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Abstract. Ecosystem carbon (C) transit time is a critical di-
agnostic parameter to characterize land C sequestration. This
parameter has different variants in the literature, including
a commonly used turnover time. However, we know little
about how different transit time and turnover time are in
representing carbon cycling through multiple compartments
under a non-steady state. In this study, we estimate both C
turnover time as defined by the conventional stock over flux
and mean C transit time as defined by the mean age of C mass
leaving the system. We incorporate them into the Commu-
nity Atmosphere Biosphere Land Exchange (CABLE) model
to estimate C turnover time and transit time in response to
climate warming and rising atmospheric [CO2]. Modelling
analysis shows that both C turnover time and transit time
increase with climate warming but decrease with rising at-
mospheric [CO2]. Warming increases C turnover time by
2.4 years and transit time by 11.8 years in 2100 relative to
that at steady state in 1901. During the same period, rising at-
mospheric [CO2] decreases C turnover time by 3.8 years and
transit time by 5.5 years. Our analysis shows that 65 % of the
increase in global mean C transit time with climate warm-
ing results from the depletion of fast-turnover C pool. The
remaining 35 % increase results from accompanied changes
in compartment C age structures. Similarly, the decrease in
mean C transit time with rising atmospheric [CO2] results
approximately equally from replenishment of C into fast-
turnover C pool and subsequent decrease in compartment
C age structure. Greatly different from the transit time, the
turnover time, which does not account for changes in either

C age structure or composition of respired C, underestimated
impacts of warming and rising atmospheric [CO2] on C di-
agnostic time and potentially led to deviations in estimating
land C sequestration in multi-compartmental ecosystems.

1 Introduction

The terrestrial ecosystem plays an important role in mitiga-
tion of climate change through sequestering carbon (C) from
the atmosphere. Terrestrial C storage is co-determined by C
input and C transit time, which is defined as the mean age
of C mass leaving the system (Luo et al., 2001; Taylor and
Lloyd, 1992; Nir and Lewis, 1975; Sierra et al., 2016; Man-
zoni et al., 2009; Eriksson, 1971; Bolin and Rodhe, 1973).
As transit time cannot be easily estimated from observa-
tion, its variant, C turnover time, has been commonly used
in the literature (Sierra et al., 2016). A recent model inter-
comparison study indicated that a major cause of uncertainty
in predicting future terrestrial C sequestration is the variation
in C turnover time among the models (Friend et al., 2014).
Up to 40 % of soil C sequestration potential can be overesti-
mated due to underestimation of C turnover time in current
CMIP5 models (He et al., 2016). These examples highlight
the importance of C turnover time in understanding C cycle
uncertainties. However, the C turnover time has been mostly
estimated with a conventional stock-over-flux method (Car-
valhais et al., 2014; Chen et al., 2013; Yan et al., 2017), which
was probably first introduced by Olson (1963) and based on
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a steady-state assumption. In response to climate change, ter-
restrial ecosystem C dynamics move away from steady states
to dynamic disequilibrium (Luo and Weng, 2011). Estima-
tion of C turnover time likely deviates from C transit time
in response to climate change (Sierra et al., 2016). It is not
clear how much the estimate of C turnover time deviates from
mean C transit time and what causes their deviation under
climate change.

The C transit time as the mean age of C mass leaving
the system can be estimated only from age structure of C
atoms in a multi-compartment ecosystem. In contrast, the C
turnover time is estimated without any information of age
structure of C atoms among compartments. Thus, C turnover
time is equivalent to mean C transit time only in the au-
tonomous (i.e. time-invariant) system at steady state (Sierra
et al., 2016) with two conditions to be satisfied. The first con-
dition is that C fluxes and turnover rates of individual pools
do not change with time (i.e. time invariant or autonomous).
The second is that C influx to each pool equals the C ef-
flux from the pool (i.e. at steady state). However, the au-
tonomous and steady-state conditions are usually too strict
to completely meet for real-world ecosystems. For example,
ecosystem C input via photosynthesis has diurnal variation, a
seasonal cycle, and inter-annual variability. C turnover time
also exhibits strong seasonal variation (Luo et al., 2017).
With seasonal cycles and inter-annual variability in both C
input and turnover time, the ecosystem C cycle is rarely at
steady state and is rather mostly at dynamic disequilibrium
(Luo and Weng, 2011). Therefore, C turnover time may not
equal C transit time in the real world, especially when land
C cycle is under transient dynamics in response to climate
change.

The estimates of C transit time require information of C
age structure in ecosystems so that the mean age of the C
atoms at a time when they leave the system can be calculated
(Manzoni et al., 2009). In a multi-compartmental ecosystem,
the C age within each compartment is represented by a sin-
gle compartment’s mean C age and different compartments
have different mean C ages (Rasmussen et al., 2016). Thus,
the C transit time is the weighed mean of ages of C atoms
leaving different compartments according to the fraction of
C loss from each pool to the total C loss. In response to ris-
ing atmospheric [CO2], increased C input of a young age into
an ecosystem is usually allocated more to fast- than slow-
turnover pools, leading to changes in the C age structure
of the ecosystem. The fast-turnover pools usually contribute
more to respiratory loss than the slow pools. Thus, it is ex-
pected that rising atmospheric [CO2] decreases C transit time
due to both changes in the C age structure and fractions of
different pools to total C loss from the ecosystem. Although
it may change in response to rising atmospheric [CO2] due to
changes in both C fluxes and pools, C turnover time does not
account for changes in the C age structure and the pool frac-
tions of respiratory C loss over total ecosystem respiration. It

is necessary to understand the theoretical deviation between
C transit time and C turnover time under a non-steady state.

In this study, we aim to answer following questions:

1. How do both C turnover time and C transit time change
in response to climate warming and rising atmospheric
[CO2]?

2. How much does the C turnover time deviate from C
transit time under future climate change?

3. What mechanisms cause deviation between the two
methods?

4. Which regions show the greatest deviations under dif-
ferent climate change scenarios?

To answer those questions, we incorporated a new algorithm
into the Community Atmosphere Biosphere Land surface
Exchange (CABLE) model (Wang et al., 2010, 2011) to cal-
culate both C turnover time and transit time. We ran the mod-
ified CABLE model under three climate change scenarios,
climate warming only, rising atmospheric [CO2] only, and
both climate warming and rising atmospheric [CO2], to com-
pare changes in C transit time with those in C turnover time.

2 Materials and methods

2.1 The CABLE model

CABLE is a global land surface model as described by
Kowalczyk et al. (2006) and incorporates global carbon, ni-
trogen, and phosphorus cycles (Wang et al., 2010, 2011).
This study does not activate phosphorus cycle in the model
largely because phosphorus has minor impacts on C cycle
(Zhang et al., 2011). Leaf photosynthesis, stomatal conduc-
tance, and heat and water transfer in CABLE are calculated
using the two-leaf approach (Wang and Leuning, 1998).

Gross primary production (GPP) is calculated for both C3
and C4 plants (Farquhar et al., 1980; Kowalczyk et al., 2006).
The Farquhar model is a biochemical model and modified in
CABLE to calculate CO2 assimilation rate at canopy level
as a minimum of three potential limitation processes of pho-
tosynthesis: light, enzyme, and C sink. Generally, all three
of these photosynthetic limitations are positively related to
maximal carboxylation rate (Vcmax) or maximal potential
electron transport rate (Jmax) and intercellular CO2 concen-
tration (Ci). Both Vcmax and Jmax are temperature dependent
(Leuning, 2002) and are maximized at around 30 ◦C. Thus,
in response to warming, the model usually predicts a positive
response in GPP in cold and temperate regions but a negative
response in GPP in hot regions. Ci depends on the stomata
conductance and atmospheric [CO2]. GPP in CABLE posi-
tively responds to rising atmospheric [CO2]. CABLE photo-
synthesis is also controlled by soil moisture.
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Table 1. Summary of scenarios and forcing data.

Scenario name Simulation Climate forcing CO2 data
abbreviation

Climate warming scenario S1 Climate warminga Pre-industriald

CO2 direct effect scenario S2 Pre-industrialb CO2 increasec

Full effect scenario S3 Climate warminga CO2 increasec

a Climate warming forcing data from 1901 to 2005 use the CRUNCEP dataset. The forcing data from 2006 to
2100 use CESM output under Representative Concentration Pathways with radiative forcing increased by
8.5 W m−2 (RCP8.5).
b The pre-industrial climate forcing repeatedly uses 1-year climatology data averaged over 1901 to 1910 from
the CRUNCEP dataset.
c CO2 concentration data are from the 200-year CMIP5 dataset under historical and future scenarios
(RCP8.5).
d The pre-industrial CO2 concentration is from the CMIP5 dataset for the year 1901.

Autotrophic respiration (Ra) in CABLE is also temper-
ature dependent and follows the modified Arrhenius for-
mula (Ryan, 1991; Sitch et al., 2003). At the canopy scale,
Ra is proportional to vegetation nitrogen content and a
temperature-related coefficient. Ra will positively respond to
warming climate. Heterotrophic respiration (RH) is propor-
tional to litter and soil decomposition rate and C pool sizes.
The decomposition rates in the model are controlled by soil
temperature and water. The temperature response is based on
a Q10 equation. Decomposition rates will positively respond
to warming. The water response function is from the daily
time step ecosystem model (DAYCENT) (Kelly et al., 2000)
and the decomposition rate positively responds to wetter soil
conditions.

CABLE has three vegetation compartments (leaf, wood,
and root), three litter compartments (metabolic litter, struc-
ture litter, and coarse wood debris), and three soil compart-
ments (fast soil pool, slow soil pool, and passive soil pool)
(Wang et al., 2010).

2.2 Simulation design

We use the meteorological datasets from the National Cen-
ters for Environmental Prediction and Climatic Research
Unit (CRUNCEP) to drive our model. The meteorological
inputs from 1901 to 2100 include temperature, specific hu-
midity, air pressure, downward solar radiation, downward
long-wave radiation, rainfall, snowfall, and wind speed. The
meteorological variables of CRUNCEP data from 1901 to
2005 are interpolated from 6-hourly into hourly (Qian et al.,
2006) and re-gridded from 0.5◦× 0.5◦ to 1.875◦× 2.5◦ spa-
tial resolution. From 2006 to 2100, the hourly meteorological
variables are generated from the Community Earth System
Model version 1.0 (CESM) (Li et al., 2016; Hurrell et al.,
2013) for Representative Concentration Pathway (RCP) 8.5.

C storage for all three scenarios (climate warming, rising
atmospheric [CO2], and both together) is initialized at pre-
industrial steady states, which is achieved by a spin-up ap-
proach. The spin-up method cycles 10-year CRUNCEP data
(1901–1910) to drive CABLE, with [CO2] constant at the

1901 level. A semi-analytic solution is used to accelerate
spin-up simulation (Xia et al., 2012).

The description of three scenarios in this study is sum-
marized in Table 1. Simulation one (S1) fixes the atmo-
spheric [CO2] but uses changing climate forcing. Simula-
tion two (S2) fixes climate forcing but increases atmospheric
[CO2]. Simulation three (S3) uses both changing climate
forcing and increasing atmospheric [CO2].

2.3 Calculation of mean ecosystem C age

Mean C age is defined as the mean time elapsed since C
atoms (current in the system) entered the system, which is
important for understanding C transit time described below.
Following Rasmussen et al. (2016), mean C age (a) can be
formulated

a(t)=

d∑
i=1
ai (t)xi(t)

d∑
i=1
xi(t)

. (1)

In Eq. (1), ai represents the mean age of C in the ith com-
partment, xi represents C pool size of the ith compartment,
and d is the total number of C compartments.

Mixing fresh C input into old ecosystem C may reduce the
mean ecosystem C age. Meanwhile, C remaining in the sys-
tem will age with time. As shown by Rasmussen et al. (2016),
dynamics of mean compartment C age can be described by
the following differential equation:

dai(t)
dt
= 1 (2)

+

∑d
j=1

(
aj (t)− ai (t)

)
bijkj (t)xj (t)− ai (t) si(t)

xi(t)
.

In Eq. (2), si(t) is the direct C input rate from net primary
production (NPP) to the ith compartment in g C m−2 yr−1,
bij is the proportion of decomposed carbon from the j th
compartment to be transferred to the ith compartment. kj is
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the decomposition rate of the j th compartment; the unit is
per year. Thus, change in compartment C age depends on C
aging, network C transfers among pools with different ages,
and C input. Note that this equation works only for linear
models.

With a time step 1t , the C transferred from the
j th compartment to the ith compartment (Fij ) equals
bijkj (t)xj (t)1t and C input (Si) equals Si(t)= si(t)1t ,
Eq. (2) can be rewritten in a finite-element form to represent
C age dynamics:

1ai(t)=1t +

∑d
j=1

(
aj (t)− ai (t)

)
Fij − ai (t)Si(t)

xi(t)
. (3)

In Eq. (3), the first term, 1t , indicates natural C aging.

the second term,
∑d
j=1(aj (t)−ai (t))Fij−ai (t)Si (t)

xi (t)
, represents the

mean age change of the ith compartment due to mixing with
transferred C from other compartments or external C input
(i.e. NPP).

After the C cycle spin-up, we obtain the steady-state C
ages in each compartment by solving Eq. (2) with the Euler
method. The changes of mean compartment C age are less
than 0.1 % between two successive cycles.

2.4 Ecosystem C transit time

C transit time is defined as the average time for a C atom
to spend in the ecosystem until its exit, or the time from en-
tering the ecosystem to leaving the ecosystem (or residence
time; Luo et al., 2001). For a multiple-compartment system,
the mean C transit time, τ ts, can be calculated using the fol-
lowing equation (Rasmussen et al., 2016):

τ ts(t)=

d∑
i=1
ai (t)xi(t)(

d∑
j=1

bji)ki(t)

d∑
i=1
xi(t)(

d∑
j=1

bji)ki(t)

. (4)

When i = j , bji equals −1, indicating one unit of C exited
from the ith compartment. When i 6= j , bji represents the
proportion of exited C of the ith compartment transferred

to the j th compartment.
d∑
j=1

bji = 0 when the exited C from

the ith compartment is fully transferred to all the other com-
partments, such as litterfall transferring from plant to litter

compartments, without C loss.
d∑
j=1

bji < 0 when the exited

C from the ith compartment is partly transferred to the other
compartments, such as litter or soil C decomposition, with
the rest lost to the atmosphere via respiration. The denomi-
nator is the total amount of C loss from the ecosystem. The
numerator is the sum of products of respired C mass and C
age.

2.5 Components of C transit time and their changes

Equation (4) can be reorganized as

τ ts(t)=

d∑
i=1

ai (t)fhr,i(t), (5)

when we define the fraction of the total C loss from the ith
compartment (fhr,i), hr represents heterotrophic respiration
as

fhr,i(t)=

xi(t)(
d∑
j=1

bji)ki(t)

d∑
i=1
xi(t)(

d∑
j=1

bji)ki(t)

.

Equation (5) indicates that ecosystem C transit time consists
of products of two components: compartment C age (ai) and
the fractional composition of respired C (fhr,i). Compart-
ment C age as represented by Eq. (2) changes due to C mix-
ing with C in other compartments or external input.

According to Eq. (5), the change in ecosystem C transit
time τR can be attributed to the change in compartment C
age (change in C age structure) and the change in respired C
composition as (see the Supplement for details)

1τ ts(t)=

d∑
i=1

ai (t)1
(
fhr,i (t)

)
+

d∑
i=1

fhr,i (t)1(ai (t))

+ o(ai (t)fhr,i (t)). (6)

The first term in Eq. (6) refers to C transit time change due to
change in respired C composition. If the fraction of respired
C from fast-turnover pool decreases, the mean ecosystem C
transit time may increase because more respired C comes
from slow-turnover pools with older C ages. The second term
refers to C transit time change due to change in compartment
C age structure. Under elevated CO2, for example, young C
enters a compartment more than it leaves. C in the compart-
ment becomes younger (i.e. young C replenishment). Sub-
sequently, mean ecosystem C transit time will decrease. The
third term refers to residuals that cannot be explained by the
previous two terms.

In this study, the C age dynamics and diagnostics repre-
sented by Eqs. (1)–(6) are implemented into CABLE global
simulations. During our analysis of results, C age and tran-
sit time are averaged at different spatial scales, i.e. grid cell
scale, latitudinal scale, and global scale. Pool sizes (xi), pool
ages (ai), and pool-to-pool fluxes (Fij ) in Eqs. (1)–(6) uses
the grid cell mean, latitudinal mean, and global mean of each
compartment to calculate three different scales of C age and
transit time. Therefore, the arithmetic average of C age or
transit time at each grid cell (e.g. Fig. 1a) does not equal the
global average of C transit time (e.g. Fig. 3a).
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Figure 1. Global maps of (a) carbon transit time and (b) mean carbon age are the average over 1901 to 1910 in each grid cell.

Figure 2. Validation of simulated latitudinal variation pattern in
ecosystem C transit time. Comparison of the mean ecosystem C
transit time from 1982 to 2005 as estimated in this study with the
estimates from observation (Carvalhais et al., 2014) and simulated
C turnover time from CABLE. The grey area indicates the uncer-
tainty range of observation-based data. C transit time theoretically
equals C turnover time only at steady state. To ensure the compar-
ison is valid, we assumed, which is also assumed by some other
ecological studies (Trumbore, 2000), that ecosystem C cycle dur-
ing the data-covered period (1982 to 2005) is closed to the steady
state. In addition, the global C balance data also support our as-
sumption. In the 1980s and 1990s, global land C uptake from the
Global Carbon Project (GCP) is about 0.8 GtC yr−1 with an uncer-
tainty of 0.6 GtC yr−1, which is not significantly different from zero
(Le Quéré et al., 2018).

3 Results

3.1 Global steady-state patterns of ecosystem C transit
time

The global ecosystem C transit time at steady state gener-
ally shows a latitudinal variation pattern (Fig. 1). The high

values (greater than 70 years) are simulated not only in high-
latitude regions, such as northern Russia, northern Europe,
and northern Canada but also in high-altitude regions such as
the Tibetan Plateau. Small values in C transit time (less than
30 years) are simulated in tropical rainforest, such as Ama-
zon forest, Conga forest, and Indonesian forest. Ecosystem
C transit times in some grasslands in middle-south Africa,
south America, the southern Great Plains of the US, and cen-
tral northern Australia (savanna) are sometimes even smaller
than those in tropical forest. The spatial patterns of the mean
ecosystem C age are quite similar to the patterns of C tran-
sit time. However, the magnitude is significantly higher than
ecosystem C transit time. The mean ecosystem C age ranges
from 118 to 7952 years, whereas ecosystem C transit time
ranges only from 13 to 341 years.

The global latitudinal pattern of C transit time in 1982–
2005 is consistent with the observation-based pattern of
turnover time (Fig. 2). The latter is estimated at each grid cell
globally using the stock-over-flux method to divide ecosys-
tem C storage by GPP (Carvalhais et al., 2014). The magni-
tude of the estimate is mostly within the uncertainty range
of the observation-based pattern. We compare estimated C
transit time in 1982–2005 with the turnover time, partly to
match modelled values with contemporary observations and
partly due to the fact that terrestrial C cycle is still approxi-
mately at a quasi-steady state between 1982 and 2005. Over
the 1980s and 1990s, the annual average of global net land
carbon sink estimated from the Global Carbon Project (GCP)
is about 0.8 GtC yr−1 with an uncertainty of 0.6 GtC yr−1.
As a reference, the annual average of net land carbon sink
in the most recent decade (2007–2016) is 2.3 GtC yr−1 with
an uncertainty of 0.7 GtC yr−1 (Le Quéré et al., 2018). The
net change of global land carbon in the 1980s and 1990s is
not that significant, which indicates the land C cycle has not
moved too far away from the steady state. Moreover, the sim-
ulated latitudinal pattern of C transit time almost overlaps
with C turnover time, showing that C cycle is still near the
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Figure 3. CABLE simulates changes of global C transit time for
each of the three scenarios in (a) S1: climate warming scenario (red
line), S2: rising atmospheric [CO2] scenario (green line), and S3:
combined climate warming and rising atmospheric [CO2] scenario
(blue line). The changes in global ecosystem C transit time are sep-
arated into three contributions based on Eq. (6): contribution from
respired C composition change, contribution from C age structure
change, and residual (b–d).

steady state at present day. Annual C turnover time theoreti-
cally equals C transit time when the C cycle is close to steady
state (Sierra et al., 2016).

3.2 Responses of global mean C transit time to climate
change

In the 200-year simulation, mean global ecosystem C transit
time increases by 11.8 years in response to climate warm-
ing (S1) and decreases by 5.6 years in response to rising at-

mospheric [CO2] (S2) (Fig. 3a). When climate warming and
rising atmospheric [CO2] force together (S3), C transit time
decreases by 1.6 years. The increase in C transit time in S1 is
not significant in the 20th century but substantial in the 21st
century. Oppositely, the decrease in C transit time in S2 is
steady before 2060 but slows down afterward. Mean C tran-
sit time in S3 decreases but with a smaller magnitude than
that for S2 in the 21st century.

Across all three scenarios, the majority (over 93.4 %) of
changes in C transit time can be explained by two combined
changes in compartment C age structure and respired C com-
position. Changes in the compartment C age structure and
the respired C composition both significantly contribute to
the total change in global C transit time. However, the con-
tribution fraction varies among the three scenarios at differ-
ent times. In the climate warming scenario (S1), respired C
composition changes contribute about 70 % of the increase
in C transit time in the 21st century (Fig. 3b). In the ris-
ing atmospheric [CO2] scenario (S2), respired C composi-
tion change and C age structure change contribute equally
(Fig. 3c). When coupling climate warming and rising atmo-
spheric [CO2] together in S3, respired C composition change
significantly contributes only in the middle of the 200-year
simulation (around the year 2000) and a little at the end of
the 21st century. The contribution of C age structure change
to the change in C transit time gradually increases.

The increase in C transit time in the climate warming sce-
nario (S1) is the most significant from low-latitude regions
in South America and Africa (Fig. 4a). Respired C composi-
tion change explains most of these regional changes (Fig. 4c).
The decrease in C transit time in the rising atmospheric
[CO2] scenario (S2) is evenly simulated all over the world
(Fig. 4d). Respired C composition change also plays an im-
portant role in most regions except for North Africa with lit-
tle vegetation coverage. The C transit time in the combined
climate warming and rising atmospheric [CO2] scenario (S3)
mostly decreases in the Northern Hemisphere but increases
in some tropical grassland regions in South America and
Africa (Fig. 4g). In those regions where C transit time de-
creases, compartment C age structure change due to fresh C
replenishment explains most of the change in C transit time.

Note that the response under combined effects (S3) is not
a sum of those from individual effects (S1 plus S2). The non-
additive response to climate warming and rising atmospheric
[CO2] is probably due to their interactions, which have been
commonly found in many ecological studies (Norby and
Luo, 2004; Luo et al., 2008; Leuzinger et al., 2011; Campbell
et al., 1997; Zhang et al., 2016).

3.3 Global C turnover time and its deviation

Similar to the changes in C transit time, the global C turnover
time increases with climate warming and decreases with ris-
ing atmospheric [CO2] (Fig. 5a). However, the magnitude
substantially differs between these two methods (Figs. 3a,
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Figure 4. Global map of the change in C transit time in (a) S1: climate warming scenario, (d) S2: rising atmospheric [CO2] scenario, and
(g) S3: combined climate warming and rising atmospheric [CO2] scenario. In these three scenarios, contribution from C age structure change
and contribution from respired C composition change are also estimated in relation to the change in C transit time (S1: a and c; S2: e and f;
S3: h and i). The calculation of the contribution from C age structure change and contribution from respired C contribution change is based
on Eq. (6). The positive contribution indicates the C age structure change or composition change leads to C transit time change in the same
direction.

5a). In response to climate warming (S1), global ecosystem
C turnover time increases by only 2.4 years at the end of
the simulation, which is only one-fifth of the increase in C
transit time (11.8 years). In response to rising atmospheric
[CO2] (S2), global C turnover time decreases by 3.7 years,
whereas C transit time decreases by 5.6 years. In response
to the coupled scenario (S3) in which climate warming and
rising atmospheric [CO2] force together, global ecosystem C
turnover time decreases by 4.5 years, while C transit time
decreases by only 1.6 years.

In 1901, the global C turnover time is about 0.5 year
longer than the C transit time (Figs. 3a, 5a). Theoretically,
C turnover time equals transit time when land C cycle is
at steady state. The offset at the initial state of simulations
probably results from C seasonal cycles, which are not at
steady state. The underestimates of the change in C turnover
time relative to C transit time increase in the climate warm-
ing scenario (S1) by up to 9.4 years in the end of the 21st
century, which is 79.6 % of the total increase in C transit
time (Fig. 5b). In the rising atmospheric [CO2] scenario (S2),
the deviation constantly grows to about 1.9 years, 27.7 % of
the underestimated decrease in C turnover time. In the cli-

mate warming and rising atmospheric [CO2] scenario (S3),
the change in C turnover time is overestimated by 2.9 years
or 181.1 % relative to the change in C transit time in 2100
(Fig. 5b, c).

3.4 Latitudinal variation in C turnover time and its
deviation

Latitudinal patterns in C transit time and C turnover time at
the initial state in 1900 are nearly the same. Steady-state es-
timates are from 20 years in low latitudes and 100 years in
high latitudes (Fig. 6a, d). However, significant deviation still
exists in high latitudes (north of 60◦ N and south of 50◦ S)
(Fig. 6g) because seasonal soil freeze–thaw processes in this
region lead to a strong seasonal cycle of soil decomposition
and violate the steady-state assumption of the C turnover
time. The underestimates of C turnover time can be up to
10 years in high-latitude regions, which is about 8 % of C
transit time. In other areas, deviation of turnover time is less
than 0.5 years.

Changes in C turnover time and C transit time deviate
in different regions in response to climate warming (S1)
(Fig. 6b, c, e, f). In temperate and tropical regions, C tran-
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Figure 5. (a) Changes of global C turnover time (stock over flux)
in S1: climate warming scenario (red line), S2: rising atmospheric
[CO2] scenario (green line), and S3: combined climate warming and
rising atmospheric [CO2] scenario (blue line). (b) The deviation of
the change in C turnover time (1τto) is estimated relative to the
change in C transit time (1τts): (|1τto|−|1τts|). Positive indicates
more change in C turnover time than C transit time. The grey line
represents the reference of no deviation. (c) The relative deviation
of the change in C turnover time in the years 2000 and 2100 is also
estimated relative to the change in C transit time: (|1τto|−|1τts|)

|1τts|
×

100 %.

sit time significantly increases, while C turnover time also
increases but at a much smaller magnitude. In the tropics,
C transit time increases by 13 years in 2100, up to 60 % of
the initial value in 1900, whereas C turnover time increases
by only 2 years. In the high-latitude region, C transit time
slightly decreases (Fig. 6b and c) but C turnover time sig-
nificantly decreases by several decades in the high latitudes
(Fig. 6f). In some regions between 40 and 60◦ N, C transit
time increases but turnover time decreases in response to cli-
mate warming. C turnover time overall changes less than C
transit time in the S1 scenario. Warming-induced changes in
C turnover time are underestimated by 5 % at the high lati-

tudes of the Southern Hemisphere and up to 50 % at the low
latitudes (Fig. 6h), which ranges from 2 to 29 years (Fig. 6i).

In response to rising atmospheric [CO2] (S2), both C
turnover time and transit time decrease. The magnitude of
changes for both of them is generally greater at the mid-
latitudes than at either low or high latitudes (Fig. 6b, e). At
most latitudes, C turnover time decreases less than C transit
time, leading to a positive deviation (Fig. 6h, i). The devi-
ation of the change is higher in low than high latitudes. In
response to rising atmospheric [CO2], the underestimate of
the decrease in C turnover time is at most 2 years in absolute
deviation or 10 % in relative deviation (Fig. 6h, i).

In the climate warming and rising atmospheric [CO2] sce-
nario (S3), C turnover time and C transit time decrease at
most of the latitudinal regions except for some tropic areas
(Fig. b, 6c, e, f). The decrease in C turnover time is more
than that in C transit time (Fig. 6h, i). Especially in high lat-
itudes, the difference in changes is much more significant.
C turnover time is reduced by up to 3 decades (Fig. 6f) or
35 % (Fig. 6e), whereas C transit time shows nearly no rela-
tive changes. Deviation in these areas can be up to 27 years
(Fig. 6i).

4 Discussion

4.1 C transit time and its two components

Changes in C transit time can be explained by its two com-
ponents: the respired C composition and compartment C age
structure. The first component is to account for different con-
tributions of respired C from different pools to total ecosys-
tem C loss. Previous studies have demonstrated that path-
ways of respiring C from multiple compartments are variably
controlled by the global change factor (Luo et al., 2001). Re-
sults from this study provide more spatial details about where
C transit time changes due to respired C composition change.
For example, over 80 % of the increase in C transit time un-
der warming is explained by respired C composition change
in the South American grassland region (Fig. 4a). In contrast,
change in respired C composition only accounts for approxi-
mately 10 % of the increase in C transit time under warming
in the boreal and high-latitude regions of North America.

The second component is the C age structure, primarily
from change in mean C age of the individual pool modified
by the relative fraction of each pool. In the coupled climate
warming with rising atmospheric [CO2] scenario (S3), C age
structure change primarily contributes to the C transit time
response in most global regions in 2100 (Fig. 4h). In this sce-
nario, mean ecosystem C transit time decreases by 1.6 years.
The decrease in C transit time results from increased young
C uptake with rising atmospheric [CO2], which is more than
the increased young C loss with warming. A previous study
has also shown that models with multiple pools usually have
a more heterogeneous C age structure and thus can store
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Figure 6. (a) Latitudinal variation in C transit time (τtransit) at steady state and (b, c) its change are compared to (d–f) C turnover time
(τto). The changes between the 2090s and 1900s are estimated by (c, f) absolute value: 1τ = (τ2090s− τ1900s) and by (b, e) relative value:
1τr =

1τ
τ1900s

. (g) The deviation of C turnover time relative to C transit time is estimated by (τto−τts)/τts at steady state. Relative to C transit
time, the deviation of the change in C turnover time is estimated by (h) absolute deviation (|1τto| − |1τts|) and (i) relative deviation in
(|1τto|−|1τts|)
|1τts|

. All variables are compared in S1: only climate warming scenario (red line), S2: rising atmospheric [CO2] scenario (green
line), and S3: combined climate warming and rising atmospheric [CO2] scenario (blue line). Grey lines in (b), (c), (e), and (f) represent the
reference lines of no change and those in (h) and (i) represent the reference line of no deviation.
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extremely old C than a single pool model (Manzoni et al.,
2009).

4.2 Deviation arising from estimated C turnover time

C turnover time has been widely used to quantify the ecosys-
tem C cycle partly because both ecosystem C storage and
C flux can be easily measured (Sanderman et al., 2003;
Chen et al., 2013; Carvalhais et al., 2014; McCulley et al.,
2004; Raich and Schlesinger, 1992; Yan et al., 2017). The C
turnover time has been theoretically shown to equal C transit
time at steady state but they deviate under non-steady states
(Sierra et al., 2016). This study illustrates how much devia-
tion occurs between C transit time and C turnover time in re-
sponse to three scenarios of climate change. Our results show
that even at initial steady state, global ecosystem C turnover
time is slightly greater than C transit time by 3 %. This is be-
cause the steady state reached by spin-up does not mean the
terrestrial C cycle system is completely at equilibrium. Sea-
sonal variations in ecosystem C uptake and turnover still lead
to periodical oscillation of the terrestrial C cycle.

The deviation between C transit time and turnover time
also indicates to what extent that turnover time can properly
represent time characteristics in the C cycle. In the climate
warming and rising atmospheric [CO2] scenario (S3), the de-
viation does not increase significantly until 2050. The mod-
elled latitudinal pattern of present-day C transit time matches
the C turnover time estimated from observations well (Car-
valhais et al., 2014). This indicates that the stock-over-flux
estimates are still useful at present day. However, the devi-
ation between C transit time and turnover time remarkably
increases after 2050 (Fig. 5b). Then it requires caution when
we use the C turnover time for estimating C sequestration in
multiple compartmental ecosystems.

In transient state, the changes in C transit time and C
turnover time differ the most in the climate warming sce-
nario (S1). Tropical and high-latitude regions contribute the
most to the deviation (Fig. 6h, i). In tropical and subtropi-
cal regions, C transit time increases by about 60 % (Fig. 6b)
while C turnover time increases by 20 % or less (Fig. 6e).
The great difference between changes in C transit time and
turnover time is due to their different assumptions. In re-
sponse to climate warming, composition change in respired
C contributes most to the change in C transit time in tropical
regions. However, C turnover time assumes all ecosystem C
as one homogenous pool, even if both plant and soil C can
be extremely heterogeneous. This homogeneity assumption
ignores the composition changes in respired C, which causes
up to 80 % of change in C transit time.

In high-latitude regions, C transit time slightly decreases
by up to 10 %, whereas C turnover time considerably de-
creases by over 30 % in response to climate warming. Warm-
ing significantly increases soil respiration due to permafrost
thaw, whereas the change in permafrost ecosystem C pool
size is relatively small. Thus, C turnover time significantly

decreases. C transit time slowly responds to climate warming
because the young C input added to permafrost ecosystems is
relatively small compared to large C storage in this area and
C age structure does not change much. These big deviations
between C turnover time and C transit time in tropical and
permafrost regions suggest that future C cycle analysis based
on turnover time likely leads to strong deviations as it does
not represent transient C dynamics in multi-pool ecosystems.

4.3 C transit time versus turnover time under other
global change scenarios

This study has illustrated how C transit time and turnover
time deviate under climate warming and rising atmospheric
[CO2] scenarios. Those deviations may become even bigger
under other global change scenarios. For example, land use
change and fire can drive ecosystems out of steady state to
be at disequilibrium (Luo and Weng, 2011). Clear-cutting of
forest or forest fire removes at least the aboveground wood C
pools and thus greatly changes both the total C stock and
NPP, leading to a large change in C turnover time (Wang
et al., 1999; Zhou and Luo, 2008). Clear-cutting of forest
or forest fire also changes age structure and composition of
respired C from different pools within the ecosystem, result-
ing in change in C transit time. Such a disturbance usually
drives the ecosystem to a stronger degree of disequilibrium
than climate change does. The deviation between turnover
time and transit time should be bigger under a severe distur-
bance than climate change since our results have indicated
that C transit time and turnover time deviates more signifi-
cantly when an ecosystem is further away from equilibrium
(Fig. 5).

In contrast to the static vegetation distribution used in CA-
BLE, natural vegetation distribution may change over time
in the real world. C transit time and turnover time may fur-
ther deviate under natural vegetation dynamics. However,
whether forest will expand or die back in a future warming
world is still quite unknown. Previous studies come to var-
ious conclusions due to their focus on different areas with
different methods (Masek, 2001; Soja et al., 2007; Cox et al.,
2004, 2013). Nevertheless, most bioclimatic models consis-
tently suggest temperate and boreal biomes rapidly increase
in area under warming (Kirilenko and Solomon, 1998). If the
forest species, which stores more C in slow-turnover tissue,
takes over the grass species, which stores more C in fast-
turnover tissue, the expansion of forest may increase C transit
time significantly. However, C turnover time, by lumping all
different C compartments together, may underestimate such
changes.

In the real world, the land C cycle is always at dynamic
disequilibrium due to cyclic environmental conditions (e.g.
diurnal, seasonal, and interannual variability), directional
global change (e.g. climate warming, rising atmospheric
CO2 concentration, altered precipitation, and nitrogen de-
position), recursive disturbance–recovery cycles, shifted cli-
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matic and disturbance regimes, and vegetation changes (Luo
and Weng, 2011). Thus, the estimated C turnover time is ex-
pected to differ from the C transit time at any time point and
at any spatial location. The degree of deviation between C
turnover time and transit time may vary.

In addition to various agents that cause an ecosystem to be
at disequilibrium, deviation between estimated C transit time
and turnover time also depends on model structure. Verti-
cally resolved soil C models, for example, include vertical C
mixing and depth-dependent C decomposition rates (Koven
et al., 2013; Huang et al., 2018). Representation of vertically
resolved processes likely increases soil heterogeneity. When
warming induces deep soil thaw and increases deep soil de-
composition, the fraction of respired C from the deep layer
with old C increases. The C transit time together with a ver-
tically resolved model may substantially increase, whereas C
turnover time, which implicitly assumes the ecosystem to be
one homogeneous pool, may not respond much.

4.4 Estimation of C transit time in the real world

Previous studies have argued that C transit time is conceptu-
ally sounder than C turnover time (Rasmussen et al., 2016;
Sierra et al., 2016). In this study, we have shown that the
C turnover time can substantially deviate from the transit
time in response to climate change and other environmental
changes. However, C turnover time can be easily calculated
from C stock over flux, both of which can be easily mea-
sured. In contrast, C transit time cannot be easily estimated
from field measurements. Equation (5) indicates that we need
data from measurement of mean C ages (ai) and fractional
composition of respired C (fhr,i) in individual C pools in or-
der to calculate mean ecosystem C transit time (τ ts). Neither
ai nor fhr,i have been widely measured in field. Thus, our re-
search community faces a tremendous challenge to estimate
a conceptually sound and scientifically important parameter.

In the past, radiocarbon 14C has been used to quantify
mean C ages of various litter and soil pools (Gaudinski et
al., 2000). Measured soil respiration in response to elevated
CO2 treatment in Duke Forest has been decomposed to var-
ious fractional composition using a deconvolution method
or inverse analysis (Luo et al., 2001). It appears that esti-
mation of C transit time in real-world ecosystems requires
measurement of isotope signatures in different litter and soil
fractions together with measurement of respiration from soil
surface and soil components. Those measurements, together
with many other datasets, may need to be analysed to esti-
mate mean C ages, fractional composition of respired C in
individual C pools, and then mean ecosystem C transit time
(τ ts) using some innovative methods, such as data assimila-
tion.

Estimating C transit times in the real world can help con-
strain projections in land C sequestration because internal
timescales of the carbon cycle are a major source of model
uncertainty (Friend et al., 2014; He et al., 2016). Our study

has shown that the change in C transit time can be sepa-
rated into two components, C composition change and C
age change. Assessment of the two components would pro-
vide additional constraints on model projections. Many of the
ecosystem pools, such as leaf C, wood C, root C pool, litter C
pools, and soil C, can be measured separately. They provide
plenty of information to constrain ecosystem C composition
change. Isotope data from each of those ecosystem compo-
nents also can offer information to constrain the mean com-
partment age. Although discrete soil C pools may not be easy
to separate, many datasets from field and laboratory mea-
surements have been used to constrain multi-pool soil car-
bon models by using data assimilation techniques (Liang et
al., 2018; Xu et al., 2006). To constrain C transit time through
its two components with observation, modelled C cycle and
land C sequestration can be significantly improved.

5 Conclusions

This study explores how global ecosystem C transit time de-
viates from the turnover time under climate warming and
rising atmospheric [CO2]. Although both global ecosystem
C transit time and turnover time increase in response to cli-
mate warming and decrease in response to rising atmospheric
[CO2], their deviations increase with time in all three climate
change scenarios. In 2100, the deviations are high in tropical
regions under the climate warming scenario (S1) and rising
atmospheric [CO2] scenario (S2) and in high-latitude regions
under S1 and the combined change scenario (S3). Knowl-
edge about the deviation between C transit time and turnover
time in different regions under different scenarios (warming
and [CO2] rising) is useful for us to understand time charac-
teristics of the ecosystem carbon dynamics. When we lump
all pools and fluxes together to calculate turnover time by
stock over flux, the time characteristic is different from that
of transit time when individual pools and fluxes are consid-
ered within a networked compartmental system. Thus, our
results provide information on how turnover time in the fu-
ture could deviate from transit time in specific regions and
natural ecosystems under different climate change scenarios.

The changes in C transit time result from both the C age
structure changes and composition changes in respired C in
multi-pool ecosystems. The C age structure changes mainly
depend on young C replenishment from external C input.
The composition change is due to differential responses of
various C pools to climate warming and rising atmospheric
[CO2]. However, C turnover time assumes the ecosystem
to be one homogeneous pool, and it does not account for
changes in age structure and contribution fractions of differ-
ent pools to ecosystem respiration. Thus, C transit time is a
better parameter than C turnover time to characterize the C
cycle in multi-pool ecosystems, especially when they are at
transient states.
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However, C transit time cannot be easily measured be-
cause it requires information of the C age structure and com-
position of respired C. Both of them are usually not measur-
able in field studies. Radiocarbon 14C measurement in the
field has the potential to offer information on mean C ages
in various pools. It is not easy, either, to estimate contribu-
tion fractions of different pools from measured ecosystem
or soil respiration to respired C. We may have to combine
compartment models with different types of measurements
via data assimilation techniques to estimate both age struc-
ture and composition of respired C before we can estimate
ecosystem C transit time.
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