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The substitution of high-resolution terrestrial biosphere
models and carbon sequestration in response

to changing CO; and climate

Robert Meyer!, Fortunat Joos!, G. Esser?, M. Heimann?, G. Hooss?*, G.

Kohlmaier®, W. Sauf*, R. Voss?, U. Wittenberg?

Abstract. Strategies are developed to analyze and represent spatially resolved bio-
sphere models for carbon sequestration in response to changes in atmospheric CO2
and climate by reduced-form, substitute models. We explore the High-Resolution
Terrestrial Biosphere Model as implemented in the Community Terrestrial Bio-
sphere Model (HRBM/CTBM), the Frankfurt Biosphere Model (FBM), and the
box-type biosphere of the Bern model. Storage by COa fertilization is described
by combining analytical representations of (1) net primary productivity (NPP)
as a function of atmospheric CO9 and (2) a decay impulse response function to

characterize the timescales of biospheric carbon turnover.
investigated for the HRBM/CTBM.

response to global warming is

Storage in

The relation between the evolution of radiative forcing and climate change is
expressed by a combination of impulse response functions and empirical orthogonal
functions extracted from results of the European Center/Hamburg (ECHAMS3)
coupled atmosphere-ocean general circulation model. A box-type, differential-
analogue substitute model is developed to represent global carbon storage of the
HRBM/CTBM in response to regional changes in Temperature, Precepitation and

cloud cover.

The substitute models represent the spatially resolved models accurately

and cost-efficiently for carbon sequestration in response to changes in CO5 or in CO
and climate and for simulations of the global isotopic signals. Deviations in carbon
uptake simulated by the spatially resolved models and their substitutes are less

than a few percent.

1. Introduction

Complex models with high spatial resolution repre-
senting the terrestrial carbon cycle [e.g., Cao and
Woodward, 1998; Esser, 1987; Hazxeltine and Prentice,
1996; Heimann, 1998; Janecek et al., 1989; McGuire
et al., 1992; Melillo et al., 1993; Potter et al., 1993,
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Prentice et al., 1992], the oceanic carbon cycle [e.g.,
Maier-Reimer and Hasselmann, 1987; Sarmiento et al.,
1992; Orr, 1999], or the coupled atmosphere-ocean cli-
mate system [e.g., Kattenberg et al., 1996] are used to
simulate the links between anthropogenic carbon emis-
sions, the oceanic and terrestrial carbon sinks, atmo-
spheric CO2, and global warming. Simulations with
complex, spatially resolved models require a consider-
able amount of computing time, which, in practice, lim-
its their application. However, once complex models
or model components have been developed, the poten-
tial exists to represent their behavior by reduced-form,
substitute models (SMs). Recently, the traditional lin-
ear impulse response function approach [e.g., Siegen-
thaler and Oeschger, 1978; Oeschger and Heimann,
1983; Maier-Reimer and Hasselmann, 1987; Sarmiento
et al., 1992; Enting et al., 1994; Hasselmann et al., 1996]
has been extended to include nonlinear elements [Joos
et al., 1996; Joos and Bruno, 1996; Thompson and Ran-
derson, 1999; Hooss et al., 1999] to permit applications
of SMs over a wider range of boundary conditions. SMs
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of the complex models are not intended to capture all
aspects of complex models, but they are intended as
convenient and cost-efficient tools to represent the com-
plex models’ response to changes in certain key vari-
ables. SMs can also be combined to a comprehensive,
albeit simplified, models of the Earth system.

SMs permit important calculations and provide valu-
able insights. Key processes are described in a compact
form that simplifies their analysis [e.g., Joos et al.,
1996; Bolker et al., 1998; Thompson and Randerson,
1999]. Nonlinear SMs of the carbon cycle have been ap-
plied in Monte Carlo analyses to assess the uncertainties
in reconstructions of the oceanic and terrestrial carbon
sinks based on the atmospheric CO5 and §3C record
[Bruno and Joos, 1997; Indermiihle, 1999; Joos et al., 99
a]. The Monte Carlo analyses have required simulations
of several million model years that would not have been
feasible with a complex model. SMs of the carbon cycle
and the climate system were coupled to formulations de-
scribing the economic system in integrated assessment
studies to investigate optimal emission pathways [e.g.,
Hasselmann et al., 1996; Joos et al., 99 b]. Such opti-
mizations require many model iterations, which would
be prohibitively expensive with complex models. Non-
linear SMs have been used for projections of future at-
mospheric CO5 and global warming from anthropogenic
carbon emissions requiring the coupling of biogeochem-
ical and climate model components [Joos and Bruno,
1996; Schimel et al., 1996; Schimel et al., 1997; Hooss
et al., 1999].

Nonlinear SMs have been developed for a hierar-
chy of ocean carbon cycle models [Joos et al., 1996;
Hooss et al., 1999]. However, nonlinear SMs of ter-
restrial carbon cycle models are scarce [Joos et al.,
1996; Thompson and Randerson, 1999]. To fill this gap,
we present in this paper SMs for the spatially resolved
High-Resolution Biosphere Model (HRBM)  [Esser,
1987; Esser, 1991; Esser et al., 1994; Wittenberg and
FEsser, 1997; Heimann, 1998; Kicklighter, 1999] and the
Frankfurt Biosphere Model (FBM) [Janecek et al.,
1989; Kindermann, 1993; Kohlmaier, 1997; Kohlmaier
et al., 1998; Lideke, 1994; Liideke et al., 1995]. In ad-
dition, we will compare our results with those obtained
with the box-type biosphere of the Bern model [Siegen-
thaler and Oeschger, 1987; Siegenthaler and Joos, 1992;
Joos et al., 1996]. In this article, we show that terres-
trial models can be simplified drastically while preserv-
ing their essential dynamics. We represent the response
of a spatially resolved model to changes in CO2 and cli-
mate by a few equations only and validate the SMs for
all the characteristic timescales of the model.

Terrestrial carbon storage is influenced by a number
of processes that interact in a complex way [Schimel
et al., 1994 a, b]. The interplay between deforesta-
tion and land use changes, increasing atmospheric COs,

nutrient availability, climate change, the frequency of
fires and other disturbances, species composition feed-
back and other factors modify terrestrial carbon stor-
age. The models included in the present study are
of intermediate complexity in that many of these pro-
cesses are represented only in a highly parameterized
form. Nevertheless, the models are able to simulate
the basic features of the terrestrial carbon cycle (e.g.
the large scale geographic distribution of Net Primary
Productivity (NPP) [Cramer et al., 1999] and terres-
trial carbon stocks, seasonal cycle of carbon exchanges
[Heimann, 1998; Nemry et al., 1999], and uptake of ex-
cess carbon induced by the rise in atmospheric CO,
[Kicklighter, 1999]). Models that describe the terres-
trial processes more comprehensively are presently still
under development. For example, first results with dy-
namic vegetation models that address the species com-
position feedbacks are just emerging (http://www.pik-
potsdam.de/posters.htm).

In this study, we consider carbon storage in response
to increasing CO2 and climate only. The COg fertil-
ization effect is the dominant process for the sequestra-
tion of anthropogenic carbon in the considered models
in which biome composition and distribution are kept
constant. For example, projected changes in climate off-
set the carbon sequestration due to COs fertilization by
~20% in the HRBM/CTBM for a scenario where atmo-
spheric CO2 is quadrupled and temperature increased
by 5°C relative to the preindustrial level.

Our strategy to map the spatially-resolved HRBM
and FBM models builds upon the following elements:
(1) In a first step, we consider terrestrial carbon uptake
in response to rising CO2 only. This allows us to apply
a nonlinear impulse response technique that was previ-
ously used to build SMs for ocean carbon models and
box-type terrestrial models [Joos et al., 1996]. (2) We
reformulate the SM based on an impulse response func-
tion as a box-type differential-analogue model to map
the response in carbon storage of the spatially resolved
HRBM/CTBM to both increasing CO, and climate
change (temperature, precipitation, and cloudiness).
(3) We apply empirical orthogonal functions (EOFs)
and principal components (PCs) extracted from a sce-
nario run with the European Center/Hamburg Model
3 /Large Scale Geostrophic coupled (ECHAM3/LSG)
atmosphere-ocean general circulation model (AOGCM)
[Hooss et al., 1999] to determine the relation between
radiative forcing, climate change, and terrestrial carbon
storage.

1. The dynamics of a linear and time-invariant sys-
tem are fully characterized by its impulse response
function (IRF) (also termed pulse response function,
Green’s function, kernel function, or fundamental solu-
tion). The biospheric response to CO. fertilization is
dictated by the increase in primary productivity and
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the timescales of carbon overturning. For constant cli-
mate conditions, terrestrial carbon overturning is often
described by linear or approximately linear functions
of carbon stocks. Therefore its dynamics can be cap-
tured by an IRF. On the other hand, primary produc-
tivity depends in a nonlinear way on atmospheric COs.
Combining both the IRF and the nonlinear productiv-
ity function as determined from the spatially resolved
models yields an impulse response function substitute
model (IRF SM) for CO, fertilization.

The impulse technique has distinct advantages. It
provides quantitative measures to analyze key terres-
trial processes for carbon sequestration and to compare
and evaluate the dynamics of terrestrial models on a
global scale. We provide simple analytical functions for
the dependence of primary productivity on atmospheric
CO2 and for the IRFs that qualify the timescales of
carbon overturning (see Bolin and Rodhe [1973] for an
overview).

2. Changes in temperature 7T, and precipitation
P affect local and global respiration in a nonlinear
way. Thus, under changing climate, the respiration
is not simply a linear function of carbon stocks and
the IRF concept is not applicable. In order to circum-
vent this limitation, we mapped the spatially resolved
HRBM/CTBM onto a global box model. Thereby the
dependence of respiration on the T and P fields is ap-
proximated by rate coefficients that depend exponen-
tially on global average surface temperature. This ap-
proach yields an effective global Q19 factor as a measure
for the decrease in the average overturning time of the
total carbon stock. The effective Q1o factor results from
all the local grid-cell responses in productivity and res-
piration to local changes in the climate variables.

3. The spatiotemporal response of an AOGCM to an
increase in radiative forcing can be captured by a com-
bination of IRFs [Joos and Bruno, 1996; Hasselmann
et al., 1996] that takes into account the inertia of the
climate system and EOFs that describe the spatial pat-
terns of climate change [Hooss et al., 1999]. Such a rep-
resentation provides a simple approximation to the re-
sults of the spatially resolved AOGCM that can be eas-
ily incorporated into SMs. Here we have applied results
of Hooss et al. [1999] to force the HRBM/CTBM biota
model to investigate its response to climate change.

In conclusion, our attempt is to build biospheric SMs
that are simple, cost-efficient, and accurate representa-
tions of the spatially resolved model for terrestrial car-
bon storage by CO» fertilization and carbon release in
response to global warming.

2. Model Description
2.1. Nonlinear Biospheric IRF Substitute
Model

To introduce the basic IRF concept, we consider first
the substitution of a simple linear differential-analogue

model. The box model may represent, for example, a
grid cell of the spatially resolved model or the global
land biota. The net flux of carbon into the biosphere
fab net, i-€., net ecosystem production (NEP), is viewed
as the difference between the flux into the biosphere
by primary productivity, fprod, and the flux leaving the
biosphere due to respiration of organic material, fresp,
that may also include the oxidation of organic matter by
fire. We subtract the steady state fluxes and consider
the perturbations relative to steady state as indicated
by the A symbol:

fab,net = Afprod - Afresp (1)

We use a "decay” IRF, Tqecay, to describe how long
assimilated carbon remains in the biosphere and to cal-
culate the respiration flux. Given a unit § impulse of
carbon input at time t', the value of Tqecay after some
time interval ¢ — ¢’ is the fraction of the impulse that
is currently being released at time ¢. The functional
form of Tqecay can be obtained simply by monitoring the
model’s respiration of carbon that was added by such
an impulse to the assimilating pools. The box model
can be substituted by

fab,net (t) - Afprod (t)
t
- A fprod (tl)rdecay (t— t')dt' (2)

to

In practice, the integral describing respiration is solved
as a sum using time intervals dt' of 1 year, thereby ne-
glecting seasonality. Then, the annual decay at year ¢
is the sum of all earlier (surplus) annual productions
Afproa(t') that are multiplied by the fraction that is
respired at year t, i.e., the value of the decay IRF rgecay
at age t — t'. The time %, where the integration is
started, refers to a time prior to the first perturbation
in productivity, e.g., the preindustrial equilibrium. This
approach is exact when the dynamics of internal carbon
turnover and respiration are linear and time invariant.
The productivity that is usually a nonlinear function,
e.g., of atmospheric CO-, is described by a separate
equation.

Equation (2) is also applicable for the carbon isotopes
13C and C . For example, the biospheric uptake of
radiocarbon is

l4fab,net (t) = A14fprod (t)

t
- AMfooa(t) e ) rgocay (b — 1) dt'(3)
to

Radioactive decay is taken into account in the respira-
tion term; A is the radioactive decay rate (1/8267 years)
for 14C .

The 'C flux into the biosphere, A f;,r04, is the prod-
uct of the 2C flux (fprod), the atmospheric isotopic ra-
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tio R, and the fractionation factor for the photosyn-
thesis process (**a,,) [Farquhar et al., 1989]. Splitting
fprod in an equilibrium fiux (fprod,0) and a perturbative
flux [A foroa(t)] yields

AMfProd(t) = (fprod,O + Afprod(t)) 14aa,b14Ra (t)

—  forodo aay " Ra(to) (4)
Next, we extend the approach to spatiaily resoived mod-
els. The global perturbation in productivity, AFpreq, is

\ (=N
) \v)

where A fprod,; is the pertu
tivity for grid cell ¢ and the sum is over a
global perturbation in respiration, AF;esp, is dehned as
the sum over all grid cells of the difference between cur-
rent and unperturbed (preindustrial) respiration flux:

resp / Z Afprod i I ) ri(t— t' )d (6)
to

i

where r; is the decay IRF for grid cell i. Again, the
dynamics of carbon overturning at each grid point are
assumed to be (approximately) linear and time invari-
ant. Equation (6) is transformed into the form of (2) by
the scale factor AFj,;oq representing the perturbation in
global primary productivity:

AFiesp(t)

= tAFpmd(tl)( Afpmd’i(t—,)’”i(t—t')) dt'(7)
to i

AFpr0a(t!)

t
AFprod(t')Rdecay (t - tl)dtl (8)

to

We identify the term in brackets in (7) as the IRF de-
scribing global average decay, Rgecay. Rdecay iS com-
puted as average of the local decay functions weighted
by the local relative contributions to the total produc-
tivity perturbations, A fprod,i/AFproa as weights.

In general, productivities and the weights are time
dependent. Then, the productivity-weighted global av-
erage IRF is not simply a function of the age difference
t — t' but also varies through time. However, as long
as the relative contributions of local productivity fluxes
to the total productivity do not change significantly,
(7) can be approximated by using a single global decay
IRF, Rdecay, as shown in (8).

In summary, we will use two elements to build a non-
linear IRF SM for CO,, fertilization in spatially resolved
biota models: (1) a relation linking the global produc-
tivity to atmospheric COy and (2) a globally averaged,
time-invariant IRF to describe the respirative decay.

2.2. High-Resolution Blosnhere Model

The HRBM/CTBM [Esser et al., 1994; Wittenberg
and Esser, 1997; Kicklighter, 1999; Heimann, 1998] is

an imnlementation of tha anccocanr af +ha Nanahniisle
;;;;;; PaCINCivauniCnl O vl SUCCESSOr O i€ uUSIiaoruck

Biosphere Model [Esser, 1987, 1991] in the Community

Terrestrial Biosphere Maode (W Sauf, personal commu-

nication). The spatial resolut1on of the HRBM/CTBM
is 0.5° x 0.5°, and the temporal resolution is 1 month.
Climate forcing is prescribed using mean climatologi—

(/d/l Udl:d .lU]. Ud.bll 511(1 bUll \lipua,bcu llUIll LIC(:'”LU,"/S a/"/a
Cramer [1991]; W. Cramer, personal communication,

n—r

10068\  Qoventeen different tvnes of natural vecetati
J-JJU/ [WAvA A2 S AVl w ez 8 4 Ul.ll.bl\/l.l\l UJ}I\/D uvlL xlu'\:uxux VCE’UUGUIUIL
are considered [Prentice et al., 1992]. Land use and

vegetation fires are not rnns;dered_ here.

Net primary productivity (NPP) as modelled in the
HRBM/CTBM is a function of atmospheric CO,, cli-
mate, and soil quality [Esser et al., 1982]. NPP de-
pends neither on carbon assimilated during previous
years nor on the atmospheric COq history. Thus the
same single relation links NPP and atmospheric CO2
for different atmospheric CO, scenarios, as climate is
kept unchanged. Decay of organic matter is modeled
proportional to the pool sizes with rate coefficients that
depend on temperature, precipitation and on the qual-
ity of the decomposing material. Thus respiration in the
HRBM/CTBM depends linearly on earlier production
(as long as no climate variations are considered). There-
fore the HRBM/CTBM can be substituted exactly for
CO- fertilization and constant climate by the IRF SM
approach at individual grid cells.

2.3. Frankfurt Biosphere Model

The FBM [ Janecek et al., 1989, Kindermann, 1993,
Kohlmaier, 1997, Kohlmaier et al., 1998, Lideke, 1994,
1995, Heimann, 1998, Kicklighter, 1999] is a seasonal
model with a time step of one day and a spatial res-
olution of 0.5° x 0.5°. The same climate forcing is
used as for the HRBM/CTBM. Thirty-three different
types of natural vegetation are considered. Gross pri-
mary productivity (GPP) is calculated as a function of
photosynthetically active radiation, surface air temper-
ature, soil water availability, leaf area index (LAI), and
atmospheric CO2. The CO, dependence of GPP was
introduced in accordance with the work of Kirschbaum
[1993], which itself is based on the biochemical model of
photosynthetic CO5 assimilation in Cs plants by Far-
quhar et al. [1980]. The LAI is calculated from the
carbon inventory in the compartments representing the
living biota. Assimilated carbon is allocated in a non-
linear way into these compartments [Janecek et al.,
1989]. Autotrophic respiration and litter production
depend on temperature and linearly on compartment
size. Heterotrophic respiration is computed from soil
carbon mass, temperature, and soil moisture.
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Unlike for the HRBM, nonlinearities in GPP and al-
location permit only an approximate description of an
individual grid cell of the FBM by the IRF SM ap-
proach. The dependence of GPP on the size of the living
biota reservoir implies that the primary productivity
flux depends on the amount of carbon allocated in pre-
vious years and thus on the atmospheric CO4 history.
Hence a single relation between GPP and actual atmo-
spheric COs concentration as used in the IRF SM is
only an approximation. In addition, the ratio of carbon
allocated into the different living biota compartments
changes with time owing to the complex and nonlinear
allocation and phenology schemes implemented in the
FBM. Then, a single scenario-invariant IRF will not be
able to exactly capture the dynamics of total respira-
tion, because carbon allocated into the compartment for
leaves and feeder roots will be respired faster than that
allocated into the compartment representing structural
material. These nonlinearities in GPP and allocation
will make it more difficult to substitute the FBM than
the HRBM.

2.4. Bern Model

The biosphere is represented in the Bern model by a
global box model [Siegenthaler and Joos, 1992; Joos
et al., 1996]. It consists of four pools representing
ground vegetation, wood, detritus and soil organic car-
bon [Emanuel et al., 1984; Siegenthaler and Oeschger,
1987], with each reservoir having a distinct overturning
time of 2.9, 20, 2.2, and 100 years, respectively. NPP
depends logarithmically on atmospheric COy [Enting
et al., 1994], and the scale factor (8=0.287) of the rela-
tion was determined in order to close the carbon budget
[Schimel et al., 1996] for the 1980 to 1990 period. NPP
for the preindustrial concentration of 278 ppmv is 60
GtC yr~!. The Bern model has been applied for car-
bon cycle scenario calculations and the determination of
global warming potential in various assessments of the
Intergovernmental Panel on Climate Change (IPCC)
[e.g. Houghton et al., 1996].

2.5. Substitute Representation of Climate
Models

For the investigation of the biospheric response to cli-
mate change, we need to generate a space-time-depen-
dent signal in those climate variables that are relevant
for biospheric carbon storage. This has been done with
an IRF-based substitute representation (Hooss et al.
[1999]) of the ECHAM3/LSG AOGCM at the Max-
Planck Institute for Meteorology.

Hooss et al. [1999] have extracted the spatial and
temporal evolution of the climate change signal from
the AOGCM output by applying an empirical orthog-
onal function analysis. The perturbation of a climate
variable, Awv, is represented as the superposition of a

set of mutually orthogonal spatial patterns, EOF£?(x),
and the time-dependent scalar coefficients termed prin-
cipal components, PC2?(t):

Av(x,t) = Y PC{?(t) - EOF; (x). 9)

Originally, the EOF analysis is a method to deter-
mine the dominant modes of variability in multivariate
time series such as generated by climate model simula-
tions. Each of the PC-EOF pairs i is computed from the
AOGCM output in successive order to explain the max-
imum possible variance in a climate variable. In tran-
sient climate change simulations, the variance is usu-
ally dominated by the emerging anthropogenic signal.
Thus the spatiotemporal patterns of climate change in
response to anthropogenic greenhouse gas forcing can
be approximated by the first few EOFs and PCs.

The EOFs and PCs for near-surface temperature,
cloudiness, precipitation, and sea level have been ex-
tracted from an 850 year transient AOGCM simulation
where atmospheric CO2 was prescribed to rise expo-
nentially to reach the fourfold of the preindustrial value
at model year 120; afterward, CO2 was kept constant.
The control simulation has been subtracted from the
transient run; then EOFs and PCs were determined for
each climate variable.

According to the findings of Hooss et al. [1999],
only the first EOF-PC pair of each of the three cli-
mate variables showed a long-term trend identifying
them as climate change signal. Thus it appears suf-
ficient for this study to compute the climate forcing for
the HRBM/CTBM from the first terms only (PC2% (%),
EOF£?(x)). The first EOF and PC capture 97% of
the variability in near-surface temperature, 43% of the
variability in cloud cover, and 31% of the variability in
precipitation. Thus for temperature almost the entire
climate change signal is described by the first EOF and
PC alone. On the other hand, cloud cover and precip-
itation show high spatiotemporal variability and EOF;
and PC; provide a rough estimate how climate change
will manifest itself in these high-noise variables. It is
noted that changes in the frequency of extreme events
such as droughts and other changes in the variability
of precipitation and cloud cover not described by the
first EOF-PC pair may also play an important role for
changes in the biosphere; these changes have not yet
been investigated.

For scenario calculations, we project the change in cli-
mate variables from the evolution of CO4 and radiative
forcing. Radiative forcing (in W per m?) is assumed
to depend logarithmically on CO, [Shine et al., 1990].
The inertia of the climate system is captured by IRFs.
For example, the IRF for temperature describes the evo-
lution of global average surface temperature for a step
increase in forcing [Hooss et al., 1999]. Then, the con-
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volution integral of the IRF and the change in radiative
forcing yield the evolution of the global average temper-
ature perturbation. Multiplying the latter with the first
EOF that describes the spatial pattern of temperature
yields the field of temperature perturbation.

2.6. Box-Type, Differential-Analogue
Substitute Model

We have mapped the HRBM/CTBM onto a box-type,
differential-analogue SM to include the effect of climate
change on carbon storage. In the box-type model, the

nonlinear dependence of respiration rates on climate can
be included. This would not be possible with the linear
IRF substitute. The box model is expressed in diagonal
form [Bolker et al., 1998] and the carbon balance of box
11s
dNi _ bio-exp(BiATay) P
dt 3 bio - eap (B;ATw) P
—  kio-ezxp(iATo,) - N;

(10)

where the quotient on the first line is further refered
to as b; and the first product on the second line as k;.
N; is the carbon stock of box ¢ b;¢ is the fraction of
total productivity Fyroq allocated into box 4, and k; ¢ is
the rate coefficient for respiration at the preindustrial
reference temperature (AT,,=0). The denominator in
the first right hand term is introduced to guarantee that
the sum of all fractions is unity [}, b; = 1]. The coef-
ficients b; and k; are assumed to depend exponentially
on the global average surface temperature perturbation,
AT,y; ki, bio and their sensitivities to climate change,
a; and B; , have been determined as described in section
3.5 and the appendix such that spatiotemporal changes
in T, P, and cloud cover as captured by the first EQF-
PC pairs are implicitly included.

We note that for fixed temperature the impulse re-
sponse of the box model is readily computed as a sum
of exponentials:

Rdecay(t) = Z bikiexp[—kit] (11)

3. Results

3.1. Increase in Productivity in Response to
Elevated CO-

The first element that characterizes terrestrial carbon
storage in response to rising atmospheric COj is the in-
crease in primary productivity. For the HRBM/CTBM,
the relation between global NPP and atmospheric CO,
(Figure 1) was calculated by increasing atmospheric
CO; stepwise by 2 ppmv from 260 to 1274 ppmv, while
keeping climate constant. For the FBM, the relations
between GPP, NPP, and atmospheric CO, were deter-
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Figure 1. (top) Perturbation in Net Primary

Productivity as a function of atmospheric CO,,
0Fprod, for the High-Resolution Terrestrial Biosphere
Model/Community Terrestrial Biosphere Model (solid
line), for the Frankfurt Biosphere Model (dashed line),
the biosphere of the Bern model (dot-dashed line). (bot-
tom) The Dependence of total NPP on changes in tem-
perature, precipitation and cloud cover described by a
dimensionless function of global average surface temper-
ature AT,, for the HRBM/CTBM. Analytical represen-
tations of these productivity functions are provided on
the Web (http:www.climate.unibe.ch/™ joos/).

mined by prescribing atmospheric CO, according to the
IPCC WRE1000 scenario [Schimel et al., 1996] fol-
lowing the observed concentration history from prein-
dustrial CO, (278 ppmv) until today, then continuing
to grow to finally approach stabilization at a level of
1000 ppmv. The ratio between NPP and GPP hardly
changed over time in the FBM,; it is 0.346. In the box-
type biosphere of the Bern model, NPP depends loga-
rithmically on atmospheric CO,.

The global productivity functions of the three models
reveal important differences (Figure 1). The strongest
increase in productivity is found for the FBM, reach-
ing 25 GtC yr~! at CO, equal to 1000 ppmv. Pri-
mary productivity in the FBM grows over the entire
range investigated, because the simulated increase in
biomass and LAI supports additional productivity. The
HRBM/CTBM simulates higher NPP than the Bern
model, in the range of 280 to 600 ppmv. However,
at higher CO; concentrations, NPP is larger in the
Bern model than in the HRBM/CTBM. NPP in the
HRBM/CTBM saturates toward 14 GtC yr~! around
600 ppmv, because productivity is assumed to be lim-
ited by the inadequate supply of nutrients, whereas
NPP in the Bern model increases over the investigated
range of 280 to 1000 ppmv, although at a lower rate
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than in the FBM. In a recent intercomparison of seven
dynamic global vegetation models (DGVMs), it was
found that the global NPP averaged for all DGVMs
increased by around 35 GtC yr~! in a scenario where
CO; increased from the preindustrial level to 800 ppmv
(http://www.pik-potsdam.de/posters.htm). Thus the
sensitivity of NPP to rising CO; is lower for the FBM,
the HRBM, and the Bern model than for the current
ensemble of DGVMs.

3.2. Timescales of Carbon Overturning: Decay
Impulse Response Function

The second element that characterizes terrestrial car-
bon storage in response to an increase in atmospheric
COs is the dynamics of carbon overturning in the biota,
litter, and soils. This is characterized by the decay IRF
determined as described in the appendix. A visual com-
parison of the decay IRF (Figure 2) shows that the gen-
eral characteristics are similar for the three considered
models, whereas significant differences exist in details.
Respiration is highest in the first years after assimi-
lation, and most of the assimilated carbon is respired
within the first decades. The HRBM has very long-
lived soil carbon pools in dry or cold areas (high lati-
tudes, deserts), whereas such long-lived pools are hardly
present in the FBM and not present in the Bern model.
These features are also reflected in the IRFs. The IRFs
of the FBM and Bern model approach zero values ear-
lier than that of the HRBM/CTBM. In the next two
sections, we will provide additional quantitative analy-
ses of the IRF's and primary productivity functions.

0.2 T

0.1

300 400 500 600 700 800
Years

Figure 2. Response function characterizing the re-
lease of carbon into the atmosphere by heterotrophic
respiration for the HRBM/CTBM (solid line), the
FBM (dashed line), and the biosphere of the Bern
model (dot-dashed line). Analytical representations
of the response functions are provided on the Web
(http:www.climate.unibe.ch/~ joos/).

3.3. Carbon Uptake Response to an
Exponential Perturbation in Atmospheric CO,

Atmospheric CO; has increased approximately expo-
nentially since preindustrial time. For this simplified
case, the carbon uptake response through CO, fertiliza-
tion can be computed analytically from only two char-
acteristic numbers. These are the Laplace transform of
the decay IRF and the slope of the primary productivity
as a function of atmospheric CO,.

We linearize the relation between NPP and atmo-
spheric CO2. An inspection of Figure 1 shows that,
at least for the models considered in the present study,
the linear approximation is reasonable for atmospheric
concentration values up to 500 ppmv. Then, the excess
productivity AFpreq is a linear function with slope a
of the excess atmospheric CO, concentration [AC(t) =
C(t) - C(to)]:

AFpr0d[C(t)] = aAC(t) (12)
The net carbon flux into the biosphere, equation (2),
can be written in this case as

(13)

Fab,net(t) = Fprod,O a

t
AC(t'")Rdecay (t — t’)dt’]

to

[AC(t) -

Assuming an exponentially increasing atmospheric CO,
concentration, AC(t) ~ ett, it is easy to show that the
net biospheric uptake in this case results in

Fab,net(t) = AFprod(t) [1 - Rdecay(lfl)] (14)
where Rdecay(,u) denotes the Laplace transform of the
IRF evaluated at the timescale of the exponential growth
pe (1— Rdecay(p)) is the fraction of assimilated excess
carbon that is retained in the biosphere. If an analyt-
ical expression for the IRF is available in the form of
a sum of exponentials, the Laplace transform is readily
computed.

Equation (14) demonstrates the critical quantities
that determine the terrestrial COy uptake in the tran-
sient situation. These are (1) the excess productivity
in response to the rising CO2 concentration and (2) the
fraction of assimilated carbon retained as measured by
the Laplace transform of the decay IRF evaluated at p.

An analysis of the atmospheric CO, concentration
history since preindustrial times from ice core measure-
ments shows that the timescale of the anthropogenic
perturbation, p~!, lies between 30 and 40 years. Re-
sults for the terrestrial sink flux in the three models as
computed from (14) for 1990 are given in Table 1. Com-
pared with the Bern model, carbon sequestration levels
in 1990 predicted by the IRF SMs of the HRBM/CTBM
and the FBM are higher by a factor of 1.5 and 2.5, re-
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Table 1. Biospheric Carbon Uptake in Response to a Small Exponential CO, Perturbation

FBM HRBM/CTBM Bern Model
linear substitute model, GtC yr~* 3.6 2.0 1.5
nonlinear substitute model, GtC yr~! 2.9 1.8 1.2
Tdecay (1) 0.46 0.64 0.63
AFprod(1990), GtC yr~! 6.6 5.6 4.1

The biospheric carbon uptake in response to CO; fertilization for the year 1990 was calculated by using
a linearized form (equation 12) of the different impulse response function (IRF) substitute models. The
histories of primary productivity and atmospheric CO2 are assumed to be proportional to an exponential
function, e”**. Then, the net biospheric carbon uptake at time t depends on the Laplace transform of
the decay response function shown in Figure 2 evaluated at p [Fdecay (1t)] and the perturbation in primary
productivity at ¢, AFpr0a(1990). The exponential timescale of the perturbation u was set to 1/35 yr™!,
i.e., comparable to the timescale of the observed atmospheric concentration increase. The perturbation
in net primary productivity was calculated for each model by evaluating the productivity function shown
in Figure 1 for the observed atmospheric CO2 concentration at 1990. For comparison, the carbon uptake
for the year 1990 as obtained by prescribing the observed atmospheric CO2 concentration history in the
nonlinear pulse substitute model is shown as well. Abbreviations are defined as follows: FBM: Frankfurt
Biosphere Model; HRBM/CTBM, High-Resolution Terrestrial Biosphere Model / Community Terrestrial

Biosphere Model.

spectively. The large carbon sequestration of the FBM
as compared with the HRBM and Bern models is due
to both, a high excess productivity and a relatively
slow respiration of assimilated carbon on the timescale
of the atmospheric CO5 increase. The small value of
the Laplace transform for the FBM implies that a high
percentage of the assimilated excess carbon is stored.
On the other hand, the higher sequestration for the
HRBM than for the Bern model is explained entirely
by the stronger response of productivity to the increase
of atmospheric CO2 in the HRBM model, whereas the
Laplace transforms, #qecay (1), and thus the average dy-
namics of carbon overturning are almost identical for
the two models on the timescale of the industrial per-
turbation.

Next, the decay IRFs are interpreted in terms of the
classical age theory. In particular, we evaluate the ul-
timate capacity of the terrestrial biota to store anthro-
pogenic carbon.

3.4. Response Functions, Age Theory, and the
Ultimate Capacity for Carbon Storage

Next, the decay IRFs are interpreted in terms of the
classical age theory. In particular, we evaluate the ul-
timate capacity of the terrestrial biota to store anthro-
pogenic carbon.

3.4.1. Age distribution of respired carbon.
The mean age or residence time 7(t), e.g., of a flux leav-
ing a reservoir, is defined as [Bolin and Rodhe, 1973]:

7(t) = /000 o(t,7) 7 dr, (15)

where t is the chronological time and 7 is the age. For
this example, age is defined as the time a particle has
spent in a reservoir until leaving it. Here o (¢, 7) is the
fraction of the flux that, at time ¢, has an age in the
interval [7, 7+ d7]; o is an age distribution or age prob-
ability density function. In general, age distributions
can describe the age of material in a reservoir, of a flux
leaving the reservoir or of a flux entering the reservoir.
The 7(t) may then be interpreted as the mean age of all
particles in a reservoir, as the average transit time of a
flux leaving a reservoir, or as the average transit time
(lifetime) of a flux entering a reservoir. As an example,
for the human population these ages would correspond
to the mean age of the living population at time ¢, the
mean age of the people that die at year ¢, and the av-
erage expected lifetime of people that are born at year
t.

The IRF Rgecay is an age probability function. Rgecay
(t —t') was defined in section 1 to represent the fraction
of assimilated excess carbon that is respired at time t-¢’
after the assimilation (Figure 2). Thus we can interpret
(t—t') as an age 7 and Rgecay (7) represents an age prob-
ability function, here assumed to be constant over the
chronological time f. Rgecay(7) denotes the age distri-
bution with respect to the average transit time through
the biosphere of carbon that is assimilated owing to an
increase in atmospheric CO,. This is, in general, dif-
ferent from the age distribution of the respiration flux
in preindustrial time. Thus Rgecay refers explicitly to
the perturbation in fluxes and stocks of carbon induced
by the rise in atmospheric CO5 relative to preindustrial
conditions.
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3.4.2. Ultimate uptake capacity of the bio-
sphere. The mean transit time of excess carbon may
be used to estimate the increase in carbon storage in a
new equilibrium. This yields the ultimate or maximum
capacity of the model to store additional carbon un-
der a prescribed new atmospheric CO, concentration,
assuming a constant climate. This maximum storage
capacity is realized many centuries later, when all bio-
spheric fluxes have reached their new constant equilib-
rium values and NPP equals heterotrophic respiration.
The mean transit time of excess carbon, Tdecay, 1S then
equivalent to the turnover time 7y of the carbon assim-
ilated in excess to the pre-industrial assimilation rate.
The turnover time is:

Tdecay = To(anthrop. perturb.) = —A—NL, (16)

AF; prod,oco
where AN, is the stored excess carbon and AFprod,00
is the perturbation in productivity at the new steady
state.

We evaluated (16) to determine the uptake capac-
ity ANy for a stabilization of atmospheric CO, at
twice the preindustrial value corresponding to an atmo-
spheric CO3 perturbation of 280 ppmv. Mean transit
times of carbon allocated by NPP are ~59 years for the
HRBM/CTBM, 45 years for the FBM, and 37 years
for the Bern model (Table 2) as calculated by apply-
ing (15) and Rgecay(7) as age distribution. Multiplica-
tion of the transit time and the perturbation in NPP,
AFpyr0d,00, yields an equilibrium carbon storage of 798
GtC (375 ppmv) for the FBM, 655 GtC (309 ppmv) for
the HRBM/CTBM, and 432 GtC (203 ppmv) for the
Bern model (Table 2). Thus the potential to store an-
thropogenic carbon is largest for the HRBM at a CO,
concentration of 560 ppmv because of its very long-lived
soil pools in high latitudes. The storage capacity will
increase further for the FBM and the Bern model with

increasing CO2but will saturate at around 600 ppmv
for the HRBM/CTBM as indicated in Figure 1.

The fraction of anthropogenic carbon that remains
airborne at the new equilibrium is related to the up-
take capacity. In an atmosphere-land biota-only sys-
tem, the airborne fraction is defined as the ratio of
the perturbation in atmospheric carbon inventory to
the perturbation in the combined atmospheric and bio-
spheric inventories. It is 43% for the FBM, 48% for the
HRBM/CTBM, and 58% for the Bern biosphere. This
is large compared with a typical equilibrium airborne
fraction of 20% for an atmosphere-ocean [Enting et al.,
1994] and of 7% for an atmosphere-ocean-sediment sys-
tem on a millennium timescale [Archer et al., 1998].
This implies, that on long timescales, most of the ex-
cess carbon is stored in the ocean (including sediments),
and only minor fractions are stored on land or remain
in the atmosphere.

3.4.3. Turnover time for the preindustrial
equilibrium. Thompson et al. [1996] applied prein-
dustrial turnover times to estimate the ultimate up-
take capacity of the biota. We calculated turnover
times from the ratio of the total preindustrial carbon
stock and preindustrial NPP to be 60 years for the
HRBM/CTBM, 32 years for the FBM, and 37 years for
the 4-box model (Table 2). The turnover time for prein-
dustrial carbon is exactly the same as that for anthro-
pogenic carbon in the case of the four-box biosphere,
because the decay of organic carbon and allocation is
time invariant. Similarly, the difference is very small for
the HRBM/CTBM (59 versus 60 years). For the FBM,
nonlinearities in the allocation scheme (see section 2.3)
result in different turnover times for anthropogenic and
preindustrial carbon. The fraction of assimilated car-
bon that is allocated in the relatively long-lived struc-
tural carbon pool (RC pool) increases with NPP, and
the fraction that is allocated in the short-lived vegeta-

Table 2. Timescales of Biospheric Carbon and the Uptake Capacity of the Biosphere

FBM HRBM/CTBM Bern Model
ANy (560 ppmv), GtC 798 655 432
APFproa (560 ppmv), GtC yr—* 16.78 11.74 11.68
Tdecay (anthropogenic carbon), years 45 59 37
7o (preindustrial), years 32 60 37
Tstock (anthropogenic carbon), years 66 153 82

The ultimate uptake capacity of the biosphere to store anthropogenic carbon, ANy, in response to
increasing CO2 only is the product of the average transit time of anthropogenic carbon, Tdecay and
the increase in NPP, AFjro4, from the preindustrial steady state to a new steady state. Values are
given for an assumed new atmospheric equilibrium concentration of 560 ppmv. The average transit time
of anthropogenic carbon, Tgecay, and the mean age of the sequestered anthropogenic carbon at a new
equilibrium, Tstock, Were calculated by applying the pulse decay response function shown in Figure 2 as
age probability function. The overturning time for the preindustrial steady state, 7o, was obtained by

dividing the global carbon stock by global NPP.
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tion pool (GC pool) decreases. Thus the turnover for
anthropogenic carbon is substantially longer (45 years)
than that for the total carbon in the system in preindus-
trial times (32 years). We conclude that preindustrial
turnover times cannot be used, in general, to calculate
the ultimate uptake capacity in response to CO fertil-
ization.

3.5. Box-Type Substitute Model for
HRBM/CTBM

The parameters for a box-type SM to simulate car-
bon storage in response to COy and climate as well as
the dependence of NPP on climate and CO; have been
determined from simulations with the spatially resolved
HRBM/CTBM, where CO2, T, P, and cloud cover fields
were varied (see appendix). Thus the parameters of the
box SM and NPP depend implicitly on regional climate
change. Recall, however, that NPP and the coefficients
of the SM depend formally only on the perturbation in
global average surface temperature.

Global NPP is increasing at a rate of ~1.5% per de-
gree warming in the HRBM/CTBM (Figure 1). Thus
the changes in temperature, precipitation, and cloud
cover stimulate productivity in the HRBM/CTBM.

Our optimal solution to represent the response of the
HRBM to a global warming scenario is an SM that in-
cludes five reservoirs (Figure 3) with nominal overturn-
ing times of 0.2, 1.5, 9, 74, and 254 years. The pool with
the overturning time of 0.2 years exhibits a small nega-
tive inventory at equilibrium. This is typical for models
where material experiences transfer through successive
reservoirs. The two short-lived pools can be easily com-

bined to one reservoir (with positive inventory) for sce-
nario calculations of the anthropogenic CO; transient.
Thus, for typical timescales longer than a few years, the
HRBM can be represented by four parallel reservoirs
only.

The mean overturning time (or the inverse of the
average rate coefficient for decomposition) is 59 years
for preindustrial conditions and is therefore in agree-
ment with the mean preindustrial overturning time of
the HRBM/CTBM (60 years). Correspondingly, total
preindustrial carbon stock of the box model is only 2%
lower than that of the HRBM/CTBM (2510 GtC).

Next, we consider the effect of global warming on the
global average rate coefficient for decomposition. Recall
that the average rate coefficient is defined by the ratio of
global respiration to global carbon stock. The response
of the HRBM/CTBM to a warming climate is that (1)
in general local respiration rates are increased and (2) a
higher fraction of the total primary production is allo-
cated into long-lived pools as compared to preindustrial
climate caused by a stimulation of the productivity in
high-latitudes where respiration rates are generally low.
The first mechanism leads to an increase in the global
average rate coefficient, whereas the second mechanism
tends to decrease the global average rate coefficient as
on average more carbon is found in pools with low res-
piration rates. Local respiration rates are reacting in-
stantaneously to changing temperatures. However, the
impact of changes in carbon allocation on carbon stocks
and on global respiration evolves only slowly. Thus, the
instantaneous change in the average respiration rate in
response to a climate change is larger than that after
the biosphere has approached its new equilibrium.

Net Primary Productivity

-154 % 56.1 % 7.4 % 41.4 % 10.4 %
(0.14) * (0.056) (0.072) * (0.044) (0.069)
-1.3GtC 345GtC 27.7GtC 1276 Gt C 1100 Gt C
0.2 yr 14 yr 89 yr 74.1 yr 253.7 yr
T T T T
1 I 1 1
v (0.056) ' (0.079) v (0.057) v (0.053) v (0.036)

Heterotrophic Respiration

Figure 3. Structure of the box-type, differential-analogue substitute for the HRBM/CTBM.
Preindustrial pool sizes and overturning times (bold line), 1/7; ¢, are given in GtC and years.
The fraction of NPP allocated into pool ¢ at preindustrial equilibrium, b; ¢, is shown in percent.
The temperature sensitivities of the respiration rates a; and those of the allocation fractions 3;

are shown in parentheses.
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The instantaneous response to an increase in AT, of
1°C is an increase in total respiration of 4.7% , whereas
at the new equilibrium the average rate coefficient for
respiration has decreased by only 2.8%. These values
correspond to effective Q1o factors of 1.58 and 1.34, re-
spectively.

At the new equilibrium, the decrease in overturning
time relative to the preindustrial value is 2.8% for an in-
crease in ATy, from 0°C to 1°C but only 2.0% for a step
from 4°C to 5°C. This means that an additional tem-
perature increase will result in almost 30% less carbon
release at a temperature level of 5°C above the prein-
dustrial steady state than at the preindustrial steady
state when production is kept constant.

How will climate change affect the ultimate uptake
capacity? The relative increase in carbon stock in re-
sponse to a perturbation in climate and CO, is a func-
tion of the relative increase in productivity and the rel-
ative decrease in turnover time. It can be computed
analytically for the new equilibrium by applying (17)
and (18) and the productivity functions shown in Fig-
ure 1:

Noo(AT,y, ACO,) _ Too (AT ay) Forod (AT, ACO3)
No B To

F prod,0

(17)
At equilibrium, the overturning time is the sum over
all boxes of the products of allocation fractions b; and
individual overturning times 7;:

Too(ATay) = Y bi(ATay)7i(ATay) (18)

It is found that the ultimate uptake capacity is de-
creased by 6 to 20% by the impact of climate change
as compared to the uptake capacity in response to CO,
fertilization only in scenarios where atmospheric CO»
is stabilized between 450 and 1000 ppmv (Table 3). In
summary, the HRBM/CTBM exhibits a relatively low
sensitivity to climate change, because NPP is increased
and more carbon is allocated into long-lived pools in a
warmer climate as compared with preindustrial condi-
tions.

3.6. Anthropogenic CO, Transient

We have run the IPCC stabilization scenarios S450,
5650, and WRE1000 [Schimel et al., 1996] to further il-
lustrate the differences in the terrestrial carbon storage
between the three models, and to test the response of
the SMs as compared with the spatially resolved mod-
els. Atmospheric CO; is prescribed according to the
observed concentration history until the present, then
continues to grow until it approaches stabilization at
levels of 450, 650, and 1000 ppmv, respectively.

First, we consider the case where climate is kept con-
stant. Then, the models sequester between 300 and
500 GtC (S450), between 500 and 800 GtC (S650), and
between 700 to 1000 GtC (WRE1000) until year 2300
(Table 3). Maximum annual uptake is between 3 and 5
GtC yr~! for WRE1000 (Figure 4). It is noted that the

Table 3. Cummulative Carbon Storage for the Period 1765 to 2300 and at Equilibrium

S450 S650 WRE1000
Uptake Uptake Uptake
1765-2300 Capacity 1765-2300 Capacity 1765-2300 Capacity
Varying CO,
FBM 505 (0.1%) 550 784 (1.5%) 880 996 (1.3%) 1130
Bern Model 304 310 516 520 719 780
HRBM/CTBM 474 (0.5%) 547 618 (0.7%) 738 678 (2.6%) 850
Varying Climate and CO;
HRBM/CTBM 445 514 560 662 578 681

The cumulative carbon uptake for the period from years 1765 to 2300 was obtained by applying the
pulse substitute of the Bern model, the FBM, and the HRBM/CTBM in response to increasing CO;
only, as well as for the box substitutes of the HRBM/CTBM in response to CO and climate change.
Deviations between results obtained with the spatially resolved models and their pulse substitutes are
given in parentheses. Atmospheric CO; has been prescribed according to observations until 1990 and then
following the Intergovernmntal Panel on Climate Change scenarios S450, S650, and WRE1000, where the
atmospheric CO; concentration is stabilized at 450, 650 and 1000 ppmv, respectively. The related climate
change was calculated by employing a nonlinear pulse substitute of the European Center/Hamburg
Model 3 / Large Scale Geostrophic Ocean General Circulation Model coupled Atmosphere Ocean General
Circulation Model to force the box substitute of the HRBM/CTBM. The ultimate uptake capacity,
ie., the carbon storage that will be realized when the biosphere has reached equilibrium, is given for
comparison. Depending on the model and the scenario, 80 to 98% of the uptake capacity has been
realized until the year 2300.
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Figure 4. Net ecosystem productivity (NEP) as simulated by the (a) HRBM/CTBM (solid
line) and (b) in response to both increasing CO, and climate change, (c) NEP as simulated by
FBM (solid line) and (d) the Bern model, and their pulse substitutes (dashed line) in response
to elevated CO2 only. Atmospheric CO, was prescribed in the models according to the Inter-
governmental Panel on Climate Change stabilization scenarios S450, S650, and WRE1000 where
CO;, is stabilized at 450, 650, and 1000 ppmv (dot-dashed line). For the box substitute of the
HRBM/CTBM, climate change was calculated by employing a nonlinear pulse substitute of the
European Center/Hamburg Model 3 / Large Scale Geostrophic Ocean General Circulation Model
coupled Atmosphere Ocean General Circulation Model.

maximum uptake occurs well before atmospheric CO,
reaches its maximum. NEP starts to decrease around
the time where the growth rate in atmospheric CO,
(and in NPP) starts to decline, i.e. when the second
derivative with respect to time of the COy curve turns
negative [Kohlmaier et al., 1998]. For the FBM and the
Bern model, 90% and more of the ultimate uptake ca-
pacity has been realized until year 2300, whereas for the
HRBM model only, 80-85% of the equilibrium storage
is reached at year 2300.

The FBM sequesters more carbon than the HRBM
and the Bern model (Figure 4). The differences between
FBM and HRBM in carbon storage for the periods
from 1765 to 2300 are small for the scenario S450 and
reach almost 50% when COs is stabilized at 1000 ppmv
(WRE1000). The small difference between HRBM and
FBM for stabilization at 450 ppmv (S450) can be un-
derstood by the slow approach to equilibrium of the
HRBM and a higher uptake capacity of HRBM than
FBM at 450 ppmv. For high CO2 concentrations, both
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the high uptake capacity of the FBM and its relatively
fast realization explain the high cumulative uptake of
the FBM. Carbon storage is lowest for the Bern model,
except for WRE1000.

Second, both climate and CO5 were varied for the
HRBM/CTBM. Global average temperature perturba-
tion was projected using the IRF representation of
ECHAM3/LSG and an equilibrium warming for a CO,
doubling (AT3x) of 2.5°C. For the S450, S650, and
WRE1000 CO;, profiles, climate change reduced the cu-
mulative uptake for the period from 1765 to 2300 by 6
to 14% (Figure 4 and Table 3). Thus terrestrial carbon
storage in the HRBM/CTBM is relatively insensitive
to global climate change, because the carbon loss by
increased soil respiration rates is partly compensated
by the increase in NPP in response to global warming
(Figure 1).

Differences in global NEP simulated by the spatially
resolved models and their IRF SMs are small. For the
HRBM, deviations in the annual net terrestrial uptake
are always smaller than 0.9% (S450), 1.6% (S650), and
2.7% (WRE1000) (Figure 4). For the FBM, differences
in annual NEP are generally small and always less than

8% . The differences in the cumulative biospheric car-
bon uptake for the period from 1765 to 2300 are always
smaller than 2.4% for both the HRBM and the FBM
(Table 3).

To compare the box SM and the HRBM, we ana-
lyzed results of the 850 year transient 4xCO; climate
change scenario where atmospheric CO, increases ex-
ponentially in the first 120 years. The deviation in to-
tal cumulative uptake between HRBM/CTBM and its
box-type SM is 3.5% and maximal deviation in NEP is
0.1 GtC yr~! between the two models. Furthermore,
we also find small deviations in NEP simulated by the
HRBM/CTBM, its IRF-SM, and its box-type SM for
constant climate.

3.7. Carbon Isotopes 1*C and #C

As a further application of the SMs (see (3) and (4)),
we calculate the uptake of bomb-produced 4C and
the difference in the §'3C signature of assimilated and
respired carbon, i.e., the §'3C disequilibrium. The §13C
disequilibrium and the isotopic flux related to it need to
be known in inversion studies of the atmospheric §13C
signal to deduce the partitioning of oceanic and ter-
restrial carbon sinks [e.g., Keeling et al., 1989; Joos
and Bruno, 1998; Joos et al., 99 a]. In 1990, the mod-
eled air-biota disequilibrium was 0.450/00 with respect
to heterotrophic respiration and the disequilibrium flux
was 20%;o GtC yr~! in a simulation with the IRF-SM
of the HRBM/CTBM. This is in agreement with results
obtained by the HRBM/CTBM [ Wittenberg and Esser,
1997]. The prescribed atmospheric 6'3C history is based
on a spline-fit to the observations [Francey et al., 1999]

with a cutoff period of 4 years to remove short-term
fluctuations [Joos et al., 99 a]. For the IRF SM of the
FBM, the disequilibrium flux was 32% GtC yr~! in
1990. The low fluxes of the HRBM/CTBM are in line
with results obtained for the Carnegie-Ames-Stanford
Approach biosphere model (CASA) [Thompson and
Randerson, 1999], whereas the FBM results are in line
with box model estimates [Francey et al., 1995; Joos
and Bruno, 1998] and disequilibrium fluxes constrained
by O2/N; data [Rayner et al., 1999].

The budget of bomb-produced radiocarbon provides
an additional constraint on the global carbon cycle
[Hesshaimer et al., 1994; Joos, 1994]. The atomic bomb
tests in the late 1950s to early 1960s added a substan-
tial amount of radiocarbon to the natural background.
Once test ban treaties were set in place, atmospheric
concentrations decreased as bomb radiocarbon became
absorbed by the ocean and biosphere. Atmospheric ex-
plosions were rare after 1963, so that the global radio-
carbon budget should have remained roughly constant.
However, present estimates of the *C budgets that
are based on simple terrestrial box models [e.g., Joos
and Bruno, 1998] exhibit a considerable imbalance for
the post test ban period. Simulated terrestrial uptake
for the period from 1965 to 1989 is 109 x 10%¢ atoms
for the SM of the HRBM/CTBM and 99 x 10%° atoms
for the SM of the FBM. This is similar to the uptake
estimated by the Bern model (90 x 10?6 atoms). Our re-
sults suggest that the consideration of spatially resolved
biota models does not lead to a substantial revision of
present budget estimates.

We tested, for the HRBM/CTBM, how well isotopic
fluxes are represented by the IRF SMs and found very
good agreement between the two model versions. For
example, the 13C /12C in heterotrophic respiration de-
creased by 0.796% between 1765 and 1990 as modeled
by the HRBM/CTBM, while the maximum deviation
in §'3C of the heterotrophic respiration between the
HRBM/CTBM and its IRF SM is 0.036%, and the
average deviation (1765-1990) is 0.0065%. The differ-
ence in the cumulative uptake of bomb-produced radio-
carbon for the period from 1955 to 1990 is very small,
ie., 0.18%.

4. Discussion and Conclusion

There exists considerable evidence that the present
day decadal average net atmosphere-to-biosphere flux is
small [Siegenthaler and Oeschger, 1987; Keeling et al.,
1996; Heimann and Maier-Reimer, 1996; Bruno and
Joos, 1997; Joos et al., 99 a; Rayner et al., 1999]. This
implies that emissions by land use changes and defor-
estation [Houghton, 1993] must be compensated by a
terrestrial sink. However, the magnitude of the land
use flux and therefore the magnitude of the compen-
sating sink flux are highly uncertain [Schimel et al.,
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1996]. The mechanisms responsible for the sink flux
are under debate. Here we have applied models that
tackle the potential response in carbon storage to in-
creasing CO2 and warming climate only. Other fac-
tors, such as changes in land use and associated emis-
sions and regrowth, fire frequencies, species composition
feedbacks, adaption, or the effect of additional nitrogen
loadings, have been neglected. Many studies of the sen-
sitivities of production to increased atmospheric CO5
suggest an enhancement of plant productivity. How-
ever, it is not clear to what extent carbon storage is
indeed stimulated on an ecosystem or global level. The
uncertainty of how productivity will respond in the fu-
ture to increasing CO- is reflected in the different re-
lationship between global NPP and CO2 found for the
FBM, the HRBM/CTBM, and the Bern model. It is
also a consensus view that soil respiration will increase
with warmer climate. How NPP will respond to cli-
mate change probably depends strongly on the future
patterns of temperature and precipitation. The dif-
ferent timescales of carbon overturning found for the
FBM, the HRBM/CTBM, and the Bern model suggest
that more work is needed to better quantify terrestrial
carbon dynamics and to improve its representation in
models.

The results of the scenario calculations where CO»
is stabilized at 450, 650, or 1000 ppmv may be viewed
in the context of the present debate on the saturation
of the terrestrial sink. Our results demonstrate quanti-
tatively three limiting mechanisms for carbon storage:
(1) NEP decreases when the growth rate of atmospheric
CO; or, more exactly, the growth rate of NPP de-
creases. In the three considered models maximum NEP
is reached well before the maximum CO; level. (2) Cu-
mulative carbon storage will not further increase with
increasing CO4 if NPP has already reached its satura-
tion level, as illustrated by the similar cumulative up-
take obtained with the HRBM/CTBM for the scenario
stabilizing at 650 and 1000 ppmv. (3) Global warming
leads to an increased soil respiration and a reduction in
carbon storage.

How do our results compare with the current set of
emerging dynamical global vegetation models? Carbon
sequestration in response to CO» fertilization is, on av-
erage, higher in the DGVMs than in the HRBM/CTBM,
whereas the percentage reduction in storage caused by
global warming is higher in the DGVMs than in the
HRBM/CTBM. Then for a comparable CO, climate
change scenario, a similar amount of carbon is stored
on average in the HRBM/CTBM as in the DGVMs for a
comparable CO; climate change scenario (http://www.
pik-potsdam.de/posters.htm).

The complexities of the climate system and the tools
used to represent subsystems such as the terrestrial
biota necessitate for many applications a simpler de-

scription in a condensed form. We have mapped the
spatially resolved HRBM/CTBM and FBM to simple
global SMs for simulations of carbon storage in response
to rising CO2 and climate change. Our results demon-
strate also that models that exhibit a complex and non-
linear behavior can be rather well represented by SMs.
The work presented here is viewed as a further step
toward a comprehensive SM for global change applica-
tions, which features the dynamics of spatially resolved,
state-of-the-art models. The terrestrial SMs developed
in this study are part of a substitute model [Joos et al.,

1996; Joos and Bruno, 1996; Hooss et al., 1999] that de-
scribes the redistribution of anthropogenic carbon be-
tween the atmosphere-ocean-biosphere system and the
response of the global mean temperature and other cli-
mate variables to an increase in radiative forcing as me-
diated by CO2 and other agents.

SMs are cost-efficient and permit important sensitiv-
ity calculations. They are easy to implement and re-
quire only modest computer resources. Carefully de-
signed SMs are accurate as compared with their par-
ent models. These features make them especially well
suited for statistical analyses, applications in integrated
assessment studies and cost-benefit analyses, and sce-
nario calculations such as those performed in the as-
sessments of the Intergovernmental Panel on Climate
Change, which require the coupling of climate and bio-
geochemical models to address climate biogeochemical
cycle feedbacks. For the interpretation of results ob-
tained with SMs, however, it is important to recall that
SMs share the strengths and deficiencies of their parent
models.

SMs provide important diagnostics. For example, the
expected average transit time of anthropogenic carbon,
the fraction of assimilated carbon retained for an expo-
nential CO2 transient, or the ultimate uptake capacity
are readily derived from the IRF.

The IRF may also be used as a convenient measure
to compare the global overturning time scales of ter-
restrial biosphere models [Joos et al., 1996; Thompson
and Randerson, 1999]. In addition, the box SM ap-
proach yields an average climate sensitivity of carbon
overturning, e.g. expressed as an effective global Qg
factor. This sensitivity is another useful measure to
evaluate and compare the response of global terrestrial
models to anthropogenic climate change.

On the other hand, SMs also have limitations. Most
importantly, they can adequately represent the dynam-
ics of the parent complex model only for the perturba-
tions and the time scales for which the SM has been
optimized. This limitation becomes especially critical
if the complex model show strong non-linearities and
thresholds. Clearly, the SM’s derived here have shown
to provide valid responses for global change scenario
calculations in which atmospheric CO; ranges between
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about 280 and 1000 ppmv. However, they may not
mimic the parent complex model if driven e.g. by glacial
atmospheric CO; levels. Likewise, the climate sensitive
substitute model derived from the HRBM/CTBM only
captures the dynamics of the terrestrial carbon reservoir
to the transient, decadal to centennial global warming
pattern as simulated by a particular climate model and
not the response to short term natural climate fluctua-
tions, such as e.g. the El Nifio-Southern Oscillation.

It must also be acknowledged, that the terrestrial car-
bon cycle models included in the present study are of
intermediate complexity. The relative success in rep-
resenting their global dynamics with simpler SMs evi-
dently provides not guarantee, that the approach will
also work in the case of dynamical global vegetation
models. Nevertheless, because of the advantages of
SMs as outlined above, a similar investigation with
more complex terrestrial models might be very valuable.
Clearly, such a study might also include other impact
factors, such as changes in land use and nutrient input,
and it might cover additional climatic forcing factors
(e.g- insolation) possibly also represented by more than
one spatial pattern.

Appendix

A.1. Determination of Impulse Response
Functions

A.1.1. HRBM/CTBM. The global IRF of the
HRBM/CTBM has been determined by a pulse-like car-
bon input into the assimilation pools of the HRBM/
CTBM during 1 year. This was done by increasing the
atmospheric COy concentration above its equilibrium
value by 10 or 100 ppmv during 1 year only. The two ex-
periments yielded identical normalized IRFs. The per-
turbation in annual global respiration was monitored
for the next 1000 years and then normalized to obtain
the global decay IRF (Figure 2). This procedure was
feasible, as the response of the HRBM to a pulse is in-
dependent of the size of the pulse.

A.1.2. FBM. The decay IRF for the FBM was
determined from results of the IPCC WRE1000 sce-
nario. We did not use an impulse experiment to de-
termine the IRF because the highly nonlinear alloca-
tion and phenology schemes of the FBM yield a re-
sponse to a pulse-like perturbation that is not repre-
sentative of the timescales of the anthropogenic CO,
transient. The perturbations in global (autotrophic and
heterotrophic) respiration, AF;esp(FBM,t), and global
GPP, AFgpp(FBM,t), have been calculated with the
spatially resolved model for the period from 1765 to
2300. The square of the difference between the total
respiration as calculated by the FBM and that by the
convolution integral of the SM was used as a cost func-
tion:

2
zi)f) AFresp (FBM, t)—
t=1765 Z:’:Nes AFgpp(FBM, ') Rdecay (t — AL

(A1)

A nonlinear fit algorithm based on the Levenberg Mar-
quardt method [Press et al., 1989] was used to deter-
mine the unknown global IRF Rgecay(t) by minimizing
the cost function. We constrained the solution by as-
suming that the IRF can be represented as a sum of
exponentials. This assumption is justified based on the
dynamics of the spatially resolved FBM. This procedure
did not lead to numerical problems. The time step At
in the second sum of (Al) is 1 year. The resulting IRF
is related to GPP and corresponds to an effective re-
sponse that implicitly includes nonlinearities associated
with the assimilation and allocation of carbon in the
FBM. The IRF is representative for the timescales of the
anthropogenic perturbation. For comparison with the
HRBM and the Bern model, we calculated also the IRF
that is related to NPP. This is done by setting the decay
IRF for GPP to zero during the first year that results al-
most entirely from autotrophic respiration. Subsequent
normalization yields the decay response for NPP (Fig-
ure 2). For the Bern model, the IRF has been obtained
analytically [Joos et al., 1996].

A.2. Determination of the Parameters of the
Box Substitute Model and Dependence of NPP
on Climate and CO,

A.2.1. NPP. The relation between NPP and the
perturbation in climate and CO, was determined from
an 850 year HRBM/CTBM simulation where the out-
put from the 850 year transient 4x COg simulation
with the ECHAM3/LSG AOGCM is used. In the
HRBM/CTBM, we prescribed as boundary conditions
the first PCs and EOFs for the perturbation in T, P,
cloud cover and the related CO2 concentrations of the
ECHAMS3/LSG simulation. The NPP simulated by the
HRBM/CTBM was then approximated as the product
of two analytical functions (Figure 1). The first func-
tion is the relation between NPP and CO, as deter-
mined in section 3.1. The second function depends
on the global surface temperature perturbation (AT,,)
only and describes the modification of NPP for chang-
ing patterns of T, P, and cloud cover. The calculated
values for NPP are indistinguishable from the output of
the HRBM/CTBM.

A.2.2. Rate coefficients. The preindustrial pool
sizes and rate coefficients of the box-type SM described
in section 2.6 were determined such as to minimize the
deviation in (squared) global heterotrophic respiration
between the HRBM/CTBM and the SM. We applied
the CO, pulse scenario (section 3.2), where atmospheric
CO, was increased during 1 year only and climate was
kept constant, for the minimization.
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To determine the temperature sensitivities «; and
B; of the rate coefficients and allocation factors of the
differential-analogue SM, the first EOFs for T, P, and
cloud cover changes are applied as boundaries in the
spatially resolved HRBM/CTBM. Temperature, cloud
cover, and precipitation pattern were changed stepwise
each 800 years in the HRBM/CTBM. Fifteen steps
were applied that covered a range in the perturbation
of global mean temperature (AT,,) from 0°C to 5°C.
Then, the deviation between the (squared) respiration
fluxes modeled by the HRBM/CTBM and the box SM
were minimized to determine all sensitivities (Figure 3).
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