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Abstract. The seasonal changes in the globally averaged atmospheric carbon-dioxide concentrations reflect an

important aspect of the global carbon cycle: the gas exchange between the atmosphere and terrestrial biosphere|

The data on the globally averaged atmospheric carbon-dioxide concentrations, which are reported by Earth
System Research Laboratory of the US National Oceanic & Atmospheric Administration (NOAA/ESRL), could
be used to demonstrate the adequacy of the global carbon-cycle models. However, it was recently found that
the observed amplitude of seasonal variations in the atmospheric carbon-dioxide concentrations is higher than
simulated. In this paper, the factors that affect the amplitude of seasonal variations are explored using a carbon-
cycle model of reduced complexity. The model runs show that the low amplitude of the simulated seasonal
variations may result from underestimated effect of substrate limitation on the seasonal pattern of heterotrophic
respiration and from an underestimated magnitude of the annual gross primary production (GPP) in the terrestrial
ecosystems located to the north of 2&

1 Introduction brings bad news: the observed amplitude of seasonal varia-

tions in the atmospheric carbon storage is larger than simu
The global mean monthly atmospheric concentrations of carfated. Where does this discrepancy come from? According t
bon dioxide provided by NOAA/ESRLGonway and Tans  Chen(2011J), it comes from the “representation error” of ob-
2012 show that the carbon storage of the atmosphere unservation stations: “The apparent discrepancy between mo
dergoes regular seasonal changes. The amplitude of seasorgding results and observations results from the ‘representatid
variations in the atmospheric carbon storage puts certain corerror’ of observation stations'Ghen 2011). This assump-
straints on the choice of parameters in the models of thdion is challenged here by demonstrating that the discrepang
global carbon cycle and the joint carbon-climate models. Itcan be reconciled through model tuning.
would be natural to expect that models are tuned to repro-
duce the CQ growth curve — the basic scientific evidence
of global change — but this not the case. One may find pa? Methods
pers demonstrating that carbon-cycle models coupled with
atmospheric transport models could reproduce seasonal cy%-1 Net carbon exchange between the atmosphere and
cles of CQ concentrations at some locatiortdefmann et other pools
al., 1998 Dargaville et al. 2002 Randerson et /2009
Cadule et a].201Q Anav et al, 2013. However, it is dif-
ficult to find an article comparing simulated seasonal varia-The seasonal cycle of the atmospheric carbon storage r
tions in the atmospheric carbon storage with the globally av-flects the seasonal cycle of the net carbon exchange betwe
eraged monthly concentrations of carbon dioxide. A recenthe atmosphere and other pools. The detrended net exchan
article (Chen 2011 reporting the results of such comparison (Ng) could be derived from the detrended atmospherig

2.1.1 Observations
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carbon storage (dg, which, in turn, could be estimated

from the detrended globally averaged monthly concentra- -
tions of carbon dioxide at sea surfacg@O;]) reported

by NOAA/ESRL (Conway and Tans2012, assuming that :
dCy(m) =2.13x d[CO2](m). Since dG(m) is the value of 5
dC, in the middle of the month:, the value of dg at the &
beginning of the montln is calculated as the mean of its
values in the middle of this month and in the middle of
the preceding month; that is, as (gd@ — 1)+ dCy(m))/2,

and the value of dgat the end of the montl should be -3

calculated as the mean of its values in the middle of this

month and in the middle of the following month. Thatis, as T 5 . s ¢ o s o 10 11 12

(dCq(m) 4+ dCy(m + 1))/2. ThenNg(m) should be calculated month

as the difference between the value of,df the end of the

monthm and its value in the beginning of the month Figure 1. The seasonal cycle of the detrended net carbon exchange
between the atmosphere and other pools derived from globally av-

Na(m)zdca(m)+de(m+1) _dC‘,d(m—l) +dCa(m), (1) eraged monthly surface GQconcentrations in 1995-2005 (blue)

2 2 as compared to the detrended TransCom 3 seasongfl@O(or-

which gives ange) estimated from atmospheric inversiddarhey and Denning

2013.
dCi(m+1)—dCy(m—1
Ny 3G+ )2 Ca(m—1) @

The accuracy of monthly, estimates is determined by Scale models to reproduce land—atmosphere fluxes at local
the accuracy of monthly[CO»] estimates. Since monthly scale, the large size of the Fluxnet network makes it rea-
d[CO,] estimates are derived from local observations Sonable to use Fluxnet observations for estimafiagthis
(Masarie and Tansl999, the accuracy of monthly, es-  could be done by applying Masarie-Tans algoritiMagarie
timates depends on the adequacy of the observation networnd Tans 1995 or more complicated interpolation meth-
Besides, the “characteristic vertical mixing time of the tro- 0ds Jung et al. 2011). Global upscaling of local land-
posphere is little more than monttB¢lin, 1976, and hence  atmosphere fluxes is a fairly new direction of research that,
itis not clear if the monthly globally averaged concentration in the near future, may deliver the data sets that are needed
at sea surface provides a good approximation to the monthljor estimatingVa.
globally averaged concentration in the whole volume of the
earth’s atmosphere. 2.1.2 Modeling

Another method for estimatiny; (so-called inversion of
simulated tracer transport) is not based on the assumptio
that the atmosphere is well mixed vertically: mixing pro-
cesses are described using an atmospheric transport mode¥,,(m) = —GPRm) + Ra(m) + Rn(m) + va(m), (3)
This method is theoretically more sound, but fairly compli- ) )
cated. The estimates f, obtained using this method and Where GPPRa, and Ry are gross primary production, au-
various atmospheric transport models in the course of théotro_phlc respiration, and _heterotrophlc respiration of the ter-
TransCom 3 experimenGurney and Denning2013 are restrial ecosystems, ang is _net carbon exchange between
presented in Fig. 1 in the form of a box-and-whisker dia- "€ atmosphere and remaining carbon pools.
gram. A total of 12 atmospheric transport models were used | "€ Seasonal cycle of GPR,, and R is simulated here
in this experiment to assess sensitivity of the flux estimated!Sing the concepts of the MONTHLYC mod@dx, 1988
to the choice of transport modeB(@rney et al. 2004. Be- anq the global fields of monthly actual evapotranspiration
sides, a Carnegie—Ames—Stanford Approach (CASA) modefWillmott, 1983 and monthly air temperature¢emans and
of net ecosystem productioiRénderson et 311997 was  Cramer199]) gridded at a 0.5x 0.5 resolution.
used to keep the estimated fluxes within biogeochemically 1he seasonal cycle of GPP is determined in the MONTH-
realistic bounds. Thus obtained estimat¥g,, are not radi-  LYC model by the monthly actual evapotranspiration,

cally different from the estimates inferred from globally av- AET(m):

he monthlyN, estimates could be also calculated using the
ollowing equation:

eraged concentrations at sea surfa€gg but they have a AET(m)
great advantage: one may easily form an impression abodpPRM) = H—GPPa””’ (4)
the N,y accuracy from the box-and-whisker diagram. Y. AET(m)

In principle, N5 could also be derived from observations m=1

at Fluxnet sitesHalge et al. 2005. Although these obser- where GPRy,(the annual GPP) is derived from the Montreal
vations are used mainly for evaluating the ability of global NPP model.
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The Montreal net primary production (NPP) model relates
annual net primary production (NBR, in gCnr2yr-1)
to annual actual evapotranspiration (ARF in mmyr1)
(Box, 1988:
NPPann: 1350. <1 o 6—0‘0009695(AETann—20)> , (5)
and GPRynis derived from NPEh,using the empirical equa-
tion (Box, 1988:

which gives
GPRnn=1.8062: (AETann— 20), (7

where 1.8062 is the value characterizing the water-use effi
ciency (WUE) — the amount of GPP in gC produced per 1L
of the water transpired. Hence, the general form of this equa
tion is as follows:

The monthly values oRy in the MONTHLYC model are
T(m)—10
proportional toQ,,°  (Q10=2)
T(ni)o—lO
0
Ra(m) = 12 lOT(m)ilo Ra, ann (9)
Z Q]_O 10
m=1

whereT (m) is monthly air temperature anh, annis the an-
nual autotrophic respiration calculated as the difference be
tween GPByyand NPRnn

Ra, ann= GPRinn— NPPunn (10)

The monthly values of heterotrophic respiration from each
litter pool depend in the MONTHLYC model on the rates of
litter decay and the storage of litter:

Rn,i(m) =ri(m)s;(m), (11)

where the monthly values of decay rates are proportional to

monthly values of AET:

AET(m)
12
S AET(m)

m=1

ri(m) = Tai (12)

andry; depends on the annual amount of AEHok, 1989
as follows:

1.4553+0.0014175AETann

rai = rOai X 10_ (13)

The monthly values of litter storages satisfy the following
difference equations in the MONTHLYC model:

si(m 4+ 1) = s5;(m) + pi(m) — Rni (m), (14)

www.earth-syst-dynam.net/5/345/2014/
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/ r()dr = fﬂ r(t)dr. (18)
me1 > AET(m) o
m=1
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wherep; (m) is the input of organic matter to thiéh pool of
litter. They are found by iterations.

Up until now, all of the modeling formulation directly
follows Box (1988. Modifications that/ introduced to the
MONTHLYC model were as follows.

| use two pools: the pool of slowly decaying fractions and
the pool of quickly decaying fractions, whereBsx (1988
used three litter pools: above-ground true litter (mostly
leaves), root litter, and large woody debris (deadfall). The
annual heterotrophic respiration is thus divided into het-
erotrophic respiration related to slowly decaying fractions
of litter (Rn,¢) and that related to quickly decaying fractions
(Rn,g). The adequacy of this approach is discussed in th
Appendix Al.

The seasonal changes in the storage of slowly decayin
litter are small in comparison to its average value, and so th
seasonal cycle aky, sreflects that of the rate of decay, which

is assumed to be proportional to AR

AET(m)

Rh,s(m) = 12 Rh,s,ann (15)
3 AET(m)
m=1

and

Rh,s,ann= 1- ¢)NPPann (16)

whereg is the share of quickly decaying fractions in the lit-
terfall, andRn s anniS the part of heterotrophic respiration re-
lated to slowly decaying fractions of litter, which, in the case
of the detrended carbon cycle, is equal to the correspondin
part of NPRun.

The storage of quickly decaying fractions is sensitive
to the seasonal pattern of litterfall. Since deciduous tree
shed leaves at the end of growing season, the part of he
erotrophic respiration, which is related to quickly decaying
fractions, may depend on the substrate availability. The sea
sonal changes in the storage of quickly decaying fraction
of litter (s) are modeled here by the ordinary differential
equation:

ds

a = —r(t)s,
where r(¢) is the rate of litter decay, and is the time
elapsed since the end of growing season. The funetion
is a periodical continuous function(r + 12)=r(¢), the av-
erage value of which during the monthis proportional to
monthly values of AET:

(17)
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Figure 2. Seasonal cycle of the gross primary production (GPP), as
calculated using Egs. (4)—(7). ronth
Figure 3. The seasonal cycle 0fNamoeq (blue) for
) . WUE=1.8gCL1, 010=2.0, and ¢ =0, as compared to
If litterfall occurs only at the end of growing season, then ihe detrended TransCom 3 seasonahQiDx (orange) estimated

5(0)=s(12)+ p, wherep is equal tap - NPPapn. In this case,  from atmospheric inversionS{rney and Denning013.

¢ -NPPyn  —[rind season may occur due to the lack of precipitation, e.g., when

s(n) = 12 4 ¢ ’ (19) monthly AET drops below 20 mm month.
1_;{“” ' GPP, Ry, and Ry are the major drivers of the seasonal

changes in the atmospheric carbon storage. The amplitude
wheren is the number of months elapsed since the end ofof seasonal changes in the carbon exchange between the at-
growing season. mosphere and the ocean is relatively small (€gen 2011).

The growing season ends at different times in differentThe same can be said about the seasonal changes in the emis-
places, and hence, to calculate a given monthn atagiven  sions from fossil fuels burning. Hence, one could assume that
location, one should know in which monting, the growing Nz modm) = —GPPn) + Ra(m) + Rn s(m) + Rng(m) may
season ends at this locationzif> mo, thenn =m —mg, and  give a good approximation af, (m) under some choice of
the storage of quickly decaying litter in a given months ¢, WUE, andQ1¢ values. This assumption was tested by nu-
calculated using the equation merical experiments. The results are discussed below.

m

. — [ r(t)dt
¢-NPPan A .

s (m, mg) = e (20) 3 Results and discussion
1—e mfo rod The global monthly GPP, calculated using Egs. (4)—(7), has a
peak when botivV, y andNa shave a dip (Figs. 1-2), support-
If m <mo, thenn =12+m —mo, ands(m, mo) is calcu-  ing the view that seasonal cycle of the globally averaged at-
lated as follows: mospheric C@ concentration at sea surface reflects the sea-
w12 sonality of plant activity Keeling et al, 1996. The effect of
¢ -NPPapn — [ r@ad GPP is reduced, however, by autotrophic respiratiy) that
s (m;mo) = ——— ———e "0 . (21)  has a peak in the same month as GPP. The part of the het-
- [ rd erotrophic respiration that results from the decay of slowly
1—e ™0 decaying fractions of littergy, o) also has a peak at the same

Consequently, heterotrophic respiration related to decomMonth as GPP. Consequently, the amplitude of the seasonal
position of quickly decaying litter is calculated using the fol- €Nanges iNVamodcould be very narrow if compared to that

lowing equations: of Na (Fig. 3). _
The discrepancy between the amplitude of the seasonal

Rn,g(m) = s (m — 1; mq) — s (m; mo), (22) changes inNamod and that of N3y can be reconciled by
increasing WUE, decreasin@1o, and increasingp. The
where the geographic distribution af is derived from the  “true” values of these model coefficients are not known, but
assumption that the growing season in the deciduous foresthey should fall within empirically established, or widely ac-
of the Northern Hemisphere normally ends when monthly aircepted, boundslasechko et a[2013 estimated the global
temperature drops below 2Q (that is, in September or Oc- WUE of the terrestrial biosphere to be 3.9 mmol CQ
tober), and that, in some other ecoregions, the end of growinger mol HO, which corresponds to the range from 1.5 to
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2.7 gC per liter of water and suggests that 2.7 gC per liter of
water can be taken as the highest possible estimate of WUE T I T T
Zhao and Runnin¢2011) used 1.4 as the lowest possible es- 1 /fN /‘ﬂj\i\l
timate of Q10. The highest possible estimategtannot ex- - ;\\ /

ceed the share of herbaceous fractions in the litterfall, WhICh
varies from 0.3 in forests to 0.9 in grasslanésger 1984).
Parton et al(1987) divided herbaceous litter into the pool of

0

-1

GtC/m
///J
_[
<L
l_

Flux,

structural C, the residence time of which is 3 years, and the~ \L /J-

pool of metabolic C, the residence time of which is 0.5 years. “/

Hence, the highest possible estimatepafannot exceed the -3 /

share of herbaceous fractions in the litterfall multiplied by

the share of metabolic C compounds in the herbaceous lit- T 2 3 2 5 6 7 & 9 10 11 12
ter. The latter depends on lignin/nitrogen ratio, and thus month

could be very small in evergreen needleleaf forests. More-
over, Parton et al(1987 assumed that only 55 % of carbon Figure - 4. Thel seasonal cycle ofNamod (green) for
is released to the atmosphere in course of fresh litter decomthui t2 7dg%"T ' cho ;4 and ‘bl cr?)z as comp?redttg
position, whereas 45 % go to the pools of soil organic matter froem aetrrr?(?ssheng?;eggn Qzerszgr?nz Dgﬂﬁ?:}‘;‘gg estimate
Thus, the possible values ¢fcould range from 0.1 to 0.3,
depending on the share of land covered by grasslands and
broadleaf forests. Numerical experiments show that the am-
plitude of the seasonal changesNa modcan be roughly the
same as the amplitude of the seasonal chang#s yjyunder  Oikawsg 2002 Eliseey 2011) often deal with such compo-
some values of WUEQ 10, and¢ that fall within the bounds  nents as coarse woody debris, fine woody debris, leaf debri
mentioned above (Fig. 4). and so on. In this study, all litter components were aggre
This result demonstrates that amplitude of the seasonal cygated in two pools: slowly decaying fractions and quickly
cle of the globally averaged monthly surface concentrationdecaying fractions. The conceptual validity of this approach
of carbon dioxide reported by NOAA/ESRL could be simu- is explained in the Appendix Al. The pool of quickly decay-
lated with a carbon-cycle model. The simplicity of the model ing fractions is assumed to be refilled once per year (Fig. 5
that is used in this study may raise doubts on its validity. Al- and depleted in summer. During the period of the pool de
though the doubts of this sort are difficult to dispel due to thepletion, heterotrophs decomposing quickly decaying frac
lack of standardized tools needed for adequate model evaluions become substrate-limited. This causes a decrease
ation (Alexandrov et al.2011), the usage of the model could monthly heterotrophic respiration below that expected from
be legitimated as follows. a model that does not take into account the effects of suh
The purpose of the study is to understand the behavior oftrate availability. The decrease, which is referred to as sufg
more complex models. Model complexity poses an obstaclestrate limitation Randerson et gl.1996, depends on the
for diagnosing the sources of discrepancy between modethare of quickly decaying fractions in the litterfall. Hence,
predictions and observationXia et al. (2013 show that the share of quickly decaying fractions in the litterfall is one
one can overcome this obstacle by decomposing a complegf the parameters of the complex models of carbon cycle thg
model into traceable components. Another approach is to usare responsible for the amplitude of the simulated season
minimal models; that is, to use the models of reduced com-changes invs.
plexity, which are designed to explain only certain aspects Another important factor is the annual magnitude of
of a system [Evans et al.2013. Many aspects of complex the terrestrial GPPBeer et al. (2010 estimated it at
model behavior are beyond the scope of this study. Amongl23+ 8 GtCyr-L. This estimate is close to the estimate that
them are the increasing amplitude of the seasonal changesan be obtained with the MONTHLYC model for the origi-
in the globally averaged monthly concentrations of carbonnal setting of WUE: Eq. (7) gives 129 GtCx. If WUE is
dioxide (Graven et a.2013 and the spatial distribution of setat2.7gCL, Eq. (8) gives 193 GtC/year. The highest pos
soil carbon Todd-Brown et al. 2013. The version of the sible estimate of the terrestrial GPP could be assessed usi
MONTHLYC model is used as a minimal model; that is, it is the Osnabruck collection of data on NAEséer et a).2000.
used merely to explore the factors that affect the amplitudeThe analysis of these data impliesléxandrov et al.1999

of seasonal changes M. that the 90 % confidence interval for the estimate of the tert

One of these factors is substrate limitation, which may berestrial NPP is 52—81 GtC yt. Given that GPP is often es-
caused by the shift between the phase of NPP seasonal cyctenated by doubling NPP, one may conclude that the highes
and the seasonal cycle of litterfall production. The modelspossible estimate of the terrestrial GPP should not excee
and submodels of litterfall production (e.anderson etgl. 160 GtCyr!. The annual magnitude of the terrestrial GPP,
1996 Potter et al. 1993 Box, 1988 Essey 1987 Ito and perhaps, need not be set at 193 GtClyin more complex
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Figure 5. The month at which deciduous trees supposedly shed leaves due to the end of growing season.

models in which WUE may vary depending on the vegeta- 100
tion type and the phase of the growing season. 50 ‘

The data on seasonal changes in NEE (net ecosystem ex- E — J\-
change) observed on Fluxnet sitéslge et al.2005 allows g_ 0 ‘\\J / —
us to see whether the model applied at the global scale canre- £ 59
produce the seasonal cycle of local NEE. The results of sim- % \/
ulations for the “Hesse Forest” site ((HE99_dc_u0_mm.flx|), Z?v -100
presented in Fig. 6, show that the model can reproduce a large -150

part of the amplitude of the NEE seasonal cycle if the model 0 2 4 6 8 10 12

coefficients are set at the values that are used to reproduce

the seasonal cycle of the globally averagec,C& the same

time, Fig. 6 shows that setting WUE at a constant value overrigure 6. The seasonal cycle of the locaNamog for

the whole year may underestimate GPP at the beginning ofyUE=2.7gC L1, 01p=1.4, and$ =0.2 (green) as compared

the growing season. that for WUE=1.8gCL™1, 019=2.0, and¢ =0 (blue) and to
The results of the TransCom 3 experime@tuney et al.  the detrended NEE observed at the “Hesse Forest” site of Fluxnet

20049 allow us to evaluate the ability of the model to repro- (orange).

duce the seasonal cycle of regional carbon fluxes. As can be

seen in Fig. 7, setting WUE (and other model coefficients)

at globally uniform value puts limitations on the domain of “Owing to limited CQ» observations, tropical regions, partic-
model application. ularly over land, show considerable uncertainty and may con-
For northern regions (Europe, boreal North America, andtain unrealistic seasonal swings in flux due to unconstrained
boreal Asia), the “green” version of the model (i.e., the ver- adjustments to maintain the global mass balance constraint”
sion in which WUE=2.7gCL™%, Q10=1.4, and$=0.2)  (Gurney et al.2004).
fits the results of the TransCom 3 experiment better than The model coefficients should be set on a regional basis
the “blue” version of the model does (i.e., the version in to reproduce the seasonal cycle of regional carbon fluxes.
which WUE=1.8gC L%, 010=2.0, andp =0). However,  This is a conclusion that can be drawn from Fig. 7. How-
for South and North Africa, the “blue” version outperforms ever, it would be wrong to assume that setting model coeffi-
the “green” version. It also outperforms the “green” ver- cients on a regional basis would lead to dramatic changes in
sion for South America. As for tropical Asia, both the green Namoa The amplitude of seasonal changes in the total flux
curve and blue curve fall within the wide range of uncertainty from Africa, South America, tropical America, tropical Asia,
in TransCom’s estimates, which is explained as follows:and Australia is much smaller than that of the total flux from

month
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GtC/m

Flux, GtC/m
|

Boreal
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'
=)
o

Temperate
N. America

0.6 i
S. Africa S. America

lux, GtC/m

Flux, GtC/m

month month month

Figure 7. The seasonal cycle of the regionslh mod for WUE=2.79C L1, 010=1.4, and$ =0.2 (green) as compared to that for
WUE=1.89gC ) 010=2.0, andp =0 (blue), and to the detrended TransCom 3 seasonalfldf® (orange) estimated from atmospheric
inversions Gurney and Dennin@013.

Europe, non-tropical North America, and non-tropical Asia. 4 Conclusions
There is no need to raise WUE of the tropical and Southern . _
Hemisphere ecosystems. It can be kept at 1.8gE€ Bince ~ The amplitude of seasonal changes in the globally averagsg
most seasonal changesin,, can be attributed to seasonal atmospheric C@concentrations at sea surface characterize
changes in NEE in the ecosystems located to the north ofth important aspect of the global carbon cycle. The fact thg
25N, the amplitude ofVamoeg can be increased by raising @ complex carbon-cycle model cannot reproduceChe(n
WUE of these ecosystems. 201]) raises the question about the adequacy of this and oth¢

The hypothesis that productivity of these ecosystems ignodels. Comp_lexity makes it difficult to trace a mode_:l inade-_
currently underestimated and the hypothesis about the imporquacy back to its source. Therefore, the model that is used i
tance of substrate limitation are not mutually independentthis study omits many important details for the sake of con;
The recent studies on microbial priming of soil organic mat- ceptual clarity. This allows us to reveal potential shortcom;
ter decompositionHeimann and Reichsteir2008 Luo et ings. The low amplitude may result from underestimated ant
al,, 2011 Qiao et al, 2014 reveal the link between produc- nual magnitude of GPP in the terrestrial ecosystems locatg
tivity and substrate limitation: increase in quickly decaying to the north of 25N and from underestimated effect of sub;
litterfall accelerates decomposition of “old” soil carbon. strate limitation. The effect of substrate limitation could be

Microbial priming of soil organic matter decomposition is 10st if model structure does not include the pool of litterfall
one of the important mechanisms and processes that have ntigctions, which are fully decomposed within a year. Such
received proper attention in this study due to limitations of deficiency can be corrected through modeling the seasong
the MONTHLYC model. Hopefully, they will be addressed pattern of the herbaceous litterfall and estimating the share ¢
in further studies in which more detailed models will be usedquickly decaying fractions in the herbaceous litterfall. As for

to test working hypotheses proposed in this paper. the possible underestimation of GPP, this is a problem tha
cannot be resolved without reanalysis of all available data o

GPP and NPP.
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Appendix A: Aggregation of litter pools if the sum of the all inputs to this pool undergoes severe sea-
sonal changes. Such pools can be aggregated into a pool of
The model adequacy cannot be assessed without due regag@iickly decaying organic matter, and the other pools can be
to the context within which the model is used. The complex- aggregated into the pool of slowly decaying organic matter
ity of a detailed model can be significantly reduced if the with little loss of accuracy.
model is applied to the ecosystem where the annual mean For example, let us consider the Century modRarton et
of the carbon stock in each carbon pool is constant. Theal, 1987. The Century model incorporates five pools of car-
carbon flow through the pools can be represented as a stgon: metabolic C, structural C, active soil C, slow soil C,
tionary Markov chain in such cases. The pools correspond téind passive soil C. The residence time of metabolic C is
the states of the Markov chain. The probability of single-stepless than 0.5 years. The residence times of other pools are
transition from statg to state/ is equal to greater than 1.5 years (25 years in the case of slow soil C,
. and 1000 years in the case of passive soil C). Hence, signifi-
qgij = nf” , cant seasonal depletion of carbon stock may occur only in the
> fij pool of metabolic C. Other pools may be aggregated into the
i=1 pool of slowly decaying organic matter. The aggregation will
have no effect on the seasonal changes in the heterotrophic
respiration from these pools if the monthly rates of decay are
proportional to monthly AET:

wheref;; is the carbon flow from thé¢th pool to the'th pool.
The average time that carbon that resides injthepool
spends in théth pool before returning to the atmosphere is

determined as followd pgofet and Alexandrov1984): 5. AET(m) AET(m) &
X Rh,s(m) = Z T raisi = ], Zra,isi

lij = ———4ij> =2 5" AET(m) > AET(m) =2

Z fij m=1 m=1

j=1 _ AET(m)

. . = 12—”a,993,

wherey; is the steady-state carbon stock in thiepool, and S AET(m)
qi; is the element of the matrix < Q)~2, wherel is the m=1

identity matrix andQ = (g;;)- h
The seasonal depletion of the carbon stock can be signifi\—N ere

cant in the pool, where 5 5 s
1

) Ss = E Si; Fas= E Tai—.
Xi i=2 i=2 Ss

i fij
j=1

<1
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