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Abstract. We applied an inverse model to simulate global 1 Motivation
carbon (C) cycle dynamics during the Holocene period us-

ing atmospheric carbon dioxide (G¥xoncentrations recon- An intriguing atmospheric carbon dioxide (Greconstruc-
structed from Antarctic ice cores and prescribed C accumusion (Fig. 1) from the Antarctic ice coredriderniihle et al

lation rates of Northern Peatlands (NP) as inputs. PreV|-1999 Monnin et al, 2001 Luthi et al, 2008 has attracted
ous studies indicated that different sources could contributebroad attention from the paleoclimatic communifegr-

to thg 20 parts per million by volume (ppmv) atmospheric ling, 200Q Broecker et al.1999 2001, Brovkin et al, 2002

CO, increase over the past 8000 years. These sources cﬁroecker and Clark2003 Ruddiman 2003 Joos et al.

C include terrestrial release of 40—200 petagram C (PgC, 12004 Wang et al, 2005¢ Broecker and Stocke200§ Rud-
petagram=18 gram), deep oceanic adjustment to a 500 PaCjiman 2006 2007 2008 Brovkin et al, 2008, What are the
terrestrial biomass buildup early in this interglacial period, sources of this 20-ppmv GQncrease during the last eight
and anthropqgenic land-use and land-cover changes o_f UNousand years (hereafter, 8 kalderniihle et al.(1999,
known magpnitudes. Our study shows that the prescribeqq;n g o inverse method, suggest that most of the variability
peatland C accumulation significantly modifies our previous;,, atmospheric CQ@is caused by the terrestrial C pool re-
understanding of Holocene C cycle dynamics. If the b“"d“pleasing about 200 petagram C (PgC, 1 petagrarttdiam)

of the NP is considered, the terrestrial pool becomes the Qiuring the past 8ka, and a sea surface temperature (SST)
sink of about 160-280 PgC over the past 8000 years, and thf?lcrease of about O°E. A change of SST by°C causes

only C source for the terrestrial and atmospheric C increasea change in the surface ocean's C@artial pressure by
is presumably from the deep ocean due to calcium carbona_z%' which translates into an atmospheric change of sim-
ate compensation. Future studies need to be conducted [ magnitude Bacastow 199§. Based on the study of

constrain the basal times and growth rates of the NP C aCy40s et al(2004, a 0.5C increase of global SST during the

cumulatlpn in the Holocene. These rese.arch endeavors al8olocene will contribute to an oceanic outgassing of,CO
challenging because they need a dynamically-coupled peafabout 5 ppmv)

land simulator to be constrained with the initiation time and ]
reconstructed C reservoir of the NP. Our results also suggest Broecker et al(1999 2003 propose that the atmospheric
that the huge reservoir of deep ocean C explains the majofC2 Increase is, in part, due to an oceanic adjustment to a
variability of the glacial-interglacial C cycle dynamics with- 200 P9C accumulation that occurred early in the present in-
out considering the anthropogenic C perturbation. terglacial.Broecker et al(200]) argue tht the Cereleased
from the ocean-atmosphere reservoir is used for the growth

of terrestrial biosphere during early postglacial time (e.g.,
before 8 ka before present, hereafter 8 ka BP). The restora-
tion of this 500 PgC terrestrial biomass would have caused a

Correspondence toY. Wang large increase in the carbonate ion concentration in the deep
BY

(ywang699@gmail.com) ocean, and a deepening of the saturation level of calcite (i.e.,
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Atmospheric CO, Concentration Ice Core Data Alternatively, Ruddim_an (2003, 2006, 2007, 2008) pro-
290 | | | | | | 600 poses that a large portion (about 9—10 ppmv) of the unex-
] : pected 40 ppmv increase (difference between 280 and an oth-
] I erwise suggested pre-industrial 240 ppmv) during the past
280 7 - 580 8ka is unique, unnatural, and anthropogenic as compared
] I with those in previous interglacial periods. While there have
= 270 . . been human impacts on land use and/or land cover changes,
3 ] - 960 3 the magnitudes of these changes and their biogeophysical
2 260 - e} and/or biogeochemical consequences are still uncertain.
g ] [ s40 S More recentlyBrovkin et al.(2008 reconstructed a com-
oy 250 1 o plicated Holocene global SST picture that did not support a
1 notable warming of the ocean surface as an explanation of
] L 50 the 20-ppmv CQ increase during the past 8ka. Their re-
240 7 I constructed net warming of SST is only about-b®R2°C,
1 I the same as simulated by Wang et al. (2005b, ¢). Wang et
230 T T T T T T 500 al. (2005c, hereafter WMR) use an inverse method, and find
14 12 10 8 6 4 2 0 that from 8 to 6 ka BP, the cause of the first 10 ppmv increase
ka BP in atmospheric C@is from the deep ocean, while the re-
maining 10 ppmv increase from 6 to 0 ka BP is partially from
285 - 610 the terrestrial C release of about 68—-95 PgC. Among others,
] I the most common feature of previous modeling studies of
280 - 600 Holocene carbon cycle dynamics (Brovkin et al., 2002; Joos
1 i etal., 2004; Wang, 2005; Wang et al., 2005b; WMR; Brovkin
— 275 L 590 et al., 2008) is the neglect of the northern (boreal and sub-
§ ] : § arctic) peatlands (NP) ecosystehinfipens et al.2008.
3 o7 [ g0 2 '_I'he last deglaciation is accompanied by the initiation and
> ] i O buildup of the NP Gorham 1957, 1991, 1995 Halsey et al.
g 1 i g 1998 Gajewski et al.2001; Smith et al, 2004 MacDonald
< 265 - 570 etal, 2006 Roulet et al.2007 Gorham et a].2007 Yu et al,
] I 2009. The general estimated C reservoir of present-day NP
260 - 560 is about 270 to 450 Pg @rham 1991, 1995 Roulet 200Q
] i Turunen et aJ.2002 Smith et al, 2004 MacDonald et al.
055 L 550 2006 Roulet et al. 2007 Limpens et al.2008 as peat in
about a 3 to 4 million kr area. The uncertainty of the esti-
ka BP mated C storage comes mainly from the average bulk C den-

sity (Barber et al.2003 Yu, 2006 and mean peat deptiy-

Fig. 1. Ice core derived atmospheric G@oncentration (green runen et al. 2002 Gorham et al.2003. Overall, the NP
curves) and corresponding C storage in PgC (blue curves)@m has been a persistent C sink during the Holocéderliam
Dome Concordia, an¢b) Taylor Dome (bottom). To convert ppmv 1995 Turunen et al.2002 Smith et al, 2004 MacDonald
to PgC, we multiply the former by 2.12 PgC/ppmv, the well-known et al, 2006, and likely has caused a global cooling on the
conversion constant for the atmosphere. Note that we have utilizegyillennium scale Frolking and Roulet2007). Also, undis-
the updated gas-age model for Dome Concordig Q@thi etal,  ,hed peatlands may continue serving as net C sinks despite
2008 the presence of large interannual variability in the area of dif-
ferent peatlanddWoore et al, 1998. Due to the large uncer-
tainties associated with the initial (basal) dates, bulk C den-
sity, and area of development, incorporating NP in global C
gycle studies in the Holocene has been a “grand” challenge.

In this paper, we attempt to establish the first-order impact

ocean, and consequently in the atmosphere. This biomas f the NP C accumulation on the global C cycle dynamics in

restoration hypothesis has also ruled out the scenarios invol'e Holocene by using the inverse method (see Sezand

ing changes in the strength of the oceanic biology pump ovewMRJO;dﬁta,\i:;) and a simple apg;o;ém;tioq of t_lr_f gradual
the past 8 ka, because in this case, the carbonate ion conce rowth of the NP ecosystem (see rdetails). The pre-

tration in the deep ocean would not have changed. scribed NP C traj_ectory is based on re_cent stud?eel_King
P g et al, 2006 Frolking and Roulet2007) in Western Siberia

(Smith et al, 2004, North America Gorham et al.2007),

lysocline). Hence the oceanic Cag®udget would have
become imbalanced, which would induce a draw down in
the carbonate ion concentration of the entire ocean, and
complementary increase in the partial pressure of @@he
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and Finland Turunen et al.2002. By assuming global C restrial C cycles in the “Green” MPM have been validated in
conservation on the timescale of interests, we establish th®/MR, and are in good agreement with other modeling stud-
relative C changes in the three major reservoirs of land, atmoies Brovkin et al, 2002 Joos et al.2004), and observations
sphere and ocean over the past 8 ka before the pre-industri&lchimel et al(1994 andFalloon et al(1998.

period (hereafter 8 ka BP). The remainder of this paper is or-

ganized as follows. In Sec2, we will describe, briefly, the 2.2 Methodology

“Green” McGill Paleoclimate ModelM/ang et al. 2005ab),

the inverse method, and the experiments. The prescribed NBecause we do not have an oceanic C cycle module in the

development is reviewed in Se&. In Sect4, our major re-  “Green” MPM, we have introduced an inverse method to
sults are given. A summary, discussion, and future work areclose the global C cycle in our model. As shown in Fig.
described in Sechb. on the timescale of interest, there are three major reservoirs

in the global C cycle: (1) terrestrial vegetation and soils, (2)
atmosphere, and (3) ocean (including sedimentation). Two-

2 Brief model description, methodology, and way fluxes (Fig2) can occur between land and atmosphere,
experiment design and between ocean and atmosphere. However, only one-way
discharge of dissolved organic and/or inorganic C can occur
2.1 Brief model description between land and ocean. As in the studie8mdvkin et al.

(2002 andJoos et al(2004), we have neglected the one-way

The “Green” McGill Paleoclimate Model (hereafter MPM) transport of C from land to ocean. Our goal is to conserve the
is a six-component (atmosphere, ocean, sea ice, land surfacglobal C storage in the following simulations. In our simu-
ice sheet and vegetation) Earth system Model of Intermedidations, the oceanic C pool (including sedimentation) is con-
ate Complexity (EMIC, Claussen et al., 2002). The atmo-sidered as a box whose content is varied to compensate the
sphere component is a sectorially averaged energy-moisturehanges in (1) atmospheric C storage based on ice core data
balance modelWang and Mysak2000. The ocean com- (Indermilhle et al, 1999 Monnin et al, 200J), (2) simulated
ponent is a 2.5-D zonally averaged model based on Wrighterrestrial C storage by VECODE, and (3) a prescribed NP
and Stocker (1991). The MPM has been developed to in-development based on Segt.
clude biogeophysical feedbacks (Wang et al., 2005a; WMR) We use this inverse method as follows: (1) If both atmo-
so that the energy and moisture fluxes and interactions bespheric and land (including NP) C storages increase during
tween land surface and atmosphere are considered interaghe Holocene, we can infer that the only source of this atmo-
tively. However, the biogeochemical feedbacks have notspheric C increase must come from the ocean because of the
been considered interactively in the MPM except that theC fluxes as shown in Fi®; (2) However, if atmospheric C
atmospheric C@concentration is used in the radiation cal- storage increases, while the land C storage decreases during
culation of the energy-moisture balance mod&kagg and  the Holocene, we cannot uniquely determine the source of
Mysak 2000. The “Green” MPM has been used in studies this atmospheric C increase (WMR) because the land is re-
of Holocene climate changes and C cycle dynamics (Wangdeasing C to the atmosphere, together with the ocean. This
et al. 2005b; WMR) with a retreating Laurentide Ice Sheetis because there are two-way fluxes between land and atmo-
(LIS). The MPM also has been used to study the last glaciakphere and between ocean and atmosphere. To this end, ad-
inception Vang et al. 2005 Mysak 2008, glacial abrupt  ditional assumptions (see e.g., WMR) are needed to clarify
climate changes and Dansgaard-Oeschger Oscillafiang  the source of atmospheric C changes. Also notice that we do
and Mysak 2006, and the next glacial inceptiol©ochelin  not include (test) the hypothesis of Ruddiman (2003, 2006,
et al, 2006 Mysak 2008. 2007, 2008), which proposes anthropogenic land-use and/or

Following the approach illvang et al(20058 and the re-  land-cover changes as potential sources of the atmospheric C
construction oDyke and Presf1986 1987, we prescribed increase during the Holocene.
a retreating LIS from 8 to 6 kaBP in our simulations. The
terrestrial C cycle module is based on VECODEdvkin 2.3 Experimental design
et al, 1997 2002. VECODE simulates the C stored in live
vegetation and soil when forced by the climatic conditions The atmosphere, land surface, and sea ice components of
(e.g., temperature and precipitation) in the model, and hashe “Green” MPM, together with VECODE, are first spun
been used in several studies of the HolocdBreykin et al, up for 60 years under the forcings of (1) monthly mean
2002 Renssen et gl2006. The atmospheric COconcen-  insolation at the top of the atmosphere at 8kaBP as de-
tration used in VECODE will have only a fertilizing effect rived fromBerger(1978, (2) the zonally averaged monthly
on the net primary productivity (NPP). In addition to the at- SST climatology fromLevitus (1982, and (3) the recon-
mospheric C@, annual mean temperature and precipitation structed atmospheric GOconcentration from the Taylor
control the value of annual NPBIovkin et al, 1997, 2002. Dome ice core (260 ppmv). This spin-up represents the forc-
The pre-industrial, mid-Holocene (6 ka BP), and 8 ka BP ter-ing conditions and a quasi-equilibrium state at 8 ka BP. The
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Schematic Diagram of Preindustrial Global Carbon Cycles 3 Prescribed Peatland growth in the Holocene
Atmospheric Carbon Throughout the Holocene, the NP have accumulated C
Preindustrial Reservoir .
600 PgC (GIC) (Smith et al, 2004 MacDonald et al.2006 Roulet et al.
2007 Frolking and Roulet2007) with estimated present-
GPP (120 PgCHym) Fluxes (70 PgCyr) day storages of 270-450 PgC. The assessment of the NP
Respiration (119.6 PgC/yr) can be evaluated through the initiation (basal) dates (ra-

Discharge diocarbon date of the deepest/oldest peat). Recent studies
# have advanced our understanding of Holocene NP dynamics
(04 PG in Western Siberiaremenetski et a).2003 Smith et al,

2009, North America Halsey et al. 1998 Gorham et al.
Fig. 2. Schematic diagram of pre-industrial global C cycles based2007), and Finland Korhola et al, 1995 Turunen et al.
on Chapter Seven of the recent Intergovernmental Panel on Climate002. Figure3 shows the relative basal date frequencies as
Change reportigenman et a}.2007). determined from the above studies during the last deglacia-
tion. To generate the total percentage of frequency, we have

ocean component is next coupled with the aforementioned@SSumed a relative area weighting of 10:5:1 for Western

four components using flux adjustmen®ang and Mysak Siberia, North_America,_and. Finlantﬁl(olki_ng and Roulet
2000. The final equilibrium state of 8 ka BP is reached after 2007, respectively. To simplify our prescribed NP develop-
an additional 5000 years integration. ment during the Holocene, we have assumed that (1) the NP

To set up the model for the three types of transient Simu_expansion is proportional to observed basal date frequency,
lations (see Tabld), the “Green” MPM is first spun up for and the total area is thus calculated as a linear function of

5060 years to reach the 8ka equilibrium state as describef§@sa! dates (Fig3, total frequency); and (2) the C uptake
above. The model is then integrated from 8 to 0 ka BP withat€ Per unit area is and has been constant, and thus the to-
varying solar forcing as prescribed Berger(1979, the re- tal C uptakes scale linearly with peatland areeo(king and
constructed atmospheric G@oncentration from the Tay- Roulet 2007. _

lor Dome ice core (Figl), a prescribed retreating LIS as in The NP initiation starts earlier than 12 ka EMa(c_DonaId
WMR, and an interactive vegetation. We modeled the carborft &, 2006 Gorham et a.2007), but the most rapid spread
accumulation in NP as a separate, “inert” C reservoir. To ac-Cf the NP starts around 12kaBRIgcDonald et al.2008.
count for this C accumulation while not changing the global Baseéd on reconstructed basal datésrgnen et al. 2002
VECODE NPP, we reduced the NPP in VECODE by the an-SMith et al, 2004 Gorham et al.2007), it has been argued
nual C accumulation rate in NP-0.03 PgClyr) in two of the  that the NP grows quasi-linearly with time (Fig). total fre-
three sensitivity simulations: (1) AOVI denotes the “control” dUency). Furthermore, we have estimated the relative accu-
run, in which we neglected the impact of the NP deve|op_mulat|on of peat from 8 to 0 ka BP to be about 180-300 PgC
ment on the NPP in VECODE; (2) AOyIdenotes the “bo- (two thirds of the total accumulated peat over the past 12 ka).
real” impact run, in which we have reduced all boreal Npp 10 reflect the uncertainty in the present-day NP C estima-
in VECODE proportionally to compensate for the C stored in iON: We .have chosen three values (high, 450 PgC; middle,
NP, i.e., so that adjusted boreal NPP plus NP C accumulatiors60 P9C; and low, 270PgC) as our prescribed present-day
equals the original boreal NPP (boreal defined here as all lan§€2t C, which provides three different trajectories in our pre-
north of 50 N); and (3) AOV}, denotes the “global” impact scnped NP devel_opment from12to Oka BP (Fipy.We have

run, in which we have reduced the global NPP proportion-2PPlied the relative peat C changes (unit PgClyr) from 8 to
ally in VECODE to compensate for the C stored in NP. Note OkaBP in our three-type transient simulations. In addition,
that: (1) the ice sheet component of the “Green” MPM is not because of th_e development of peatlands, the NPP flux (unit
interactive in any of these simulations; (2) the Greenland Ice”9C/yr/area) in VECODE has been compensated (reduced)
Sheet s prescribed and fixddiybrechts2002); (3) the veg- according tg Sect2.3 so that the area—lntegrat_ed reduction .
etation component is interactive in all these simulations; and? the NPP is balanced by the rates of peat C increases (unit
(4) the global annual NPP flux (unit PgC/yr) in VECODE is P9C/YI)- , o S
calculated based on the area-integrated grid-cell NPP fluxes Our prescribed NP development is highly idealized, and

(unit PgClyr/area). We do not include anthropogenic landMay not represent the true_evolution of Holocene peatlands.
use and/or land cover changes in the simulations. One of the major concerns is that some parts of the NP (e.g.,

the Hudson Bay Lowlands) are excluded in our study because
accurate basal dates are not yet available. In addition, the rate
of peat C accumulation is a function of the changes in the re-
lationship between the rate of production of new peats and
the rate of decomposition of dead material. Those changes
are, in turn, a function of external climatic influences and/or
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Table 1. Summary of the three types of transient simulations.

Acronym  Orbital parameters  COn climate model (ppmv)  C®in VECODE (ppmv) LIS Impact of NP

AOVIC Variable From Taylor Dome From Taylor Dome Retreating None
AOVI,° Variable From Taylor Dome From Taylor Dome Retreating Bdteal
AOVI,© Variable From Taylor Dome From Taylor Dome Retreating Global

8LIS denotes Laurentide Ice Sheet.

b NP denotes Northern Peatland. The development of the NP will affect the net primary productivity in VECODE.
C See text in SecR.3for detailed definitions.

d The boreal region is defined as north of$0in the model.

allogenic controlsHlilbert et al, 2000 Roulet 200Q Char- Relative Basal Date Frequency

man 2002 Frolking and Roulet2007). For example, in a5 A T S RO S 100
an 8-ka core from a Western Canadian fén,et al. (2003 30 [A: Western Siberia] - e
found that the C accumulation rate increased during the wet 2 - L 60
Holocene periods. A recent study ¥ et al. (2009 shows 15 4 E 40

that the estimated C accumulation at 8ka BP is about 73— E
98 PgC, which is similar to our study and previous estimates o =

(29-58 PgC by MacDonald et al., 2006; 92 PgC by Adams T R L L L 100
and Faure, 1998). a0 [B: North America o
The simulated global NPP (Fi§) increases slightly from 20 3 - 60 %
60.5 to 61.2 PgClyr from 8 to 6kaBP in response to a re- | 3 O
treating LIS. The simulated boreal forest also expands in as-Q s 3 F20
sociation with a retreating LIS and higher summer insola- £ 0 o8
tion in the mid-Holocene (figure not shown, see Wang et al., gss ST —— — —— —t 1oo§
2005b and WMR for more details). The subsequent global @ 3 :\—1 - o0 8
NPP decrease (Fig) is caused primarily by the desertifi- 20 3 - o £
cation in North Africa where the green Sahara/Sahel gradu- 1, 3 -4 8
ally becomes a semi-dry desert (figure not shown, see Wang 5 3 Hﬂ m [ §° <

et al., 2005b and WMR for more details). Because of the

NP development, the global NPP has been compensated (re- 3 f\ml‘ — 100

duced) slightly in AOV}, and AOVI, simulations. However, o 3 - 80

the overall trends are similar as compared with AOVI run. 2 5 E %0

Notice that we only plot the simulations with a prescribed 1, e

high present-day NP C value (450 PgC) in Figwhich pro- 5 - H BEm 7
I I I I

; S mifi ; 0 I B B —
vides the most significant impact of the NP development on 55 45 35 25 15 05

the vegetation module (VECODE) in the “Green” MPM. For fromieten ss 8o
the mid- and low-values (360 and 270 PgC) of the present-

day NP, the simulated global NPP curves are similar to thosé-ig. 3. Summary of observed relative basal date frequencydpr
in Fig. 5. Western Siberiagmith et al, 2004, (b) North America Halsey

. . . etal, 1998 Gorham et a].2007), (c) Finland (Turunen et a].2002),
As occurs with the global NPP evolution, the simulated and (d) Total. To estimate the total frequency, we have used an

global terrestrial C (Figb), including global biomass and soil  5re4 weighting of 10:5:1 for Western Siberia, Western Canada, and
C, increases from 2132 to 2158 PgC from 8 to 6 ka BP due tarinjand, respectivelyRrolking and Roulet2007). The solid black

a retreating LIS and an expanded boreal forest under highegurves in the panels represent the accumulated peatland fractions
summer insolation. Subsequently, the global terrestrial C(or percentages).

(Fig. 6) decreases from the peak in mid-Holocene (6 ka BP)

to a minimum value of about 2090 PgC at the end of the pre-

industrial period (hereafter, 0 ka BP). The mid-Holocene cli- (figure not shown, see WMR for more details). In addition,
matic optimum is well simulated in the model. As shown in we have simulated a slight terrestrial C increase in the South-
WMR, the desertification of North Africa decreases terres-ern Hemisphere throughout the Holocene from 8 to O ka BP,
trial C there by about 50 PgC, which explains around 75% ofwhich is attributed to the increasing summer insolation over
the total peak-peak terrestrial C changes from 6 to 0 ka BRhe same period (WMR). Again, we only plot the simulations

53
%2
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Prescribed Peatlands Development Global Net Primary Productivity
|

500 | | | | |
] I 61.00 -
] Low I
400 7 a 60.50 1%
1 ——Mid [ ol
o 300 | |——High N 5, 60.00 ~
o)) il I (E)»
a i i g ]
200 _ 59.50 -
. - 59.00
100 - - |
i i 58.50 —
0 ' ! ! ! ! 8 6 4 2 0
12 10 8 6 4 2 0
ka BP

ka BP

Fig. 5. Simulated global net primary productivity from three-

Fig. 4. Prescribed peatlands development in the model. To reercE pe transient simulations of the “Green” MPM, in which the high

Lhe uncerlt_algtt)r/] of tr:j(_aﬁpresztent-ld ay ers]_t'rgf”‘fsdoﬁ)faéc '%.th;GONg’ V(\:' resent-day peat value (450 PgC) is used in the prescribed NP de-
ave applied three different values (high: 9%, mid. 9 velopment. For other values, the curves look similar. The AOQVI

and low: 270PgC) as the C storage of the NP. We assume a I|n-un is considered as the “control” experiment, while the AQihd

earized slow development of the_ NP, which corresponds to the totaLOVIg are two sensitivity simulations, in which the NPP in the
basal date frequency as shown in R3d.

vegetation module is compensated by the development of NP as de-
scribed in Sect3.

for a prescribed high present-day NP C value as in 5jg.

which provides the most significant influence of the NP de- _ _ _
velopment in simulated global terrestrial C in the AQ\&nd these three SST curves are almost identical, we have shifted

AOVI, transient simulations. For the mid and low values, up\ivard the curves for the AOyland AOV, simulations by
the simulated global terrestrial C curves are similar to those?-1°C and 02°C, respectively. Because of the similarity, we
in Fig. 6. do not show the SST plots for the mid and low prescribed

Overall, gradual development of the NP, as prescribe(present-day peat C values_. _Ove_rall, we find the pres_cribed
in the model, has only negligible influences on the simu-NP developr_nent has negligible |_mpact on the evolutlon.of
lated NPP and terrestrial C cycles. This is primarily due the SST during the Holocene period from 8 to O ka BP. With
to the slow build-up of the NP as prescribed in the modelSuch @ small magnitude of SST increase, we do not expect
(~0.03 PgClyr). We expect that any abruptness in the NP2 substantiative CQoutgassmg from the sea surface during
development would have a substantiative impact on the terthe HoloceneBrovkin et al, 2002 2008.
restrial C cycle dynamics over a short period. However, over Based on our three NP development trajectories and three
millennial timescales, we do not expect a significant impacttypes of model simulations, we have estimated the relative
of the NP on terrestrial C cycle dynamics, which are con-C storage changes in land (VECODE plus prescribed NP
trolled presumably by the simulated climate conditions, at-trajectories, green curves), atmosphere (ice core data, blue
mospheric C@ concentration, and anthropogenic land-use curves), and ocean (red curves, assuming a global C conser-
and/or land-cover changes (Ruddiman’s hypothesis) duringation during the Holocene) (Fi@). It is clear that, without
the Holocene. considering the human land-use/land-cover changaddi-

The global SST (Fig7) increases slowly under the retreat- man 2008, the inclusion of the NP has sequestered a large
ing LIS, which overrides the orbital-induced cooling, and the amount of C from both the atmosphere and ocean (presum-
radiative forcing of atmospheric GQintil about 1 ka BP. Af-  ably deep ocean), which significantly changes the conclu-
ter that, a strong SST cooling is caused presumably by thaions of WMR. Because of the NP C sequestration, small
drop in atmospheric C®concentration. The global peak- variations of terrestrial C in VECODE are fading out. The
to-peak increase of SST is abouPTC in the three types of only remaining detectable signal is the oceanic C source
transient simulations (AOVI, AOVJ, and AOV|,). Because during the Holocene from 8 to OkaBP. We note, however,

Clim. Past, 5, 683693 2009 www.clim-past.net/5/683/2009/
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Global Terrestrial Carbon (No Peatlands) Global Sea Surface Temperature
2160 ' ' ' - | | !
2150 - - 142 - -
2140 -
] L ()
] B 2
o 2130 - n 3 140 - \
> ] I O [ \
o ] i © /
2120 - - o / i
] g §> P AOVI, i
2110 - -
] C 13.8 -
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Fig. 6. Simulated global terrestrial C from three-type transient sim- Fig. 7. Simulated global sea surface temperature from three-type

ulations of the *Green” MPM, in which the high present-day peat transient simulations of the “Green” MPM, in which a high present-

value (450 PgC) is used in the prescribed NP development. For : . .
other values, the curves look similar. Note that the global terrestrialday peat value (450 PgC) is used in the prescribed NP development.

. . . : N hat w n nsider the small Holocene radiative warm-
C includes global biomass and soil C, but does not include the peat- ote that we do not consider the small Holocene radiative wa

land C. Again, three-type experiments (see S2&and Tablel for ing by the emission of methane from the I\H?c(lklng and Roulet
. . ., 2007. Because these three curves are overlapping each other, we
details) are carried out for the sensitivity of NP development over

the vegetation module. ha\ée shifted _the curves upward for AQVand AOVI, by 0.1° and
0.2°, respectively.

that if the anthropogenic land-use and/or land-cover changes

are considered together with the NP development during thésphe:re becgme the C smkﬁurnjg the Ho!ocene. Our study
Holocene, Fig8 would be changed. We also note that for a prowdes a first-order quantification of the importance of NP

specific NP accumulation scenario, there are very little dif-"" Holocene C cycle .dynam|cs. However, there are a few
ferences among three types of model simulations. This is be(_:ayeats associated with ourcurrent study, which provides the
cause that VECODE model is confined to simulate the eVo_gmdance for future studies of peatlands and Holocene C cy-

) T . cle dynamics.
lution of carbon storage on land by climatic forcings.
g y g First, our prescribed NP development is highly idealized,

and is based on the present-day estimation of total peat C,

4 Results and previous studies of peatland initiation dates in Western
Siberia Emith et al, 2004, North America Halsey et al.
5 Summary, discussion, and future work 1998 Gorham et al. 2007, and Finland Korhola et al,

1995 Turunen et al.2002. Some large portions of the NP
The study of WMR found that the first 10-ppmv g@se are still not well constrained by basal dates. In particular, it
in the atmosphere from 8 to 6 ka BP came from the oceanis believed that the age of the Hudson Bay Lowlands may
Applying additional assumptionggos et al.2004, WMR be younger than other peatlands, which will shift the over-
further derived that the second 10-ppmv £f@se from 6  all C uptake into a later time in the Holocene. Second, even
to OkaBP came from both land (5-7 ppmv) and ocean (3-with well-constrained basal dates, the bulk C accumulation
5 ppmv). However, based on the three types of transient simrates may be varying with climatic and biogeographic condi-
ulations using the “Green” MPM, and three prescribed lin- tions (Yu et al, 2003 Belyea and Malmer2004 Yu et al,
ear growths of the NP, we have found, without additional as-2009, althoughGorham et al.(2003 indicated a relative
sumptions, that the oceanic C reservoir is the primary sourceonstant long-term C accumulation rate. Third, we have ne-
of the 20 ppmv CQincrease in the atmosphere over the pastglected the radiative forcing of methane (gHmitted from
8000 yearsBroecker et al.2001; Broecker and Clark2003. the NP development, which has been estimated at roughly
This is because the terrestrial pool, together with the atmo0.05-0.1 W/m through the HoloceneFfolking and Roulet
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Relative Carbon Changes Since 8 ka BP
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Fig. 8. Relative C storage changes from nine transient simulations. Assuming global C conservation during the Holocene period from 8 to
0 kaBP, we derived the corresponding ocean C changes (red curves) to compensate the relative C changes in both atmosphere (blue curve
and land (including the NP, green curves). Top row corresponds to the high present-day peat value (450 PgC); middle row corresponds to
the middle present-day peat value (360 PgC); and bottom row corresponds to the low present-day peat value (270 PgC). We have assumed
pre-industrial (0 ka BP) atmospheric G@oncentration of 283 ppmv in the calculation of atmospheric C changes.

2007. Forth, we believe that the radiative forcing op®l bon increase is within the range of our prescribed NP growth

is less than those of CQand CH, (Fluckiger et al, 2002, and simulated land carbon changes (Bjgwhen the uncer-

therefore is neglected also in our study. Finally, we have alsdainties ofKaplan et al(2002 are considered.

neglected the freshwater forcing from LIS melt. However, It also should be noted that we have not attempted to in-

we believe that the freshwater from the gradual retreating LISclude the anthropogenic land-use and/or land-cover changes

has limited impact on the ocean circulation and terrestrial Cduring the HoloceneRuddiman 2003 2006 2007, 2008.

cycle dynamics after the 8.2 ka BP “cold” eveAllgy et al,, We believe that the magnitude of these unknown changes and

1997 Wang and Mysak2005d Wang 2005. their biogeophysical and biogeochemical consequences are
Although we rely on the clear, robust ice-core-retrieved not well-constrained yet. However, with a detailed recon-

atmospheric C@concentration for our inverse method, we struction of human impact on terrestrial C cycle, we could

believe that thé13C signal derived from ice core during the generate a different picture of Holocene C cycle dynamics

Holocene is not well constrained due to the small signal (0.2based on our inverse method. Nevertheless, our fundamental

° /0o0) to measurement error (0.9&o) ratio (Broecker et al., goal is to introduce interactively coupled oceanic and peat-

2001; Kaplan et al., 2002), and the scatter of the results (0.08and C cycle modules into the “Green” MPM. By doing that,

°/00) around the model curveBtoecker et al.2001). Fur- we will have the capability to simulate the evolution C cycle

thermore, in a previous study using asynchronously coupledn the Holocene, and hence gain insights into the details of

simulations of glacial-interglacial terrestrial carbon cycle dy- the oceanic and peatland C processes.

namics,Kaplan et al.(2002 suggested that the land over-

all continued to increase in carbon content throughout the

Holocene with an estimated value of 240 PgC. This land car-
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