27)

where:

Z = αβ (28)

=
αARs(T

eq
s )

λ
, (29)

Substituting in Equation 27 gives

Z =
αARs(T

eq
s )

λ
exp(Z) exp [α (Ta − Tref )] , (30)

=⇒
Z

eZ
= Zref exp [α (Ta − Tref )] , (31)
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where we define the ‘Reference Zimov number’ as the Zimov number at the current soil

carbon but the reference soil temperature:

Zref =
αARs(Tref )

λ
. (32)

The stability boundary lies at Z = 1; in Equation 32 this gives the stability boundary:

Zref exp
[

α
(

T crit
a − Tref

)]

=
1

e
, (33)

=⇒ T crit
a − Tref = −

1

α
(1 + lnZref ). (34)

This function represents the critical magnitude of atmospheric warming above the

reference temperature required for compost-bomb instability, as a function of the

reference Zimov number, Zref (see Figure 3).

Both the Zimov number and the Reference Zimov number are inversely proportional

to the heat transfer coefficient, λ. The heat generated in thermally insulated soils

with small values of λ escapes less easily to the atmosphere, giving the potential for

instability. In the next section we consider how soil moisture affects compost-bomb

instability through its impact on λ.

Soil moisture

Soil thermal conductivity, κ, varies with soil porosity, θsat, and volumetric water

content, θ, via the following relationship (Rees et al., 2001):

κ = κ1−θsat
solids κθsat

air

(

κwater

κair

)θ

. (35)

where κair, κwater and κsolids are the thermal conductivities of the air, pure water and

the solids in the soil matrix. Equation 35 implies that the soil thermal conductivity

κ drops rapidly with reducing soil moisture because the thermal conductivity of water

is about 25 times larger than the thermal conductivity of air. The model defined by

Equations 2, 6 and 7 assumes a fixed soil heat transfer coefficient, which is equivalent
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to assuming a fixed volumetric water content, θ. This section explores the sensitivity

to this assumed value of θ through its impact on soil thermal conductivity.

Soils in peatland areas are also often covered with a layer of insulating moss or

lichen (Beringer et al., 2001), which further reduces the transfer of heat from soil to

atmosphere. Considering the soil and moss/lichen layer as conductors in series (or

resistors in parallel) gives the following relationship for the effective soil-to-atmosphere

heat transfer coefficient:

λ =
λsoilλmoss

λsoil + λmoss

. (36)

For a soil layer of depth dz, the heat transfer coefficient (λ) is related to the thermal

conductivity (κ) as:

λ =
κ

0.5dz
. (37)

The thermal conductivity of the moss layer, κmoss, varies with the volumetric water

content of the moss, θmoss, via the same relationship defined in Equation 35. In

addition, θmoss depends on the volumetric water content of the soil, θ through Darcy’s

equation. Therefore it is possible to calculate the effective heat transfer coefficient λ as

a function of the soil moisture and the thermal properties and thickness of the moss or

lichen layer. Figure 4 plots λ as a function of volumetric soil moisture θ for a 1-metre

peat layer, and moss and lichen layers of 0.1 metre thickness. The strong dependence

on soil moisture, and the impact of the thermally insulating moss or lichen layer are

clear.

Recall that the dangerous level of global warming depends on Z and therefore λ.

Since λ depends on soil moisture, the stability boundary Z = 1 can be redefined in

terms of volumetric soil water content (see Figure 5). Figure 5 shows that peatland

soils are most likely to suffer compost-bomb instability under a combination of warming

and drying.

Numerical solutions
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The linear stability analysis shows two limiting solutions for the system; the stable

slow climate change change limit in which the soil carbon keeps track with the forcing,

and the unstable fast climate change change (or compost-bomb limit) in which the

soil carbon is constant. We now numerically investigate the transition between these

two regimes by varying the rate of global warming. For simplicity we assume that

atmospheric temperature increases linearly at a rate of δ (◦C year−1). The system

defined by Equations 2 and 7 is solved numerically with varying Ta, such that

dTa

dt
= δ. (38)

Numerical solutions show that instability in the model depends not only on the

stability condition given above, but also on the value of δ, implying the existence of a

dangerous rate of climate change. With identical model parameters, the model displays

very different behaviour for different δ values (see Figures 6 and 7).

It is clear that for a given set of model parameters there exists a critical rate of

global warming, δ above which instability in the system is predicted (see Figure 8). The

dangerous rate of global warming can be derived analytically using dynamical system

theory which will be described elsewhere.

Discussion and conclusions

Our work highlights the importance of the inclusion of biological heating in soil models.

The model at the core of this study is deliberately simple, allowing for linear stability

analysis and the mathematical derivation of the instability boundary for organic soils.

A tipping point or runaway feedback, which we term the compost-bomb instability,

arises when heat is biologically generated within the soil more quickly than it can

escape to the atmosphere. The implications of this instability are a sudden increase

in soil temperature (that could ultimately lead to spontaneous peatland fires; Viosca,

1932), and the abrupt release of soil organic carbon into the atmosphere as carbon

dioxide.

While the simplicity of the model allows for the analytical derivation of the
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conditions required to trigger instability, there are clear limitations. We have identified

the important role of reducing soil moisture which suppresses soil heat conductivity

and draws the system closer to instability. However, we have neglected the potential

reduction in microbial respiration with reducing soil moisture, which would tend

to stabilise the system. For instability to occur in real soils, heat transfer to the

atmosphere must decrease more rapidly than microbial respiration with soil moisture.

This is most likely to occur under drying conditions in which a moist biologically active

sub-surface soil layer is insulated by a much drier moss- or lichen-covered surface layer.

We hope that soil scientists will take-up the challenge of searching for the

hypothetical compost-bomb instability in real organic soils, using manipulative field

or laboratory-based experiments which vary soil moisture as well as the rates of

environmental warming. Laboratory experiments involving the artificial warming

and drying of organic soils might demonstrate the potentially unstable behaviour

of the system. In addition, previous compost-bomb events may be detectable as

layers of sub-surface charring in peat cores. In the meantime, we aim to assess the

potential importance of such an instability for global climate change through sensitivity

studies with the JULES land-surface scheme as used in the Hadley Centre climate

models (Essery et al., 2003), using a more realistic temperature and moisture-limited

respiration function.The stakes for this work are high as the compost-bomb instability

identified here has the potential to produce abrupt releases of soil carbon that could

accelerate climate change, as well defining dangerous rates of climate change that could

have relevance to the United Nations Convention on Climate Change.
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FIGURE CAPTIONS

Figure 1 Soil model feedback diagram, including the positive feedback from biogeochemical

heat release.

Figure 2 Phase diagram in the (Ta, Ts) plane showing Teq and the corresponding

instability condition for the compost-bomb limit.

Figure 3 Soil instability boundary in the fast climate change or compost-bomb limit,

depending on critical temperature difference and Reference Zimov number.

Figure 4 Effective heat transfer coefficient for peat, peat with moss layer and peat

with lichen layer.

Figure 5 Stability boundaries for the compost-bomb system, dependent on soil

moisture and global warming.

Figure 6 Numerical model solutions for soil temperature, Ts, for global warming of

6◦C (blue), 8◦C (green) and 10◦C (red) over 100 years. Note the rapid increase in soil

temperature for a global warming rate of 10◦C per century.

Figure 7 Numerical model solutions for soil carbon, Cs, for global warming of 6◦C

(blue), 8◦C (green) and 10◦C (red) over 100 years. Note the rapid loss of soil carbon

for a global warming rate of 10◦C per century.

Figure 8 Maximum value of Ts −Ta, as a function of the rate of atmospheric warming

δ.
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