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BOMBEN "C ALS TRACER DES REZENTEN KOHLENSTOFFKREISLAUFS

Zusammenfassung: Radiokohlenstoff (**C) aus Kernwaffentests hat innerhalb des rezenten
Kohlenstoffkreislaufs noch kein Gleichgewicht erreicht. In der vorliegenden Arbeit wurde der
Verbleib von Bomben *C seit 1950 mit Hilfe grobauflésender Modelle untersucht. Ziel der
Arbeit war es, das Potential v8i€ als Tracer zur Validierung von Austauschraten zwischen den
einzelnen Kohlenstoff-Reservoiren zu bestimmen. Als Basis dienten die am Institut vorhandenen
langen Messreihen vdfiCO, in der Atmosphére. Es wurden drei wichtige Ergebnisse erzielt:

1. Das nur anthropogen in die Atmosphare freigesetzte inerte Spurergaar8€& erstmals
erfolgreich zur Validierung globaler atmospharischer Transportmodelle eingesetzt. 2. Die Bilanz
des Bomben™C in einem einfachen Boxmodell des Kohlenstoffkreislaufs konnte nicht
geschlossen werden, was hdchstwahrscheinlich eine zu starke Aufnahme von B6ndoech

die Ozeane bedeutet. Dann ware die Aufnahme von anthropogeneduc® die Ozeane um

25% niedriger als bisher angenommen. 3. Die Anbindund*@Nessungen in der Stratosphére

an die troposphéarischen Messungen wahrend und kurz nach den Kernwaffentests diente zur
Quantifizierung des Stratospharen/Troposphéaren-Austauschs. Diese drei Werkzeuge konnten fir
eine vorlaufige Interpretation der saisonalen Variation des rezenten atmosphati€ehen

eingesetzt werden.




TRACING THE GLOBAL CARBON CYCLE WITH BOMB RADIOCARBON

Abstract: Bomb radiocarbon (**C) emitted to the atmosphere by nuclear explosion tests has not
yet reached equilibrium within the Earth carbon system. In the present thesis this fate of
radiocarbon isinvestigated using coarse-grid models to trace high-precision **CO, observations
available in the atmosphere since the 1950s. The goal of the study isto progress our quantitative
understanding of bomb radiocarbon following the pathways of the globa carbon cycle. Inversdly,
| wanted al so to determine new constraints on the atmospheric carbon budget buried in the long-
term observations of atmospheric **CO,. Three relevant findings came out at the different stages
of my research. First, the man-made passive tracer SFs was shown to be a powerful tool for
investigating air mass transport in atmospheric transport models. Second, a serious mismatch in
the globa bomb radiocarbon budget has been detected, suggesting that the oceans take up 25%
less anthropogenic CO, than hitherto believed. Third, tracking both the tropospheric and the
stratospheric *C observations during the period of magjor bomb “C activity excursions was found
to uncover the cycle of air mass through the stratosphere. The above tools were finally used in
afirst assessment of the seasonal cycles of recent atmospheric **CO..
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INTRODUCTION

Life needs carbon. Carbon is assimilated in al living and dead organic tissues and, for example,
makes up half the weight of dry wood. On our Earth, however, most of the carbon inventory is
stored in sediments. The remaining part isless than one permil of which 93% reside in the ocean,
5% in the land biosphere and only 2% in the atmosphere. Nevertheless, man-made changesin
the apparently infinitesimal fraction of atmospheric carbon may have considerable implications
and therefore are investigated by an entire community of researchers.

Atmospheric carbon is found mainly in greenhouse gases reflecting thermal radiation back to the
Earth surface. More than 99% of the atmospheric carbon inventory is made up by carbon dioxide
(CO,) gas. Therest is essentialy methane (CH,4) and carbon monoxide (CO). Atmospheric CO,
concentrations during the present millennium have been reconstructed from polar ice-core
records [Neftel et al., 1985; Friedli et al., 1986; Segenthaler et al., 1988] and show an
accel erating increase since industridization started, about two centuries ago. Thisincrease mainly
isdue to fossil fuel burning but also reflects net emissions from land-use change [ S egenthal er
and Oeschger, 1987]. Direct CO, measurements are available in the atmosphere since 1957
[Keeling and Whorf, 1994] and show a mean concentration for 1995 of about 360 ppm [Tans et
al., 1996] (1 ppm CO, corresponds to 10° mole CO, per mole of dry air) which is 25% above
preindustrial levels. This offset corresponds to a supplementary radiative forcing from CO,
estimated to be 1.5 W m or 60% of the total direct climate forcing due to changes in greenhouse
gases since preindustrial times [IPCC1995, 1996].

What about future concentrations? The yearly CO, increase observed in the atmosphere during

the 1980s corresponds to a net storage of carbon of about 3 GtC yr™* (1 gigaton of carbon (GtC)

is 10% kg of carbon) in the atmosphere. Over the same period, the mean anthropogenic emissions

from fossil fuel burning, cement production, gas flaring and land-use change sum up to some 7

GtC yr* [IPCC1995, 1996]. Thus only 45% of the today’s emissions remain in the atmosphere
and 55% must be taken up by the land biosphere and the ocean. Anthropogenic excess carbon
captured in the ocean and further mixed into the deeper ocean layers is being removed from the
atmosphere for centuries or longer whereas the corresponding sequestration potential in the
biosphere is still poorly understood. This is why unraveling the distribution of carbon removed
from the atmosphere is essential for improving prediction of futurgl@@Is in response to
projected fossil fuel consumption scenarios.

Figure 1 illustrates the present day understanding of the global carbon cycle where most of the
exchange fluxes are uncertain to at least £20%. This picture is an immense simplification of the
worldwide and seasonally varying real processes. Furthermore Figure 1 shows that natural gross
carbon fluxes between the atmosphere and both the ocean and the land biosphere are much larger
than the corresponding net uptake fluxes. Hence, confidently determining the fate of fossil fuel
CO; leaving the atmosphere turns out to be a challenge of considerable complexity. To quantify
the global carbon sources and sinks to the atmosphere indirect methods are applied, mainly
relying on tropospheric observations of isotopes in G0 0,, 1*CO,, ?C*0™0). The methods

are indirect since they do not validate the exchange by global coverage measurements of fluxes.
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Figure 1 Global carbon reservoirs and fluxes [Levin, 1994]. The numbers apply to the
present-day situation (1980-1989). Fluxes, e.g. between atmosphere and surface ocean are
gross annual exchanges. Units in GtC for reservoir sizes and in GtC yr™ for fluxes.

Instead, they use atmospheric transport models to link hypotheses about sources and sinks to the
atmospheric CO, observations. As the atmosphere is well-mixed if compared to the ocean and
the biosphere, it acts as a global scale carbon flux integrator which can be monitored at a
reasonable expense.

In the present thesis | report on my model investigations of the Earth’s recent carbon system.
They rely on the assimilation of worldwide radiocarbon (**C) observations in simple and
gradually refined numerical carbon cycle models. The goal of the study isto progress quantifying,
in aglobally consistent manner, the mechanisms controlling variations of the isotopic **C/C ratio
of CO, observed in the free troposphere after the 1980s. Inversely, this study also inquires the
potential of high precision atmospheric **CO, observations to constrain the general carbon
budget. Before comparing predicted values with observations a prerequisite of any atmospheric
transport model isits capability of ssimulating air mass transport processes correctly. Chapter 1
demonstrates how | investigated this property in our two-dimensional atmospheric transport
model using new sulfur hexafluoride (SFg) tracer data. In the same breath Sk was shown to be
a powerful transport tracer for other atmospheric applications.

The two-dimensional model with air mass transport validated by SFg observations then was
started from observed initial conditionsin 1970. Using simple but at that time reliable carbon
isotope exchange fluxes to the ocean and the biosphere the two-dimensional model could not
reproduce tropospheric **CO, observations. These observations reflect a disequilibrium of *C
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activity between the troposphere and the actively connected carbon reservoirs. The
disequilibrium mainly results from nuclear bomb tests in the early 1960s. Obvioudy, the remnant
amount of bomb **C in the ocean, the biosphere and the stratosphere had to be better determined
to successfully implement **C as atracer in global carbon cycle modeling. This approach initialy
was hampered by the large uncertainty range found in the literature concerning the yield of bomb
14C from nuclear blasts. Chapter 2 shows how | was able to solve this problem and to budget the
global bomb radiocarbon inventory. Excitingly, at the term of this second part of my thesiswe
were faced with a mgjor imbalance within the global carbon cycle. The long term atmospheric
4C0O, observations can not be consistently linked with oceanic and biospheric exchange fluxes
within their individual range of uncertainty. A reduction by 25% of the gross carbon exchange
fluxesto the ocean was identified as most appropriate candidate to solve the mismatch. However,
this contradicts the total bomb **C budget in the ocean obtained from the global GEOSECS
survey during the 1970s and still assumed to be uncertain within only Br@#cHer et al.,
1995].

To untangle this complication | focussed my investigations from the interannual to the seasonal
time scale. Here | was confronted with the need to parameterize the vertical cross-tropopause
exchange accurately because (1) the source of natural and*fbisjto a large extent, located

in the stratosphere, and, (2) the stratospheric-tropospheric air mass exchange (STE) is modulated
strongly during the course of a year with corresponding seasonal impact on tropd&pleric

The complex nature of STE, consisting of many scales from small-scale eddy transport to large-
scale Hadley Cell circulation, is not well understood yet. It is, therefore, not a matter of vertical
resolution that general atmospheric circulation models show a poor quantitative prediction of
STE. Hence our two-dimensional model was not helpful here because its vertical transport is
mainly adopted from fields of a three-dimensional model which has proved inadequacies in its
STE processefehfeld and Heimann, 1995]. Therefore | developed a simple 14-box diffusion
model of the atmosphere and determined its stratospheric air mass cycling by matching the
tropospheric and stratosphelf€0, observations during the period of main nuclear b&i@b
excursions. This part of my thesis is presented in the final Chapter 3. In the conclusions | also
briefly discuss seasondfCO, results between 1985 and 1995 obtained using this robust
atmospheric model together with carbon isotope fluxes from the ocean and the biosphere detailed
in the appendix.
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CHAPTER 1 Confining model air masstransport by SF¢ observations

1.1 Introduction

Atmospheric transport models are considered a powerful tool to investigate biogeochemical
cycles of trace constituents such as carbon dioxide or methane. As they link hypotheses about
sources and sinks to atmospheric observations, a crucial prerequisite of these models is their
capability to correctly simulate atmospheric transport processes. The transport behavior of
amospheric modelsis, therefore, often tested through so-called atmospheric transport tracers and
their global distributions. The radioactive isotopes krypton 85 (*°Kr) and radon 222 (*Rn) as
well asinert (long-lived) haocarbons are the classical tracers for this purpose [Jacob et al., 1987;
Prather et al., 1987; Heimann and Keeling, 1989; Zimmermann et al., 1989; Feichter and
Crutzen, 1990; Tans et al., 1990] as they have relatively well-defined source-sink characteristics,
and their global atmospheric distributions have been thoroughly measured [Weiss et al., 1992;
Cunnold et al., 1994].

Recently, a new tracer gas has been added to this potpourri, namely the solely man-made and

steadily increasing trace gas sulfur hexafluoride (SFg) [Maiss and Levin, 1994]. Quasi-continuous
atmospheric observations of SFs are now available for several years from globally distributed

sites in the northern (Alert 82°N, Fraserdale 50°N, Izafia 28N) as well as in the southern
hemisphere (Cape Grim 28, Neumayer 75) [Maiss et al., 1996]. This observational SHata

base was now used in combination with global observatiof#bfWeiss et al., 1992] in a

simple exercise performed with our two-dimensional model of atmospheric transport (2D-HD
model (HD = Heidelberg))Hesshaimer et al., 1989;Hesshaimer, 1990]. Meridional and vertical

profiles as well as long term trends and seasonal cycles have been compared with observations.

Our purpose was threefold: (1) We wanted to investigate the behavior of the new teaoer SF
direct comparison to the classical global traf#r. SR has a totally different source
distribution, namely, it is emitted in industrialized areas from a large number of almost
continuously distributed sources, in contras® which has only a small number of point
sources, mainly situated in the northern hemisphere. (2) Through the comparis&iKwyith
namely, fine-tuning the transport parameters of our modef#ttobservations, we wanted to

test the hypothesis that the globak SBurce distribution is closely related to electrical power
production. By this we could provide a realistic source characterizationsph&essary for

future use of this tracer in more sophisticated three-dimensional transport models. (3) We wanted
to assess potential shortcomings in the investigation of global trace gas budgets using two-
dimensional model results which, for problems related to atmospheric variations observed on
hemispheric scales, are often distinct enough if compared to three-dimensional models. Among
others, this assessment is relevant when using our 2D-HD model to simulate the global
distribution and temporal change of atmosph¥6, which has only a limited observational

data basellevin et al., 1992] but can provide important constraints on the global carbon budget
[Hesshaimer et al., 1994].
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1.2 Emission data base and atmospheric observations

1.2.1 Krypton 85 (¥*Kr)

The radioactive noble gas ®Kr today is mainly released to the atmosphere through nuclear fuel
reprocessing plants (NFRPS). Its only relevant sink is radioactive decay with a mean radioactive
lifetime of 15.6 years. All known NFRPs are located in the northern hemisphere between 33°N
and 56°N; their locations are given in Table 1. Nevertheless, observational evidence at the two
midlatitude southern hemispheric stations Cape Point (34°S) and Cape Grim (41°S) [Weiss et al.,
1992] clearly demonstrates that there must be one or several yet unidentified ®Kr sources located
in the southern hemisphere. Y early mean ®Kr emission rates from the eight major NFRPsin the
western world until 1986 as summarized in have been compiled by Rath [1988]. More updated

Plant 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988

1. Hanford, USA 294 250 108 291 283 276 212 95 214 268 251 °©25R51° 25T
(46.6°N, 114.7°W)

2. Idaho, USA 24 33 111 10. 0 92 59 9 3 0o 0 0 o 0
(43.4°N, 112.1°W)

3. Savannah, USA 520 711 448 530 480 560 840 515 €98 698 700 °7000C 700
(33.3°N, 81.7°W)

4. Sellafield, UK 1200 1200 800 700 940 840 1400 1190 1129 1003 643 1441 919 1076
(54.6°N, 3.6°E)

5. Marcoule, France 100 92 117 308 280 535 310 310 620 600 00600 600 60C°

(44.4°N, 4.5°E)
6. La Hague, France 657 343 660 786 642 825 969 1220 1356 730 1900 784 946 730
(49.0°N, 0.9°W)

7. Karlsruhe, Germary 43 86 115 34 51 32 70 16 76 32 92 83 °33 8%
(49.0°N, 8.4°E)

8. Tokai-Mura, Japan 0 0 0 60 0 280 110 190 g0 180 270 351 324 73
(36.5°N, 140.6°E)

9. Kyshtym, Russia

(55.7°N, 60.6°E)
Zimmermannetd. 1440 2100 3070 3140 3660 3080 2620 3200 3020 472930

This worK 1439 2109 3062 3136 3651 3069 2626 3212 3056 4905 4787 4834 5416 4764
Total Source
Zimmermann et dl. 4278 4815 5433 5950 6336 6540 6590 6745 7388 8051 9116..
Jacob et dl. ... 6000 6130 6270 6400 6530 6660 ...
Heimann and Keelirfg 4397 4782 5261 5765 6211 6524 6661 6648 6628 ...
This work! 4277 4824 5430 5946 6327 6529 6596 6757 7424 8416 924837 8657 8929

Table1 Yearly mean ®Kr emissions 1975 - 1988 for individual NFRPs and model-estimated
globa emissionsall in 10° Ci yr*. NFRP, nuclear fuel reprocessing plant. Releases for 1975-
1986 from plants 1-8 were taken from Rath [1988], except for Tokai-Mura, where 1985 and
1986 emissions were taken from UNSCEAR [1993]. The 1985 and 1986 emissions for
Sellafield and La Hague reported by Rath [1988] which were taken from von Hippel et al.
[1986] compare within £1% with those givenUINSCEAR [1993]. 1987 and 1988 emissions
from Sellafield, La Hague and Tokai-Mura were also taken foNSCEAR [1993].
®Model-calculated values taken frafimmermann et al. [1989, Figure 1a]; asterisk, value
calculated with zero release from Tokai-Mura.

®Jacob et al. [1987].

‘Heimann & Keeling [1989].

“This work: emission values were compiled for a 5.06™ kf of air atmospheréfather

et al.,, 1987]; the model run was started at January 1st, 1975, with a unifem
concentration of 0.525 Bgn

*Value set equal to the previous value.
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numbers for La Hague, Sellafield and Tokai-Mura are reported in UNSCEAR [1993]. For
overlapping periods, they compare within +1% with the numbers compildRithy][1988].

Direct emission rates from Kyshtym (Russia) are not available yet. The valies mann

et al. [1989] and our estimates listed in Table 1 (9a, d) have been calculated as the difference
between the respectively determined total emissions and the known releases from the western
plants 1-8Zimmermann et al. [1989] calculated the total emissions from their model, and we
derived them likewise (as listed in Table 1) from the observed temporal change of the global
atmospheri&Kr inventory. For comparison, Table 1 also shows the Tiareleases calculated

by Jacob et al. [1987] and byHeimann and Keeling [1989]. The spatial distribution of tieKr

sources for our model estimates was set according to the latitudes and strengths of plants 1-9
(Table 1).

Continuous observations BKr at several worldwide distributed stations are performed by the
Institut fir Atmosphéarische Radioaktivitat, Freiburg, Germany, and the data till end of 1988 have
been published byeiss et al. [1992]. In the northern hemisphere, we used the weekly integrated
long-term observations at Miami (26, 10m a.s.l.: 1981-1988) and at SchauinslanéN48200

m a.s.l.: 1980-1988) for comparison with model simulations. In the southern hemisphere, only
weekly grab samples from Neumayer station (Antarctic&,742m a.s.l., 1982-1987) were
compared with model simulations, to determine the long-term trend and to investigate the
seasonal cycle.

Nine observed meridion&lKr profiles sampled during ship cruises over the Atlantic ocean at
about 30W between 1980 and 1987 [1992] were used in addition to the quasi-continuous long-
term station data. To allow direct intercomparison, observed and model calculated profiles were
normalized to October 1st, 1983, by the following procedure: We calculated the long term trend
through the Neumayer observations (see Figayaid added the difference in the long term fit
values for Neumayer between October 1st, 1983, and the respective observation date to each
observational ship cruise value. This method partly compensates the statistical uncertainty of
individual profiles reflecting variations in meteorology not resolved in our 2D-HD model.
Moreover, it takes into account the overall increase of interhemispheric concentration gradients,
caused by a 50% overall increase of the source strength between 1980 and 1987.

Observed verticaPKr profiles are only available for the small latitudinal zone betweéN 48d

45°N (1°W - 3°E), namely southern France. A mean observed vertical profile, normalized to
January 1st, 1986, was calculated from the data in Table ok-Weiss et al. [1992] for
comparison with our model results at the respective latitude (compare Figure 3).

1.2.2 Sulfur Hexafluoride (SFg)

Sulfur hexafluoride (S is a very long-lived (atmospheric life time t > 800 years [Morriset al.,

1995]) purely anthropogenic atmospheric trace gas. Its mean concentration in the atmosphere has
increased by about two orders of magnitude in the last two decades, exceeding 3 ppt at the end
of 1994 Maiss and Levin, 1994;Maiss et al., 1996]. About 80% of the global SFelease are
presumably due to leakages, etc. in electrical insulations and switching, and the remaining 20%
mainly come from degassing and purifying molten reactive me3aisdpl et al., 1993]. The
estimated mean banking time between production and release today is approximately 10 years
[Maiss and Levin, 1994]. Due to these source characteristics, the global distributionsof SF
emissions is closely coupled with the global distribution of electrical power productign. SF
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emissions are, thus, quite continuously distributed over the world's industrialized areas, herein
contrasting with the punctua ®Kr emissions. The atmospheric lifetime of SF with respect to
chemical destruction in the mesosphere, and dissolution losses in the world oceansis larger than
800 years[Ko et al., 1993; Ravishankara et al., 1993; Morriset al., 1995]. Thislong lifetimeis
of great advantage for the application of Sk as atmospheric transport tracer if compared to
halocarbons: The uncertainty upon atmospheric lifetimes of chlorofluorocarbons introduces
additional errors when using them to validate atmospheric transport models [Prather et al.,
1987].

Quasi-continuous two-weekly integrated high-accuracy atmospheric Sk observations at three
background stations in the northern hemisphere (Alert 82°N, 187m a.s.l., 1993-1994; Fraserdale

50°N, 200m a.s.l., 1994, I1zafia 28 2367m a.s.l., 1991-1994) and spot measurementssof SF
from two background stations in the southern hemisphere (Cape Grim 41°S, 95m a.s.l., 1978-
1994; Neumayer 78, 42m a.s.l., 1986-1994) as well as from two meridional profiles of SF
over the Atlantic ocean from 2R to 71°S have recently been reported Mgiss and Levin

[1994] andMaiss et al. [1996]. These data form the observational basis for our comparison with
SK model results.

Year Qsrs Year Qsrs
1970 0.730 1982 3.302
1971 0.940 1983 3.518
1972 1.152 1984 3.735
1973 1.364 1985 3.951
1974 1.578 1986 4.168
1975 1.792 1987 4.38
1976 2.007 1988 4.602
1977 2.222 1989 4.818
1978 2.437 1990 5.035
1979 2.653 1991 5.252
1980 2.869 1992 5.469
1981 3.085 1993 5.686

Table 2 Yearly SFs emission rates (Qges [10° kg SFs yr']) as used in the 2D-HD model.
Emission values were compiled for a5.06 * 10" kg of air atmosphere [Prather et al., 1987],
the modd run was started at January 1st, 1970, with auniform SFg mixing ratio of 0.036 ppt.

Maiss and Levin [Maiss and Levin, 1994] reported global mean g&&mission rates increasing
linearly with time from 1970 onwards with an estimated value of 5k§j0SF per year around

1990. This estimate is based on the long term quadratic concentration increase observed at
Neumayer station. For the &fodel run presented here we calculated the time development of
the global mean emission rate for 1970 to 1993 in a similar way &KfoSF; emission rates

were derived from the change of the global atmosphegarSEntory by using the quadratic
concentration increase trends at Neumayer, Cape Grim and lzafla. We accounted for the
stratosphere, containing 15% of the atmospheric air mass, with a mean lag time of 2.5 years, but
assumed no loss of $Bue to chemical destruction or other processes. A linear increase with
time of the global mean $Emission starting in 1967 according tg£J10° kg yr'] = 4.913 +

0.2133 * t, t = years after 1990.0 fits the observed quadratic increase in the atmosphere
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reasonably well. To account for small interannual concentration variations, source strengths
dightly different from this linear curve have been used in our model estimates. These yearly
release rates are listed in Table 2. A total atmospheric mass of 5.06 * 10* kg air was used for this
source strength estimate. The meridional distribution of the nearly linearly rising SFs source was
assumed to be equivalent to the meridional distribution of electrical power production used by
Prather et al. [1987] to determine the emission pattern of halocarbons (Table 3). No temporal
change of this distribution was assumed during the modeled period, although one may expect
slight changes of the relative contributions (NH: 95%, SH: 5%) from the respective hemispheres
from the 1970s throughout the 1990s.

Box No. Latitude Belt Percent Emission
1 -90 to -86.1 (south) 0
2 -86.1t0-78.3 0
3 -78.3t0-70.4 0
4 -70.4t0-62.6 0
5 -62.6t0-54.8 0
6 -54.8t0-47.0 0
7 -47.0t0-39.1 0
8 -39.1t0.31.3 2.22
9 -31.3t0-23.5 2.22

10 -23.5t0-15.7 0.74
11 -15.7t0-7.8 0
12 -7.8100 0
13 0to7.8 0
14 7.8t015.7 1.48
15 15.7t0 235 2.96
16 23.5t031.3 4.44
17 31.3t039.1 21.48
18 39.1t047.0 25.19
19 47.0t054.8 28.89
20 54.810 62.6 10.37
21 62.6t0 70.4 0
22 70.4t078.3 0
23 78.3t086.1 0
24 86.1 to 90 (north) 0

Table3 Meridional distribution of SFs emissionsin percent of the global mean.
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1.3 Model

The two-dimensional Heidelberg model of atmospheric transport (2D-HD model) has been
developed to alow first order comparisons between its results and observations [Hesshaimer,
1990]. It also provides pre-constraining estimates for the results to be obtained by more
sophisticated three-dimensional models. The model has been developed in cooperation with the
Max-Planck Institut (MPI) fir Meteorologie in Hambutddimann, ]. It was designed to work
on any IBM PC compatible computer.

1.3.1 Algorithm scheme

All physical parameters of the Earth atmosphere are represented in the model as zonally averaged
means, thus reducing the modeling space to two dimensions. Subdividing the atmosphere into

boxes, the algorithm computes the air mass transport between these boxes on the basis of
observed meteorological data. This scheme is appropriate to describe the mass flow transport of
any tracer, as long as the main transport medium is the air. The model bases on a zonally

integrated version of the continuity equation:

! cos(6) 9, (pc)do + J’ cos(8) pvcdn - J’ cos(8) pK (Oc)dn + CONVEC

Qe (1)

= ! cos(8)Q,, do+ R

X box surface;

do:  surface element (scalar);

0x: border of box surface (scalar);
dn:  border element (vector);

0: degree latitude;
p: mean air density;
c mean mass of tracer per mass of air;

V: mean wind velocity (V w,w);

Kj: diffusion tensor;

Qua:  volume sources;

Qres: additional sources;

R: Earth radius;

CONVEC: vertical convection (see text).

The horizontal transport is derived from meridional wind fieljisugd horizontal diffusionk{,),
whereas the vertical transport depends on vertical wind fieldsértical diffusion Kz) and

vertical convection (CONVEC). Horizontal and vertical diffusion terms account for the temporal
and spatial averaging when the real wind data is mapped into the model grid. The diffusion
coefficients were set to be proportional to the standard deviations (o, o) Of the input wind

fields. The off-diagonal elements of the diffusion tensor are set to zero accordimgesmann

et al. [1989]. The term labeled CONVEC represents vertical transport arising from dry and moist
convective processes which are not resolved in the model's wind field. The explicit CONVEC
scheme consists of a redistribution of mass between the boxes in a vertical air column during the
model's time step [sd&rather et al., 1987].
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1.3.2 Meteorological data fields

The model grid and the data fields bear strong resemblance to a three-dimensional atmospheric
CO; transport model (TM2) in use at the MPI in Hamburg [Heimann and Keeling, 1989]. The
model grid subdivides the atmosphere horizontally into 24 segments leading from South Pole to
North Pole and vertically into 9 layers covering the range between 984 hPa and 10 hPa. The
limits of the boxes are the same as the corresponding limitsin the TM2. The wind field (v, w) and
standard deviation data (oy, 6y) used in our model are the zonally and monthly averaged TM2
fields (originally data from the Global Westher Experiment, see Heimann and Keeling [1989]),
and are based on observations between December 1978 and November 1979. Besides the
problem of dataavailability, it does not make too much difference to use real time meteorol ogical
datafor this study. The real time wind fields when averaged longitudinally to two dimensions
would be considerably smoothed out anyhow, and the 1978-1979 data set is quite representative
for mean conditions.

Our CONVEC data (monthly averages) are the zonal means of the TM2 models (originally
described by Prather et al. [Prather et al., 1987]), corrected for the time step used in our model.
The air density data (monthly averages) have been computed on the basis of temperature and
pressure fields [Houghton, 1977]. The meridiona wind datafield (v) has been dslightly modified
to insure air mass conservation in each air column of the model. The vertical wind field (w) was
then deduced from the horizontal wind datafield to insure air mass conservation in each box of
the model.

1.3.3 Free parameter setting

Tuning of the 2D-HD model was performed by determining optimal values for the only free
parameters which we decided to take: the diffusion fields (Kyy, K). These were determined by
multiplying, respectively, the horizontal and vertical wind variances at each grid point i,j (6y, 6w)ij
(not CONVEC) with two constants a, and ay,. In afirst step, we fixed a, and a,, to obtain a
plausible diffusion field (compare e.g. Hyson et al. [1980]). In a second step, we made profit of
the similitude between the TM2 and our 2D-HD model: A parallel ®Kr run of the two models
was used to get improved values for the parameters a, and a,,. The fina finetuning of a, and a,,
was achieved by fitting optimally to observed meridional ®Kr profiles.

Figure 2 shows the comparison of our ®Kr model results with the cruise data (both data sets
normalized to October 1st, 1983; see data description above). The maritime ®Kr observations
over the Atlantic ocean are not zonal means. However, due to the rather strong longitudinal
mixing from west to east at the latitude of the major sources, these data are still a very good
approximation of the real zonal mean, at least south of the major °Kr source regions. On the
other hand, adjusting the air mixing in our 2D-HD modd to maritime observations makes it more
reliable to correctly model other trace gases (e.g. CO2 or CH4) where observations are also
biased towards maritime stations [e.g. Conway et al., 1994]. The model resultsin Figure 2 were
obtained by optimum adjustment (least squares fitting to observations) of only the horizontal
diffusion parameter a,. However, with this tuning we al so obtained good agreement between the
observed vertical distribution and our model results as shown in Figure 3. The corresponding
parameters a, and a,, from this "fine-tuned" model run were, therefore, adopted for all further
%K r and SFs runs which allow for a direct comparison of both transport tracers,
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Figure 2 Comparison of meridional ®Kr profiles at ground level. Full squares: mean

observed cruise data over the Atlantic ocean for each of the meridional model box latitudes
normalized to October 1st, 1983 (see text). The open up triangle represents the mean value

and standard deviation observed at Krakow station, Poland (220m a.s.l.), between mid
September and mid October 1983. Open circles, mean concentrations as calculated by the 2D-
HD model for the individual dates where cruise data exist, also normalized to October 1st,
1983. Error bars correspond to the standard deviation of the individual observations/model
results.

Refined inspection of the model results in comparison with the observations provides several
important features to be discussed: North of about 40°N the 2D-HD model ®Kr results - although
qualitatively reproducing the latitudinal pattern with a maximum at about 55°N - still shows
systematically higher values than observed over the Atlantic ocean. The reason for this
discrepancy is that the model results represent real zonal mean concentrations which are,
particularly north of 40°N strongly influenced by the continental ®°Kr pile up close to the large

point sources. To illustrate this fact, we included the observed mean ®Kr level in Central Europe
represented by measurements at the most eastern station Krakow (Pdlan@0g0, 220m

a.s.l.) for mid September to mid October 1983 and its standard deviation in Figure 2. There is,
indeed, a general substanff¥{r pile up of 0.05-0.1 Bq Mobserved at this continental site if
compared to Atlantic Ocean levels. We, therefore, come to the (trivial) conclusion that our 2D-
HD model will neither simulate maritime nor continerftér concentration levels in mid
northern latitudes correctly, at least for the lowest tropospheric levels betvWesard4®ON (see,
however, Skresults below). At 50N, the model results do, however, seem to represent the
observed zonal mean accurately, if estimated as lying between the mean of Atlantic Ocean and
Krakow observations.
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Figure 3 Comparison of vertical ®Kr profiles for 43°N. Full squares. concentrations
observed over France, averaged for each box level, and normalized to January 1st, 1986.
Circles, mean of model calculated values for each individual observation normalized to
January 1st, 1986. Error bars correspond to the standard deviation of the individual
observations/model results.

1.4 Modeling the meridional distribution of SFg

Once the 2D-HD model was optimized through observed ®Kr profiles, we could simulate the
meridional distribution of SFg using the emission scenario described above and listed in Tables

2 and 3. Figure 4a compares the observed meridional profile collected at the end of 1993 over

the Atlantic ocean [Maiss et al., 1996] with the results calculated by the model for the lowest
tropospheric box layer. Mean SFg concentrations for the end of 1993 (October - December)
observed at Alert (82°N), Izafia (28N), Cape Grim (41S) and Neumayer (7$) [Maisset al.,

1996] are also included in Figura.A'he height of all stations except Izafia lies within the lowest
model layer. To inspect the model predicted vertical decrease of concentration with height due
to the ground location of the §sources, we also included the model estimate for 2367m a.s.l.
at the latitude of Izafia in Figur@.4The predicted difference matches the difference between
observations at Izafia station and corresponding ship based measurements, but this needs to be
confirmed when more data will be available.

Figure 4 shows the meridional distribution of the yearly meag @incentrations in 1993 in
comparison with model estimates. Here we also included a value for Fraserdallewbizh

was extrapolated back from the observations during 1994. We used the mean difference of
Fraserdale and Izafia in 1994 (0.14 ppt) and the trend from the Izafia curve to estimate that value.
The general good agreement betweeg @¥servations and our model results confirms that
tuning horizontal diffusion with the observedsS¥ofile would provide a very similar value for
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Figure4 (a) Comparison of meridional Sk profilesfor November 1993. Full squares. observations

over the Atlantic ocean. Open up triangles, mean station data for October to December 1993. Solid

line, estimates for the model's surface layer. Circles, model estimate for Izafia station (2367m a.s.l.).
(b) Comparison of 1993 yearly mean meridional profiles @f ©Ben up triangles, yearly mearis o
station observations. The value for Fraserdale was extrapolated back from the observations during
1994, using the mean difference to Izafia in 1994 (0.14 ppt) as offset from the mean value for Izafia
in 1993. Circle, model estimate for Izafia station. Solid line: model calculations for the meridional
profile respectively hemispheric means (horizontal lines) at the model's surface layer. Short-dashed
horizontal lines, hemispheric means as calculated by the 2D-HD model for the respective
troposphere; long-dashed horizontal lines, total hemispheric means. Error bars of the station data
correspond to the mean standard deviations around individual trend curves (see Figure 6).

the model’s free parameter a,. The datafrom Fraserdale, if they are representative for the mean
SFe concentration at about 50°N, also nicely confirm the model predictions at the latitude where

the strongest sources are located.

Also the observations at Alert (82°N), at very high northern latitudes are correctly reproduced
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by our 2D-HD model. This was not so obvious for ®Kr north of about 60°N (see Figure 2), and

may, in fact, be due to the more uniform release of SFg on the northern hemispheric continents

and to missing significant sources north of about 65°N. This finding is very promising with

respect to the validity of our 2D-HD model for CO, and *CO, simulations for Alert and
comparison with the respective observations (see Levin et al. [Levin et al., 1992]) (but perhaps

does not hold for CH,4 due to the high northern wetland sources still significant at |atitudes north

of 65°N). It isinteresting to note from Figure 4b that the model estimated mean ground level
difference between the two hemispheres (solid horizontal line) nearly exactly represents the

yearly mean SFg concentration difference observed between Izafia in the northern hemisphere and
Cape Grim in the southern hemisphere.

1.5 Modeling time series of ®Kr and SF¢ at selected monitoring stations

Beside meridional and vertical profiles, we also compared concentration recitisasfd Sk

at individual stations with the 2D-HD model results. In order to compare the potentially different
behavior of the two tracef¥r and Sk with considerably different source distributions, it would

be ideal to choose stations where long term continuous measurements of both tracers have been
published. Unfortunately, this is only the case for Neumayer station in Antarctica. Among all
published northern hemispheric long tefidr records, Miami (25N, 10m a.s.l.) shows the
smallest influence from air masses with very high concentrations. These "spiked" air masses are
not representative for their latitude as they were poorly dispersed longitudinally on the way from
the respective NFRP point sourt¥r observations at Miami can be compared witly ®Bdel

results at Izafa at approximately the same latitude, but located in the free troposgitnere (28
2367m a.s.l.). At Miam{Kr observations from 1981 to 1988 have been publisheget al.,

1992], a time span which, however, does not overlap with the time span of publigtu=dsSF

from Izafia (1991-1994Maiss et al., 1996]. Even if the time spans f8Kr and Sk do only

slightly or even not at all overlap, intercomparison of the general temporal behavior of both
tracers is still feasible. This makes sense, as we, anyhow, do not use the actual meteorological
data in individual years for the model estimates of trace gas concentrations.

Because of their vicinity to the sources, northern hemispheric stations need, however, a minimum

of 4-5 years of continuous observations until we are able to pick up a mean seasonal behavior
of SK; or ®Kr with confidence. The Izafia, Fraserdale and Alegtr8Eords are, thus, still too

short, and their mean seasonal cycles show too much variance to be compared with the model
estimates. To compare the seasonal cycles of model results with long-term observations at Miami

and Neumayer fdfKr, and at Neumayer for $Fwe calculated monthly mean values, deduced

the long term trends and determined mean seasonal cycles by least squares curve fitting to a
polynomial and harmonic function accordingTtwning et al. [1989].

1.5.1 Long-term trends and interannual variations

15.1.1 Krypton 85

Figures & and % compare the interannual variation$¥fr observed at Neumayer, Miami and
Schauinsland with the corresponding 2D-HD model results. For comparison with the model
results, the data from Miami have been selected to flag obvious outliers respectively samples that
were influenced by direct emission plumes of nuclear fuel reprocessing plants. We rejected
spikes more than 20 mBq higher than the original data filtered 60 times with a recursively applied
binomial filter (y, = Y/4[{y_,+ 2y, +y,,,)). For Neumayer and Miami (Figur@)3he observed
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Figure 5 (a) Comparison of observed weekly integrated (individual data points) and model
estimated (curves) long-term trends of *Kr at Neumayer station and Miami. For a more
reliable comparison with model results, the Miami data have been selected for obvious
outliers (plumes from nuclear fuel reprocessing plants; see text). (b) Same as (a) except for
the continental site Schauinsland.

absolute concentration level and the long term increase are correctly reproduced by the mode!.
For the most remote station Neumayer at the Antarctic coast thisis, however, not surprising as
the global ®Kr emissions had been derived from the time devel opment at Neumayer station, and
the meridional diffusion parameter had been adjusted in the model to reproduce shipboard
measurements over the Atlantic ocean including observations at Neumayer. The good agreement
between model and observations found for Miami, however, underpins both, the
representativeness of this station for the mean concentration at this |atitude with respect to ®Kr
and the ability of the modd to correctly predict the offset from Neumayer. As expected, however,
our 2D-HD model is not able to reproduce the observed spikes resulting from direct transport of
K r plumes from individual point sources to the observation site.

The effect of continental and regional ®Kr sources is most obvious in the observations at the
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Figure 6 Comparison of observed (individual data points) and model estimated (curves) long
term trends of SFg concentration for northern and southern hemispheric sites.

Schauinsland station. Here the ®*Kr model estimates can only reproduce the lower envelope of
observations (Figure 5b). The large seasonality seen in the data with pronounced maxima in
summer and autumn which are caused by enhanced vertica mixing over the continent and
therewith transport of ground level pollutants to the mountain site cannot be reproduced by the
model. This feature of our 2D-HD model had already been identified when simulating the
seasonal amplitude of CO, at the Schauinsland station which was underestimated by more than
30% [Hesshaimer et al., 1989].

1.51.2 SF¢

Figure 6 shows the comparison of the long-term increase of SFs observations at Neumayer, Cape

Grim, Izafia and Alert with model estimates. As already indicated in Figaraadid, the
agreement between observed and modelga&k€entrations is very good. Again for the pure

trend curve this is not surprising as we used the quadratic trend of Neumayer, Cape Grim and
Izafia data to estimate the time trend of the globals8&rce strength. However, the perfect
representation of the interhemispheric gradient confirms both, that the meridional transport in
the model is adequately parameterized and that the latitudinal partitioning ofsqaro&éction

scenario is reasonable. Also confirmed now on an interannual time scale is the representativeness
of Izafia for the mean concentration at that latitude, as we already pointed out above when
discussing the SFmeridional profile for 1993.

1.5.2 Seasonal cycles

In both estimates of global trace gas emissifi@ @nd Sk) no seasonal variation had been

taken into account. For $this assumption is justified as release of i8figh voltage electrical
equipment is unlikely to show any seasonality. ¥ir emissions, seasonal variations have been
reported for the La Hague reprocessing plant showing nearly zero releases in the summer months
July and AugustRath, 1988;Zimmermann et al., 1989]. As this source alone contributes about
15-20% to the global source (see Table 1) part of the observed seasonal variation at regional
stations in western Europe may also be attributed to the seasonality of this source (see below).
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Figure 7 (a) 1981 - 1988 mean seasonal amplitude of selected monthly mean ®Kr
observations at Miami in comparison to the model estimate. (b) Same as (a) but for unselected

observations at Neumayer from 1983 to 1988. Error bars show the standard deviations of the
mean, calculated from eight (Miami) respectively five (Neumayer) individual years.

1.5.2.1 Krypton 85

Although no seasonal variation in emissions has been assumed, a pronounced seasonal variation
of ®Kr at Miami is estimated by the model with lowest values during summer and highest
concentrations in winter and spring. Figure 7a shows the deviations of observed respectively
modeled monthly mean ®Kr values from the respective long term trends (modeled results and
selected data of Figure 5a). As our moddl is restricted to two dimensions, only the seasonal
changesin vertical and meridional transport are potentially reproduced. The striking agreement
between model results and observations at Miami strongly suggests that the observed seasonal
cycle of ®Kr is caused by seasonal changes of the transport pattern: Both, the position of the
Inner Tropical Convergence Zone (ITCZ) characterized by the steep concentration gradient
between 30°N and 10°S (e.g. Figure 2), and/or the height of the boundary layer change with
season. During winter, when the ITCZ is at its most southern location, Miami is largely
influenced by the northern hemispheric regime (high Kr concentrations), whereas during the
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Figure8 Mean seasona amplitude of monthly mean SF; concentrations at Neumayer station
from 1988 to 1993 in comparison to model estimates. The period from February 1991 to
February 1992 has been excluded in the analysis due to possible contamination of the samples
[Maisset al., 1996]. Error bars show the standard deviations of the mean calculated from five
individua years.

summer, tropical air masses with lower ®Kr activities are dominating at Miami. The seasonal
amplitude we model for Miami underestimates the observations by about 30% which may be an
indication that part of the variability is also caused by variations of the ®Kr source. Within the
year to year variability of the data, agreement between model and observationsis, however, very
satisfactory.

Also at Neumayer station in Antarctica a small seasonal ®Kr cycle is calculated by the model
(Figure 7b). This predicted seasonality is aso dightly indicated in the data, however the
November and December observations do not agree with the model estimates. The small seasonal
amplitude postulated by the model for southern hemispheric stations may be attributed to
variationsin the interhemispheric transport being largest during the southern summer (December
to February, compare Figure 9) when the ITCZ is moved northward therewith injecting high-
concentration northern hemispheric air into the southern hemisphere. Also Prather et al. [1987]
found a dight seasonality for CFC-11 concentration at Cape Grim which is in qualitative
agreement with our model calculations.

1.5.2.2 S

A significant seasonal variation is observed in SFs at Neumayer station which isin phase but
about 30% larger than predicted by the model (Figure 8). Besides the effect of a changing flux
of northern hemispheric air to the southern hemisphere (see below and Figure 9), input of SFe-
depleted stratospheric air into the Antarctic troposphere is largest during late austral summer.
This can be deduced from the seasondlity of radioisotope ratios (:°Be/ ‘Be) showing amaximum
at Neumayer station at that time of the year (February) [Wagenbach, 1996]. The underestimated
amplitude may be explained by awrong parameterization of the seasonality of vertical exchange
through both, the Global Wesather Experiment wind fields, and the CONV EC transport scheme
used in the Hamburg TM2 model and adopted for our 2D-HD model, particularly in high
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southern latitudes. The nicely resolved seasonal cycle of Sk observed at Neumayer station now
provides a powerful instrument to improve the transport parameters used in atmospheric models,
particularly for these |atitudes. This was not possible with the available *Kr data set [Weiss et
al., 1992] dueto asignificantly larger scatter in the observations at, e.g., Neumayer station. The
relative scatter of the ®°Kr datais about afactor of two larger if compared to the respective SFg
scatter at that site. Part of the reason for the larger ®Kr variability also at Neumayer, Antarctica,
seems to be a yet unidentified ®*Kr source in the southern hemisphere leading to significant
positive ®Kr excursions at the Cape Point station in South Africa [Weiss et al., 1992]. Correct
modeling of the transport is particularly crucid, e.g., to investigate the composite sources of CO,
in middle to high latitudes of the southern hemisphere. Particularly concerning this aspect, SFs
seems to be the most appropriate tracer to fulfill the task validating atmospheric transport
models.

1.6 Interhemispheric exchange

The interhemispheric exchange time 1 IS an important parameter to characterize global
atmospheric transport models. It was introduced to express the strength of the ITCZ acting asthe
major resistance of air mass exchange between the two hemispheres [see e.g. Bolin and Rodhe,
1973]. Basically, it describes the inverse of the air mass fraction of one hemisphere transferred
into the other hemisphere within the course of one year. Unfortunately, the value of 1e Cannot
be obtained from direct observations of air mass transport but has to be deduced indirectly from
tracer observations. For tracers like ®°Kr or SFs, mainly released to the atmosphere in the northern
hemisphere and with atmospheric life times t, much longer than 1, the transport to the southern
hemisphere is mainly controlled by the concentration offset between the two hemispheres.
Therefore, the hemispheric exchange time can be deduced from this offset provided the tracer
release rate in both hemispheresis known.
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Figure 9 Seasona cycle of the interhemispheric exchange time calculated for 1987 using
8K r as tracer. Results obtained with SFy as tracer are very similar. The solid line shows Te
calculated with equation (7), the dashed line shows 1¢ calculated according to Jacob et al.
[1987] when assuming d/dt(cyy - Csy) = 0 (equation (8)).
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1.6.1 Interhemispheric exchange time deduced from observations using a two-box model
of the atmosphere

Subdivision of the atmosphere into two well-mixed boxes, each representing one hemisphere,
and with a gross air mass flow between the two boxes inversely proportional to te allows afirst
approach to estimate this parameter. This procedure, with little modeling effort, has been used
in the past leading to values of te between 1 and 2 years from ®Kr and SF observations [e.g.
Weiss et al., 1983; Jacob et al., 1987; Maiss et al., 1996]. Comparing the results of their three-
dimensional atmospheric transport model with ®Kr observations over the Atlantic ocean, Jacob
et al. [1987] pointed out that the direct use of ground level ®Kr observations to determine the
interhemispheric concentration difference leads to te Values systematically overestimated by
about 50%. This is due to inappropriately neglecting the ®Kr concentration decrease towards
higher altitudes and in the stratosphere, particularly in the northern hemisphere.

For our two-box model approach, we use the simple tracer mass bal ance equations describing
the variation of concentration in the two hemispheric boxes:

EC :2QNH _Cwi “Cq _ Cy

da ™ a T, T, 2
d Q Cyy —C C

2oL =2 4 “NH H _ “H

dt > a T r (3

ex a

Tais the tracer's aimospheric life time; for ®Kr, 1, = 15.6 yearsisthe radioactive life time, for SFe
we set 1/13 = 0 (no destruction). o is the conversion factor from tracer concentration ¢ to the
corresponding global atmospheric tracer massinventory. If ®Kr is expressed in Bq m> STP (1
Bq =27 pCi) and Qin kCi (asin Table 1), a = 1.058 * 10°. For SFs expressed in ppt (10° moles
of SFe per molesof air) and Q in kg, o =2.55 * 10%. From (2) and (3) we have two choices to
estimate e from mean hemispheric concentration time series:

Cnn ~Cs

T =
ed 2 QNH _ E c _ CNH (4)
a d g,
I .= Can ~Coy
" d. L Ce_,Qu (5)
dat 7, a

To estimate the mean hemi spheric concentration time series, observations at individua sites are
used. Differencesin theinterannual concentration changes (dci/dt) at different (back-ground) sites
within one hemisphere are small for both tracers, ®Kr and SFs, due to relatively fast mixing
within hemispheres. The main uncertainty in the determination of 1, therefore, is associated to
the accuracy of the concentration difference between hemispheres (cyy - Csh).

We caculated mean hemispheric ®Kr (surface) concentrations, from observed meridional
profiles measured at ground level over the Atlantic Ocean (see Figure 2) using an appropriate
areal weighting. All measured cruise datafrom Weiss et al. [1992] were normalized to October
1st, 1983. From the observed meridional profiles we obtain a mean e = 1.6 years with the two-
box model approach. When applying the same areal weighting procedureto the 2D-HD model
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results corresponding to the cruise observations (al so normalized to October 1st, 1983, see Figure
2) we obtain a T = 1.7 years with the two-box model approach. Thisvalueis dlightly, but not
significantly higher than the e, obtained directly from ®Kr observations.

For the area weighted meridional SFs profile observed at ground level over the Atlantic Ocean
in November 1993 and extended northwards by station data from Fraserdal e (back-extrapol ated)
and Alert (see Figure 4a and Maiss et al. [1996]), we obtain a value of 1 = 1.5 years with the
two-box model approach. The respective 2D-HD model results for the surface box layer, areal
weighted and applied to the two-box model lead to the same 1 = 1.5 years. These results have
still to be confirmed by more observations. However, the very good agreement between the
interhemi spheric exchange time derived from direct SFs surface measurements over the Atlantic
Ocean respectively from 2D-HD model results for the surface box layer confirmsthat Atlantic
SF¢ profiles are probably a good approximation for the real zonal means. Thisisless obvious for
the tracer ®Kr where the Atlantic observations seem to underestimate the real zonal mean at least
north of 40°N (see Figure 2).

All results for the interhemispheric exchange time derived with the two-box model approach
from mean hemispheric surface values of ®Kr and SFs (observations and 2D-HD model results
for the surface box layer) liein therange of 1.5t0 1.7 years. Also for the 2D-HD modd estimated
yearly mean surface ®Kr profile in 1983-1984 we obtain a te = 1.5 years. We, therefore, can
confirm earlier estimates of the interhemispheric exchange time from Weiss et al. [1983], Jacob
et al. [1987] and Maiss et al. [1996] when using surface data and a two-box model of the
atmosphere.

1.6.2 Interhemispheric exchange time deduced from the 2D-HD modé of the atmosphere

In the 2D-HD model the net cross-equatorial tracer flux Fe can be computed on a monthly basis.
The interhemispheric exchange time can then be calculated from the northern hemispheric
concentration offset relative to the southern hemisphere:

acy —C
N E NHF H (6)

eq

T

Using equation (6) and ®Kr respectively SF as tracers, in both cases we obtain the same annual
mean T = 1.1 years. This interhemispheric exchange time is significantly smaller than the values
we obtained from the two-box model approach and mean surface data (tex = 1.5t0 1.7 years) but
agrees with the mean value reported by Jacob et al. [1987] (1 = 1.1 years) obtained with their
three-dimensional atmospheric transport model. As pointed out earlier by Jacob et al. [1987], the
discrepancy between the two model approaches is mainly due to an overestimation of the real
hemispheric means by surface observations. More rapid interhemispheric exchange in higher
tropospheric and stratospheric levels of the atmosphere is only of minor importance. In fact, for
anthropogenic trace gases with predominant sources in the northern hemisphere, it is the ground
level concentration pile-up in the northern hemisphere which is mainly responsible for
overestimating (cyn - Csn). When using tropospheric means of SFg to calculate (cyy - Csy) and
Tex, the interhemispheric exchange time is overestimated by only 10% if compared to vaues
obtained with two-dimensional or three-dimensional models (compare Figure 4b where mean
surface, tropospheric and hemispheric values for SFg in 1993 are shown as horizontal lines).
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1.6.3 Seasonal variation of theinterhemispheric exchangetime

The seasonal variation of net tracer transport over the ITCZ is one major reason for seasonal ®Kr

and SFg concentration variations observed at ground level at least in the southern hemisphere.

Fe determined by the transport field used in the 2D-HD model varies with season, the sameis

true for the northern hemispheric concentration offset with respect to the southern hemisphere

(CnH - Csh). Both parameters lead to a seasonal variation of te in our 2D-HD model with an
amplitude of £30%. Weaker exchange is observed during the months April to September whereas
interhemispheric exchange is enhanced in the northern winter months (Figure 9). The seasonal
amplitude of 1« S€EMS t0 be stronger by a factor of four and phase shifted by three months if
compared to the figures reported kgcob et al. [1987] for their 3D transport model. This
obvious discrepancy seems to be caused by an arté@daob et al. [1987] calculated the
seasonal variation of 1e from the seasonal change of the global mean interhemispheric
concentration difference using a linear relationship between te and €yn - Csy) (dashed curve in

Figure 9). This linear relationship is obtained from combining equations (2) and (3)

- d 1
. :DQNH _QSH _E(CNH _CSH)_ 1
“ éu(CNH 'CSH) 2(CNH _CSH) 2Ta

()

O,

and assumingd/dt(cyn-Csn) = 0. When also omitting the decay term (1/(2 t5) = 0), we obtain the
simplified equation (8) which was used Jagcob et al. [1987, Figure 9]:

I =a Cnr ~ Csi

~ Qi _QSH (®)
However, assumind/dt(cyn - Csi) = O is not justified at all when studying the influence of the
seasonal behavior of\( - Csy) on the seasonality of 1e. The appropriate equation to calculate
the seasonal change of 1 IS (7) We, therefore, conclude that 1 indeed (also in the three-
dimensional atmospheric modelJaicob et al. [1987]) is changing by a factor of two within the
course of the year as illustrated in Figure 9. It is worth noticing that the seasonal cyglatof SF
Neumayer (Figure 8) can not be explained simply from the variation of interhemispheric tracer
transport. Considering the southern hemispheric troposphere as a well mixed box we would
deduce from 1 in Figure 9 a maximum tracer concentration in the southern hemisphere during
February - March, when the interhemispheric tracer transport (inversely proportional to Tex)
passes its yearly mean value. Figure 8 shows that the seasonal cyglelife®¥ed at Neumayer
IS just opposite to this prediction. It is well possible that the arrival of northern hemispheric air
at the Antarctic coast in 73 is delayed by several months. On the other hand, input of
stratospheric air into the Antarctic troposphere is nearly immediately observed at ground level.
As stated above, $fat Neumayer shows concentration minima in late southern hemispheric
summer, the time of the year when we observe maxima of stratospheric air at Neumayer station
[Wagenbach, 1996].

1.7 Summary and conclusions

Our high precision data base of the global distribution efiisEhe troposphereéMaiss et al.,
1996] was used in a two-dimensional atmospheric transport model (2D-HD model) to study the
behavior of this new tracer in comparison to the classical global atmospheric transport tracer
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#Kr. The 2D-HD model grid has been derived from the 3D Hamburg TM2 model with the same
resolution in the vertical and meridional direction, and was designed to run on any standard
personal computer. The same vertical convection scheme and wind fields asin the TM2 model,
reduced to two dimensions, were used in the calculations. In addition, the horizontal diffusion
parameter of the model was adjusted by matching the model estimated mean meridional ®Kr
distribution with observations over the Atlantic Ocean. For simulating global tropospheric Sk
concentrations, an almost linearly increasing SFs source strength was applied since 1970. The
latitudinal distribution of the SFs source was assumed to be similar to the global electrical power
production. The comparison of the 2D-HD model output with long-term observations of the two
transport tracers *Kr and SFs has led to the following results:

1. The®Kr-tuned 2D-HD model led to excellent agreement with observations when estimating
the meridional distribution of SFg at ground-based stations and over the Atlantic Ocean.
Among others, this confirms our assumption that the SFs sources are distributed similarly to
the global electrical power production.

2. Theinterhemispheric exchange time derived from mean ®Kr and SFs observations at ground
level when using a simple two-box model of the atmosphere (1 = 1.5 to 1.7 years) is
considerably larger by about 50% if compared to the exchange time derived from a
latitudinally resolved transport model (in our 2D-HD model te = 1.1 years). This confirms
the finding of Jacob et al. [1987] that hemispheric exchange times derived from two- and
three-dimensional transport models cannot simply be applied to two-box models of the
atmosphereif only surface observations are available. Using, however, tropospheric means
leads to an overestimation of te Of only 10% which isin the uncertainty range of estimates
from high resolution transport models.

3. The interhemispheric exchange time e ShOWS strong seasonal variations with about two
times higher values in the northern hemispheric summer (May - September) than in the
northern hemispheric winter (December - February). Interhemispheric exchange times
derived from single meridional profiles can, therefore, be strongly biased.

4. The new high precision SFg data base with extremely smooth time trends now opens new
possibilities for transport model validation. This is obviously true for models simulating
man-made trace emissions with similar distributions as SFg which could be seen from the
perfect agreement between model estimates and observations particularly in the northern
hemisphere. SFs therewith proofed to provide the most powerful and easy to measure
transport tracer for future atmospheric applications.
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CHAPTER 2 Global bomb radiocarbon inventory

2.1 Introduction

As discussed in the introducing section to my thesis the attempts to match A*C concentrations
(see Appendix A.4.2 for the definition of the A¥C notation) observed in atmospheric CO, using
the 2D-HD mode confined by SFs failed. Our bomb *C modeling strategy initially was to start
the simulations ongoing from **C activities observed since 1970 [Levin, 1985 #50;Manning,
1990 #51; unpublished results from the Heidelberg Radiocarbon Laboratory], several years after
the major bomb *C injections into the atmosphere. Doing this we wanted to elude the problem
of a poorly known *C yield per Mt-TNT of nuclear detonations, being at that time the most
uncertain parameter of the bomb **C budget. The radiocarbon exchange fluxes between the 2D-
HD model and the ocean were determined from carbon fluxes used in a three-dimensional
atmospheric model [Heimann, 1989 #93; more details in Appendix A.1] combined with
observations of oceanic bomb *C inventories [Broecker et al., 1985] and surface water A¥C
[Suiver et al., 1981]. The radiocarbon exchange fluxes to the biosphere were also determined
from exchange fluxes used in the three-dimensional model [Heimann, 1989 #93; more details
in Appendix A.2]. Unfortunately no observation-based '“C inventory is available for the
biosphere. We had to rely on weskly constrained model assumptions to determine the *C activity
of CO, from soil carbon decomposition which balances the carbon assimilation by
photosynthesis. This, however, made our **C exchange fluxes between the biosphere and the
atmosphere rather hypothetical. The following sections show how we partly found out of this
impasse by consistently budgeting the long-term bomb **CO, observationsin the troposphere and
the stratosphere.

2.2 The modd tools

Radiocarbon produced naturally in the upper atmosphere or artificially during the atmospheric
weapon testsis themain tracer used to validate models of oceanic carbon cycling, in particular
the exchange of carbon dioxide with the atmosphere [Stuiver, 1980; Stuiver et al., 1981;
Broecker et al., 1985] and the mixing parameters within the ocean itself [Oeschger et al., 1975;
Segenthaler, 1983; Toggweiler et al., 1989; Maier-Reimer, 1993]. The atmospheric **CO,
activity has undergone large excursions since the beginning of nuclear bomb tests (solid lines
Figure 10a and b). After the Test Ban Treaty in 1962 the bomb signal is declining in the
atmosphere due to *CO, exchange with the ocean and the other carbon reservoirs. The time
behavior of these *C exchange fluxes mainly depends on the total carbon fluxes between the
reservoirs, and on the internal circulation dynamics within these reservoirs.

Thetemporal variation of the tropospheric radiocarbon inventory Ny is determined by the net
exchange fluxes with the ocean F,, the terrestria biosphere Fy,, and the stratosphere Fs, by input
from anthropogenic sources Qyop, and the radioactive decay (1 = 8275 yrs) asfollows:

4N

a trop
Only the global response on the interannual time scale to a major atmospheric perturbation is

= I:0 +Fb+ Fs + Qtrop _/\ |:throp (9)
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examined in this study. We, therefore, can use relatively simple models to determine the
respective radiocarbon fluxes.

2.2.1 Modéd of the ocean, the biosphere and the stratosphere

For the ocean, a robust Oeschger and Siegenthaler type box diffusion model [Oeschger et al.,
1975; Segenthaler, 1983] was adopted using a vertical eddy diffusion coefficient K=7685 m?yr™
coupled to 7.8 yr residence time of atmospheric CO, with respect to air/sea gas exchange. The
flux F, , computed according to our tropospheric boundary conditions, matches the integrated
oceanic bomb C uptake until 1.1.1974 of 300010%° atoms (Figure 11a) derived from oceanic
measurements during GEOSECS [Broecker et al., 1985], and compares well with results of the
most recent version of the HILDA ocean model [Segenthaler and Joos, 1992].

The model biosphere is divided into three boxes where the input carbon is decomposed
exponentially with an e-folding constant given by the turnover time t. Box 1 has a mass of 105
GtC (gigatonnes carbon; 1 Gt = 10" kg), © = 3 yr, and accounts for fine roots, twigs and leaves.
Box 2 has a mass of 675 GtC, t =27 yrs, and represents big roots, stems and branches. Box 1 and
2 couple directly to the troposphere, and the sum of their input fluxes, determining the net
primary productivity, is set to 60 GtC yr. Box 3, the "old carbon reservoir" has amass of 1420
GtC and © =375 yrs. Box 3 contains the slowly decomposing material of boxes 1 and 2, gets its
carbon input equally distributed from these boxes, and is needed to account for the low A™C
values measured in soil organic carbon [Harrison et al., 1993]. These settings correspond to
previously published estimates for the terrestrial biosphere [Segenthaler and Oeschger, 1987].
We did not account for fertilization and destruction fluxes when computing Fy, from the
tropospheric boundary conditions.

Our model stratosphere consists of one box with the same CO, concentration as the model
troposphere, and aturnover time of 2.5 yrs with respect to the troposphere. The total mass of the
stratospheric box corresponds to 15% of the total atmospheric air mass. Fs was computed owing
to the bomb input scenario and the measured tropospheric boundary conditions.

2.2.2 Initial and boundary conditions

The initial conditions in 1945 for al reservoirs were computed starting at preindustrial
equilibrium in 1750 (280 ppm CO,, A*C=-4.5%0). Using annual means of observed atmospheric
CO, concentrationsifeeling and Whorf, 1990] and“*CO, data [evin et al., 1985;Levinet al.,
1987; Manning et al., 1990;Levin et al., 1992] (Figure 1B) as prescribed input data in all
scenarios, we automatically account for the dilutiof@D, by input of**C free carbon from
fossil fuel consumption (Suess effeBtgss, 1955]). All naturaf“*C production Ry = 2.3 * 16°
atoms yi', assumed as constant) occurred in the stratosphere.

The anthropogenic input 3fCO, by the nuclear industry, significantly contributing to the
tropospheric inventory only from about 1970 onwards, was calculated for different reactor types
using the normalized’CO, emission data per generated electrical energy report8ortip

[1980] and inNUNSCEAR [1993]. The latter was estimated for the period of 1970-1990 from the
installed plants worldwide, assuming a capacity utilization of 60% for all reactor ¥{pes.
emissions from reprocessing plants were also taken f8CEAR [1993]. The'*CO, release
from the nuclear industry in 1990 was estimated to be less than #.3*C0atoms y,

increasing almost linearly from 1970 onwards (cf Figurg).11
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Figure 10 a-d, Comparison between results from two **C model scenarios (dashed lines) and
annual means of observations (solid lines) in the stratosphere (a and ¢), and in the troposphere
(b and d). The observed gratospheric inventories were taken from Tans [1981] and Telegadas
[1971] (according to Tans[1981], the original observations are corrected by -20%; another
adjustment of +3.5% was made to correct for the NBS oxalic acid standard activity value used
by Telegadas [1971]). Mean tropospheric *C inventories are calculated from long-term
tropospheric observations in both hemispheres [Levin et al., 1985; Levin et al., 1987;
Manning et al., 1990; Levin et al., 1992]. For the early period of 1950-1959, we use tree ring
¥C data [Suiver and Quay, 1981]. In both scenarios, the stratosphere consists of only one box
with an air mass of 15% of the atmosphere, corresponding to a tropopause level at 13.5 km.
In scenario | (a and b), the bomb *C input is estimated using the bomb strength data (b), and
the standard *C yield Pganq of 1.75010%° atoms per Mt-TNT [UNSCEAR, 1982]. With Pgang
the tropospheric and the stratospheric **CO, levels are overestimated. In scenario 11 (c and d)
the bomb *C input is adjusted to 60% of Pgang. The model matches the observations in the
troposphere until about 1963. After that date the decrease in the troposphere is much faster
than actually observed. The missing tropospheric **CO, source needed to adjust model and
dataresultsis similar in time shape and strength to about 25% of the oceanic or, equivalently,
to 80% of the biospheric net bomb *“C uptake flux (see Figure 12d and e).
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Figure11 Bomb *C inventories (a) and missing source flux (b). a, The standard bomb *C
inventories are calculated as the difference to the respective **C inventory in 1940. The
standard inventories for the ocean (dashed line) and the biosphere (A) are as computed for
scenarios |, 11 & 111 with prescribed tropospheric values. The standard ocean bomb **C
inventory on 1.1.1974 matches the value of 300(10%° atoms (®) given by Broecker et al.
[1985]. b, The missing *C flux to the troposphere (6 years running means, thick solid line)
is as caculated in scenario Il (Figure 10d). This missing flux is compared to the net
supplementary contributions from (1) a high stratosphere (L scenario [11), (2) a 80% reduction
of the standard biospheric uptake (4, scenario IV), and (3) a 25% reduction of the standard
oceanic uptake (O, scenario V). In al three cases, the supplementary flux has the right time
shape and amplitude to account for the missing source (Figure 12b, d and €). The emission
from nuclear installations (thin solid line) is also given for comparison.

2.3 Bomb *C yield and **C budget imbalance

2.3.1 Bomb *C emissions

Y€ input from the atmospheric bomb tests was estimated based on the compilation of bomb
strength data [Rath, 1988] (Figure 10b), and, depending on the respective scenario, adjusting the
specific **C production per megatonne (Mt) TNT to the tropospheric and stratospheric
observations during the time period of the major *C rises. The uncertainty of this adjustment is
small as the total bomb **C uptake by the ocean and the biosphere compared to the bomb input
issmall until 1963. Asthe observational datain the troposphere show a systematic delay between
the date when the stronger bombs were fused, and the date when the respective signal showed
up in the troposphere, we introduced all bomb **C production directly into the stratosphere. The
results reported in Figure 10a and b show clearly that the **C production calculated with the
standard **C yield Pgang = 1.7510%° atoms per Mt-TNT [UNSCEAR, 1982] was overestimated.
In fact, different estimates of Pgang are in the range (1-2)10° atoms per Mt-TNT [Machta et al.,
1963; Bonka, 1980].

2.3.2 Missing source or overestimated sink

Figure 10c and d (scenario Il) show the results obtained when reducing the value of Pgang by
40%. The mode inventory fits well with the datain the stratosphere and in the troposphere until
1963, as long as the bomb production is the dominant flux term. In the post bomb period, the
model troposphere isinfluenced by a much too strong sink term. The fictive tropospheric source
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needed to adjust model and data results reveal s to be similar in time shape and strength to about
25% of the oceanic or, equivalently, to 80% of the biospheric net bomb **C uptake flux (Figure
11b). The magnitude of the missing source can bein error by at most one third. Thisis mainly
due to the strong constraint on the coupling constants between the reservoirs given by the more
than 40 years long record of tropospheric **CO, observations. The strength of the missing source
should decrease with an e-folding time similar to the ocean uptake, i.e. about 8 yr. Neither the
nuclear industry nor the natural cosmic ray production can account for this source. The variation
of cosmic ray production is about 20% between solar minimum and solar maximum [Stuiver and
Quay, 1980], and, thus, at |east one order of magnitude too small. The **C production by nuclear
industry isonly afew permil of the needed **C source in the 1970s, while increasing instead of
declining (Figure 11b).

2.4 Possible solutionsto the 1*C imbalance

2.4.1 Stratosphere

Looking for a candidate in the atmosphere itself, we subdivided the stratosphere in two boxes.
The high box contains less than 1.5% of the atmospheric mass (lower boundary corresponding
to 25 km a.s.l.) and has a turnover time of about 5 yr exchanging with a low box (t = 2.5 yr with
respect to the troposphere). In Figure 12a and b the results obtained with such a two-box
stratosphere (scenario 111) are shown. In this scenario, 15% of the adjusted bomb production (in
this case 70% of P«ang) areinjected into the high stratosphere, the rest into the low stratosphere.
Scenario Il now leads to a nearly perfect agreement between the model and the observationsin
the lower stratosphere and in the troposphere. However, scenario III demands very high A**C
values in the remote high stratosphere (Figure 12a) which is inconsistent with recent **CO,
observations up to 30 km height [Nakamura et al., 1992]. Also the old data from Telegadas
[1971] obtained in the early 1960s suggest a AC decrease rather than an increase to higher
stratospheric levels. Moreover, the observed decrease from intermediate to high stratospheric
levels has also been obtained by recent high resolution stratospheric model cal culations [Rasch
et al., 1994]. Therefore, the required remote stratosphere (with still very high **CO, levels) can
most probably not close the bomb **C budget.

2.4.2 Biosphere

On the other hand, assuming almost no bomb *C uptake by the terrestrial biosphere (scenario
IV, Figure 12c and d) would also match the bomb radiocarbon constraints. In our model scenario
this reduced uptake is simply obtained by multiplying the standard uptake of the biosphere with
0.2. In redlity, such a strong reduction is only achieved if, for example, the net primary
productivity is reduced by a factor of 5 and the reservoir sizes are modified accordingly. This,
however, would so seriously contradict our understanding of mass, cycling and turnover times
in the biosphere [Goudriaan, 1992] that scenario IV appears highly improbable.

2.4.3 Ocean

The most tempting solution to the problem would be an about 25% reduction of the **C uptake
by the ocean (scenario V, Figure 12¢ and €) leading to an oceanic bomb *“C inventory reduced
by the same amount. This only means a correction to known processes (e.g. gas exchange rate)
rather than introducing, for example, still unconsidered subreservoirs as in the biospheric or
stratospheric scenarios. However, a 25% reduction of the bomb **C inventory of the ocean lies
outside the error bars generally accepted for this number (20%, [Broecker et al., 1985]). The
contradiction gets even larger when taking into account the very recent upward revision of the
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Figure 12 Comparison between observed and calculated A¥C valuesin the troposphere, (b,
d, € and in the two- and one-box stratosphere (a and c respectively). *C results of
stratospheric sampling in 1989 [Nakamura et al., 1992] areincluded in a. In scenario 111 (a
and b) bomb *C input is adjusted to 70% of Pgang. The stratosphere is subdivided into two
boxes, 85% of the bomb **C input isintroduced into the lower stratosphere, and 15% into the
remote high stratosphere. The model results agree well with the atmospheric observationsin
the troposphere and in the lower stratosphere (90% of stratospheric air mass, 13.5 to 25 km
height). The stratospheric observations, however, indicate that, even in the early 1990s, the
modeled upper stratospheric A*C is still about 2 times too high. In scenario IV (c and d) and
V (e), asin scenario Il (Figure 10c and d), bomb *C input is adjusted to 60% of Pganq and
introduced into the one-box stratosphere. In scenario 1V, the bomb **C uptake by the
biosphere has been reduced by 80%, in scenario V, bomb *C uptake by the ocean has been
reduced by 25% with respect to the standard case given in scenario Il. Scenarios IV and V
satisfactorily match the **CO, observations, both in the troposphere aswell asin the one-box
stratosphere (the stratospheric model results of scenario V are indistinguishable from those
of scenario 1V). However, both scenarios are in serious disagreement to the actual
understanding of the carbon cycle.

oceanic bomb *C inventory evaluated on the basis of more observations and an improved
estimation of the pre-bomb natural oceanic radiocarbon distribution [ Peng and Broecker, 1993].
This problem needs to be resolved.
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2.5 Summary and conclusions

We have tested the overall consistency of **CO, exchange fluxes between all relevant
compartmentsin asimple model of the global carbon cycle, using long term tropospheric CO,
[Keeling and Whorf, 1990] and **CO, [Levin et al., 1985; Levin et al., 1987; Manning et al.,
1990; Levin et al., 1992] observations, the bomb **C inventory in the stratosphere [Telegadas,
1971; Tans, 1981] and a compilation of bomb detonation dates and strengths [Rath, 1988]. We
found that to balance the budget, we must invoke an extra source to account for e.g. 25% of the
generally accepted uptake of bomb **C by the ocean [Broecker et al., 1985]. The strength of this
source decreases from 1970 onwards, with a characteristic time scale similar to that of the ocean
uptake. Significant radiocarbon transport from the remote high stratosphere and drastically
reduced uptake of bomb **C by the biosphere can both be ruled out by observational constraints.
We therefore conclude that the global oceanic bomb **C inventory should be revised downwards.
A reduced bomb **C uptake by the ocean models would have significant implications for our
understanding of the global carbon cycle: (1) The radiocarbon-derived CO, gas exchange
coefficient would have to be reduced by the same amount, then being almost in agreement with
estimates of Liss and Merlivat [1986] which are based on direct measurements in wind tunnels,
over lakes and open ocean [Watson, 1993)]. (2) If we believe the 1*C observations in surface water
performed during the last 30 years, the estimated bomb **C penetration depth [Broecker et al.,
1980] hasto be reduced. (3) If it is assumed that the CO, uptake by the ocean scales directly with
the bomb **C penetration depth [Segenthaler and Sarmiento, 1993] a downward revision of the
latter would imply a corresponding reduction by approximately 25% of the inferred oceanic sink
for anthropogenic CO..
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CHAPTER 2 Global bomb radiocarbon inventory
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CHAPTER 3 Tracing the cycle of air mass through the stratosphere with
bomb **C

3.1 Introduction

The radiocarbon modeling investigations presented in Chapter 2 [Hesshaimer et al., 1994]
detected a serious mismatch within the carbon cycle. The detected globa bomb **C imbalance

was soon corroborated by an other study [Broecker and Peng, 1994] which preceded arevision

of the ocean bomb *C inventory [Broecker et al., 1995]. That revision, however, confirmed the
previously published bomb **C inventory of the ocean (300010%°+20% atoms on 1.1.1974)
furthermore reducing its uncertainty from £20% to +10%. In this latter study the authors
concluded that ... for times earlier than 1965, the stratospheric and perhaps tropospheric
inventories are uncertain due to inhomogeneities in the distribution of bomb radiocarbon during

the first year or two after the test ban was implemented”. Also other authors neutralized the
radiocarbon mismatch by depreciating the atmospheric, especially the stratosf®@sic
observations lJassey et al., 1996; Jain et al., 1997]. As this contradicts our fundamental
modeling assumption relying on both the quality and the relevance of atmosf&dic
monitoring we decided to carefully assess the stratospheric observations. However,
stratospheric-tropospheric air mass exchange (STE) happens on many scales ranging from large-
scale Hadley Cell circulation to small-scale eddy transport across the tropdpeltaedt al.,

1995]. This makes it very difficult to get globally valid intensities of STE from observed or
computed wind fields and even three-dimensional global atmospheric transport models fail to
reproduce stratospheric tracer distributions in the tropospRemsld and Heimann, 1995]. As

a realistic parameterization of STE is crucial to successfully impleff@rin global carbon

cycle models we designed for that purpose a new global carbon isotope model.

3.2Modd

Our model refines and extends our previous bdt@bstudy Hesshaimer et al., 1994] now
resolving seasonal variations and including explicitly all carbon isotopomers 0inGe
atmosphere, the ocean and the biosphere.

3.2.1 Atmosphere

Figure 13 shows the simple model atmosphere structure adopteddregadas [ Telegadas,

1971]. Each hemisphere is subdivided into two tropospheric and five stratospheric well-mixed
compartments exchanging air mass only through mixing. Meridional air mass transport in the
troposphere was determined to obtain good agreement between model results and globally
distributed Sk observations as described in Chapter 2. The carbon cycle part of the model
includes emissions from fossil fuel consumption, cement manufacturing and gas Keenag[
1994;Marland et al., 1994] and emissions from land use chatgighton and Hackler, 1995].
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Figure 13 Schematic representation of the model atmosphere versus geographica latitude

and elevation above ground. The considered air mass amounts 5.1 * 10" kg distributed 20%

to the stratosphere and 80% to the troposphere. In the northern hemisphere (NH), the
poleward troposphere (NHT2), the poleward low stratosphere (NHLS2L), the poleward

middle stratosphere (NHLS2M), the poleward high stratosphere (NHHS2), the equatorward
troposphere (NHT1), the equatorward low stratosphere (NHL S1) and the equatorward high
stratosphere (NHHSL) have their name in the upper left corner and their air mass fraction in

the upper right corner of their box. In the southern hemisphere (SH), the definitions are
correspondent. The arrows representing air mass exchange are supplemented on one of their

ends by the exchange strength and by the months of maximum exchange. Each exchange

strength describes the ratio of the air massin the surrounding box and of the gross yearly air

mass flux represented by its arrow. The exchange strength values have an individual
uncertainty of about £30%. The uncertainty of peak exchange times is about +1.5 months.
Values in parentheses are less certain. Southern hemispheric values in curly braces are
mirrored from the northern hemisphere. Open ellipses contain the name of the tracer(s) which
mainly constrains the surrounding exchange values.

3.2.2 Ocean and biosphere

The exchange of atmospheric CO, with the ocean and the biosphere is determined from two-
dimensional monthly carbon flux distributions used in the atmospheric transport model TM2
[Heimann and Keeling, 1989]. The radiocarbon exchange with the ocean is calculated by
combining these carbon fluxes with A¥C observations in the troposphere [Stuiver and Quay,
1981; Tans, 1981; Manning et al., 1990; Levin et al., 1992] and in the ocean surface [ Broecker
et al., 1995]. To account for the bomb **C imbalance [Broecker and Peng, 1994; Hesshaimer et
al., 1994] we use alow air-sea gas exchange rate with a global mean of 4.55* 102 mol m?yr*
patm™. This resultsin an oceanic bomb **C inventory during January 1975 which is 25% lower
than the Broecker inventory [Broecker et al., 1995]. At preindustrial equilibrium assumed for the
year 1750 our model biosphere (see Appendix A.2 for details) has atotal inventory of 2200 Gt-C
(1 Gt-C=10" kg of carbon) and cycles radiocarbon aong with the net primary productivity of 60
Gt-C yr* which, on ayearly basisis exactly balanced by litter and soil carbon decomposition to
the atmosphere. These and other biospheric settings overall correspond to present day literature
[Post 111, 1993].
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Figure 14 Observations of **C activity in the northern hemispheric stratosphere (a) and in the
free troposphere (b) compared with model results for the troposphere (b) and for the lower
northern hemispheric stratosphere (c and d). In a, NHHS1& 2 is the stratospheric areaincluding
NHHS1 and NHHS2 from Figure 13 because Telegadas[1971] did not consider this subdivision
of the high stratosphere. The observed stratospheric bomb **C activities [Telegadas, 1971] are
corrected by -20% according to Tans [1981] and further adjusted by +3.5% to correct for the
NBS oxdlic acid standard activity value used by Telegadas [1971]. These activities were
converted from atoms per gram of air to A¥C (A™C isthe per mil deviation from NBS oxalic acid
activity corrected for decay [Suiver and Polach, 1977]) using model values for the CO,
concentration and the 8*C isotopy. Direct bomb *C injections to the lowest stratospheric boxes
(eand f) are compared with A™C from observations and from the model in these boxes (c and d).
The *C input corresponding to each blast was distributed over its vertical extension following
a decreasing exponential with an e-folding height of 3 km. This accounts in some way for the
effect of both pressure and nuclear cloud concentration decreasing with height. To obtain a
vertica repartition of the bomb input agreeing with the stratospheric observations during the
years of mgjor injections 1961 and 1962 we finaly had to multiply the lower boundary of the
prescribed extensions by 0.8 in the poleward belts.

We use a natural cosmic ray *C production of 2.8 [10%° atoms **C yr* distributed 2/3 to the
stratosphere and 1/3 to the troposphere according to Lingenfelter [1963]. Only 80% of this
natural production are removed from our model atmosphere by oceanic and biospheric uptake
and by radioactive decay (*'C decays with amean lifetime of 8275 yr). The remaining 20% are
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removed from the model troposphere to overall account for **C decay in sedimentary reservoirs
like coastal wetlands and continental paleosols [Damon and Sernberg, 1989]. In addition to the
main anthropogenic **C source from nuclear bomb tests which is more detailed below we also
account for small **C emissions from nuclear industry as described in Chapter 2 [Hesshaimer et
al., 1994].

3.3 Data

The three observational data sets mainly corroborating our stratospheric air mass cycling are a
compilation of stratospheric **C observations [Telegadas, 1971] (Figure 14a), long-term
measurements of the tropospheric radiocarbon composition [Manning et al., 1990; Levin et al .,
1992] (Figure 14b) and a collection of bomb strength data [ Rath, 1988]. The bomb strength data
include date, geographical location and vertical extension of atmospheric and underground
nuclear detonations between 1945 and 1981. For bombs detonated near ground some of the
neutrons are absorbed by the earth surface instead of producing *C by low-energy resonance
capture reaction with atmospheric nitrogen [Enting, 1982]. We accounted for this by dividing al
detonations strengths before 1959 by 1.5 so that the total effective strength for **C production
amounts to 530 Mt-TNTg instead of 600 Mt-TNT for the entire data set. Applying the
adjustment procedure described in Chapter 2 [Hesshaimer et al., 1994] we now use ayield of
1.15 [10% atoms per Mt-TNT; to calculate “*C inputs. In total 89% of the bomb **C input are
injected to the northern hemispheric stratosphere and 7% to the respective troposphere. The
remaining 4% of bomb **C are injected to the southern hemisphere.

3.4 Results: air mass exchange intensity and phase

Combining our bomb input scenario with optimum cross-tropopause radiocarbon fluxes we
satisfactorily model the A*CO, observationsin the troposphere (Figure 14b) and in the lowest
stratospheric boxes (NHLS2L, NHLS1) of the northern hemisphere (Figure 15a and b). By this
we implicitly determine the residence time of air in NHLS2L and NHLS1 with respect to STE.
We reiterated the same procedure with the overlaying stratospheric boxes NHLS2M, NHHS1
and NHHS2 (Figure 15c¢ and d) to obtain the other air mass exchange strengths reported in Figure
13. Mixing times within the high stratospheric boxes NHHS1 and NHHS2 were further
constrained to match observed vertica Sk profiles[Harnisch et al., 1996]. The interhemispheric
exchange strengths in the stratosphere were determined to match the bomb **C observationsin
the southern hemisphere.

The stratospheric **C excursions reported by Telegadas [1971] reflect the conjugate influence
of direct bomb injections and dilution by air mass exchange. Figure 14c and d illustrates how the
model tracks these alternating features before the major nuclear tests began. The strongest
nuclear test series performed between September 1961 and November 1962 injected half of the
total bomb *C production into the poleward stratosphere. Later blasts were much wesker so that
subsequent stratospheric **C activity variations were mainly controlled by stratospheric air mass
cycling and STE. The stratospheric **CO, observations after 1963.0 track not only the strength
but also the seasonality of air mass cycling. Although constrained by tropospheric observations
only, the model STE seasonality with a peak of exchange in June-July well reproduces the
stratospheric observations in the lowermost poleward stratosphere NHLS2L (Figure 15€). In the
lower equatorward stratosphere (Figure 15f), the observed seasonality until 1964 is matched
when STE exchange peaks during December-January. A subtle information becomes apparent
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Figure 15 Comparison of stratospheric **C observations and model results. With the
parameterization of Figure 13 the model matches the observations in al subdomains of the
northern hemispheric stratosphere for which Telegadas [ 1971] has determined bomb *C
inventories (a-d). Rising activities reflect time, location and strength of bomb inputs as long as
direct *C injections from nuclear blasts prevail over delayed injections from adjacent
stratospheric subdomains. Decreasing activities reflect the strength of air mass exchange (see also
Figure 14c-f). Three arrowsin a and b mark the most pronounced stratospheric *C pesks which
do not result from direct bomb input and thus track the seasonality of air mass exchange.
Seasonal components extracted from observations and from the model for thefirst 4 years after
the maximum bomb *C activity in 1962 are shown in e-h. These seasona components are
obtained by subtracting a smoothed trend from both the model results and the observations. The
smoothed trend results from amodel run with al seasonal amplitudes of stratospheric air mass
cycling and STE set to zero.

in Figure 15g where the exchange between the middle poleward stratosphere NHLS2M and the
underlying box NHLS2L reveals to be maximal in early spring. A significant seasonality of the
exchange between NHLS2M and both NHHS2 and NHL S1 is not evident in the observations for
the two latter boxes. The worst agreement between our model and observationsis found in the
high stratosphere. Here the model matches the prominent structures (Figure 15d) but fails to
reproduce the observed substructures (Figure 15h) possibly showing us some limits of our
present approach.

3.5 Applications with beryllium and SFg in the southern hemisphere

The bomb *C signals observed in the southern stratosphere are not pronounced enough to
significantly constrain air mass cycling there. Hence we project the northern stratospheric
parameterization to the southern hemisphere and shift the phase of southern seasonality by six



38 CHAPTER 3 Tracing the cycle of air mass through the stratosphere with bomb 14C

Figure 16 Resultsobtained after mirroring the northern 28] TII?OIP(I)SIPI—;EII?EI(SIH'II'Z)I T
stratospheric parameterization in Figure 13 to the 26 ] _ : a 4
southern hemisphere. a, The mirror model results for ]~ °oservations (Neumayer. 719)

9Be/"Be before and after correction are compared with - 247 17T Toe e ]

observations from 1983-1985 at Neumayer [Wagenbach, 221 o
1996]. We use a mean 'Be production of 5.56 * 107 S201" ]
aoms cmg? s* (cm¢%: square cm of Earth surface)
[O'Brien, 1979] and a ratio of “°Be production to 'Be
production of 0.6 [Dibb et al., 1994]. The spatia
repartition of the 1°Be and "Be production is the same as

[ 4 i 4
3 14 - ‘\ " -
for C [Lingenfelter, 1963]. The production rates of *°Be, 1.2- Trea- - -

'Beand also of *'C are modulated by +10% with a period e e T
of 11 years to account for the cycle of solar activity - - - _model, corrected b
[Suiver and Quay, 1980]. The non radioactive removal ;g | - i
of both,*Be and'Be occurs in the troposphere with a_. pe N
rate corresponding to the residence time for troposphert 1 1
aerosols. It was set to 0.5 months in the equatorial bélts | { |
and to 1 month in the polar belts. The mean seasonal < ‘\\ /

amplitude of Sk observations from 1988 to 1993 atu” % ,

Neumayer (Chapter 2,.¢vin and Hesshaimer, 1996]) is @ 10 . {
compared to the corresponding seasonality in the mirror

model after thé’Be/Be-based correction and the fine-
tuning of southern tropospheric meridional air mass o ' ' . ot ot
exchangec, Comparison of the strength of air mass g ___ cuiso - shr2 stratosphere) ]
exchange from the southern poleward box (SHT2) to the

equatorward box (SHT1) with the corresponding strength
of exchange to the stratosphere (SHLS2L) which togethef ) ]
determine the residence time of air in SHT2 in thés ° ]

\

7 ]
B . ~ -

corrected mirror model. 2 44 S A
5 3 1 N

months to compare model results (Figure 16a) with  — 2]°-..-" ]
%Be/’Be observed at the Coastal Antarctic station 1] ]
Neumayer (71°S, 42 m as.l.) ([Wagenbach, 1996]). ol T~

The ratio of both cosmogenically produced isotopes JEMAMJIJASOND
%Be and "Be reflects the strength of stratospheric air mass intrusions into the troposphere. To
match the observed *°Be/"Be seasonality with our model the time of maximal STE in the southern
poleward stratosphere (SHLS2L) hasto be retarded from December-January to March-April. In
addition, the seasonal amplitude of STE has to be reduced by 50% in SHLS2L (Figure 16a).
Accounting for these corrections the meridional air mass exchange between SHT2 and SHT1 can
be fine tuned to reproduce Sk observations at Neumayer. This exchange peaksin August (Figure
16¢) and controls 70% of the seasonal amplitude predicted for SFgin SHT2.

3.6 Comparison of our findingswith present knowledge

How do our findingsfit into the present knowledge of global STE? The low meridional mixing
rate of 1.5 yr between the middle poleward stratosphere (NHLS2M) and the lowest equatorward
stratosphere (NHLS1) confirms recent observational evidence for sow entrainment of mid-
latitude air into the tropics [Volk et al., 1996]. The phase shift between the maxima of exchange
at the upper and at the lower boundary of the lowermost stratospheric box corroborates the
updated picture of global stratospheric exchange processes [Holton et al., 1995] and results of
model based studies [Appenzeller et al., 1996]. Also the weaker seasonal amplitude of poleward
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STE in the southern than in the northern hemisphere as we inferred from °Be/’Be observations
is supported in these studies [Holton et al., 1995; Appenzeller et al., 1996]. Our stratospheric
parameterization can not be independently confirmed by the low SFg concentrations observed
above 20 km asl. [Harnisch et al., 1996] because these observations were used to supplementary
congtrain the mixing in the model high stratosphere. Neverthel ess we can quantify a shortcoming
which falsifies the residence time of air in the stratosphere determined from SFs. Comparing two
model runs which respectively account or not for the destruction of SFg (atmospheric lifetime >
800 yr) presumed to take place above 50 km a.s.l. [Morris et al., 1995] we find that 25% of the
SF¢ concentration difference of 1.25 ppt between NHHS2 and NHT2 predicted for 1993 results
from Sk destruction. This meansthat only 75% of this concentration difference can be attributed
to the mean isolation time of stratospheric air from the tropospheric source. Hence the
corresponding air isolation 'age’ of 6 yr determined from the time lag of SFs concentration in the
high stratosphere behind tropospheric observations [Harnisch et al., 1996] overestimates the real
isolation time by 30%.

3.7 Summary and conclusions

We investigated the cross-tropopause exchange of bomb radiocarbon (**C) using asimple 14-box
model of the atmosphere. Applying the adequate **CO, fluxes across the northern hemispheric
tropopaLise we reproduce observations of particularly high **CO, seasonality in the free northern
hemi spheric troposphere [Levin et al., 1992] and of bomb **CO, inventories in the stratosphere
[Telegadas, 1971]. The surprisingly good agreement even between substructures of these
observations and model results provides quantitative insight into the strength and seasonality of
stratospheric air mass cycling within the northern hemisphere. Most interesting results concern
the middle poleward stratosphere. Here we find a residence time of 1.5 years for air with respect
to mixing towards the Equator and correspondingly 1.7 years for air mixing with the underlying
lowermost poleward stratosphere. The latter vertical exchange peaks during March to April. In
contrast, the exchange of the lowermost poleward stratosphere with the troposphere takes only
0.5 years and peaks in June to July. A further particularity appears when we mirror the
stratospheric parameterization of the northern hemisphere to the southern hemisphere and shift
the phase of southern seasonality by six months. Then the ratio of *°Be to ‘Be proves to be the
crucial tracer for validation which demands that both a further phase shift of 3 months and a 50%
reduction of the seasonal amplitude are applied to the southern poleward cross-tropopause
exchange to reproduce tropospheric observations at high southern latitudes [Wagenbach, 1996].

The implications of our findings are manifold. First they confirm that the complexity of real air
mass transport processes can be globally reduced to simple exchange patterns for tracers with
atmospheric residence times longer than a couple of years. Second they confidently quantify
global air mass exchange times and phases which can be used in further tracer studies. Finally
they demonstrate consistency between the independently determined bomb strengths and
stratospheric observations thus revalorizing both data sets to constrain global carbon cycle
models. Thiswill stimulate an exciting debate on the bomb **C inventory imbalance [ Broecker
and Peng, 1994; Hesshaimer et al., 1994]. The convenient way to solve this problem repeatedly
focussed on depreciating the observed stratospheric inventories [Broecker et al., 1995; Lassey
et al., 1996]. Our present study demonstrates that these inventories cannot be simply banished
into oblivion and that we still have to seek for an acceptable solution to close the bomb **C
budget.
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CONCLUSIONS

Important new results of global relevance to our understanding of the carbon cycle can still be
obtained using models which appear ssimplistic when compared to standard high-resolution
models. This is essentially the merit of globally relevant long-term bomb AC observations,
combined with an adequately simple modeling concept. Relying on this conviction we decided
to still stay away from high-resolution when designing our seasonally modulated carbon cycle
model with a 14-box atmosphere of which some results have been presented in the present
Chapter 3. Our purpose with that model was threefold:

1. Weintended to use an atmospheric model validated by tracer observationsin its global air
mass transport. Thistask was fulfilled in the meridional direction using Sk (see Appendix
A.3 for some details) thus taking profit from our study in Chapter 1. A reliable vertical
exchange through the tropopause was obtained from tracing bomb **C observations in the
stratosphere while matching tropospheric **CO, observations.

2. We wanted to underpin our fundamental working hypothesis relying on the global relevance
of atmospheric A**C monitoring. This task was achieved by proving the consistency of these
observations tracking the global excursions of nuclear bomb **C. No evidence was found in
the observed atmospheric A*C signal's since the early 1950s for significant inhomogeneities
not explained by the 14-box model. Hence we do not agree with the conclusion of Broecker
et al. [1995] depreciating atmospheric observations until 1965 (see section 3.1). Instead, we
claim that the high-precision atmospheric A*C monitoring started in the early 1950s must
be continued to help closing the bomb *C budget.

3. Using the 14-box model with validated air mass exchange we wanted to understand the
observed seasond cycle of **CO, in the troposphere since the 1980s showing a much stronger
peak-to-peak amplitude of 6-8%o. in the northern than in the southern hemisphere (<2%.).
Although this goal is not yet fully reached the preliminary results are promising. As an
outlook I briefly present below three figures indicating why exciting findings concerning the
ocean and the biosphere might be buried in the seasonal cycle of atmospheric A*C.

Figure 17 compares the mean seasonal modulati§€ inf atmospheric CQobserved at the

coastal Antarctic station Neumayer {®) [Levin, personal communication] with the model
predictions for the corresponding box. In the first model run, the air-sea gas exchange coefficient
was set according to seasonally variable fields adopted from the three-dimensional model TM2
([Heimann and Kedling, 1989], see Appendix A.1.1). In the second run the air-sea gas exchange
coefficient was set according to observational values Etometo et al. [1993] (see Appendix

A.1.4). These preliminary results from our 14-box model'fBeobservations agree with the
observed gas exchange coefficients. This is important because the observational gas exchange
coefficients, traditionally considered to be too weak, corroborate our results from Chapter 2
indicating that the oceanic borfil€ inventory should be decreased.
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Figure 17 Mean over 1983-1994 of the seasonal A™C component observed in CO, at
Neumayer (71°S, 42m a.s.l) This seasonal signa is compared with corresponding predictions
from two runs of the atmospheric 14-box model with different gas exchange coefficient (Ke)
distributions (see text). The ke values from the TM2 were determined by Heimann and
Monfray [1989]. The ke values from Etcheto et al. [1993] were read from the graphs of
Figure 1 in loc. cit. 8A™C is the deviation of the observed A™C concentrations from their
long-term deseasoned trend.
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Figure 18 Mean seasonal cycles of A¥CO, observed at Alert (82°N, 187masil.) and I1zana

(28°N, 2367m a.s.l.) [Levin, personal communication] compared with the predictions of the
atmospheric 14-box mode for the tropospheric belt north of +30°.
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Figure 19 Comparison during 1985-1994 of the impulse contributions (see text) from the
stratosphere, the ocean, the biosphere and from fossil fuels to the A¥CO, seasonality in the
northernmost troposphere of the 14-box model. The recent strengths of the impul ses can be
compared to corresponding pre-bomb values reported arbitrarily between 90 and 91.

Figure 18 compares the mean seasonal cyclesin **C of atmospheric CO, at northern hemispheric
clean air stations [Levin, personal communication] with corresponding results of the 14-box
atmosphere model. The model results satisfactorily reproduce the phase in the observations but
the peak-to-peak amplitude of the observed signals is by 50-100% higher than the model
prediction. The strength of the time variation of A*C is 9,(A*C) and can be easily determined
in the 14 box model as a sum of "impulses’ from individual carbon fluxes. In Figure 19 such
impulses on A¥C of the model troposphere north of +30° are reported from 1985 to 1994. This
allows to compare the individual impulses from the stratosphere, the ocean, the biosphere and
from fossil fuel consumption to the model seasonality reported in Figure 18.
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The seasonal modulations of all impulse components are shown in Figure 19 to have the same
phase north of 30°N. The impulse values being higher during summer than during winter lead
to a corresponding increase of the model SA™C in Figure 18 from low valuesin April to high
valuesin May. To produce a 50% higher model amplitude in Figure 18 a supplementary impulse
component with a seasonal amplitude corresponding to the peak-to-peak amplitude of the
stratospheric impulse is needed. Following evidence makes the biosphere a likely candidate to
account for this missing seasonal impulse:

* Relying on our investigations in Chapter 3 the seasonality of the stratospheric impulse is
accurately known within £30%.

* The seasonality of oceanic impulse is too weak and confined by observations (see Appendix
A.1.4).

* The seasonality of fossil fuel impulse is constrained from statistical Riattg, [1987].

« The'C impulse of carbon released from the biosphere exerted on the atmo&jghedn
be wrong by more than 100% depending on the sequestration time of carbon assimilated in
the biosphere during the period of high atmospheric b8@lactivities.

Our parameterization of the biospheric pool sizes and turnover times (see Table 4 in Appendix
A.2.2.8) corresponds to settings found in the recent literature. To provide a seasonality of the
biospheric impulse more than twice as strong as the actual value this parameterization has to be
sensibly modified with correspondent implications on our present day knowledge of the
biosphere. Evidently, there is still much suspense left in modeling and monitoring the excursions
of bomb radiocarbon.



APPENDIX

In the next sections A.1 and A.2 | present some details of the seasonally variable carbon isotope
fluxes between the 14-box atmosphere and both the ocean and the biosphere. Section A.3 gives
afew complements concerning the atmaospheric 14-box model. Useful definitions and equations
concerning radiocarbon are presented in section A .4.

A.1 Carbon and *C exchange ocean - troposphere

The results presented in Chapter 2 were based on an oceanic bomb **C inventory determined
from a standard one dimensiona box-diffusion ocean model [Oeschger et al., 1975]. The bomb
¢ uptake determined from that model compares well with results from more refined models
(see below, Figure 20) but provides neither the latitudinal distribution nor the seasonal variability
of the radiocarbon exchange needed in the 14-box model. Therefore we implemented a more
refined exchange with our 14-box atmosphere derived from two-dimensiona distributions of the
monthly carbon flux controlled by air-sea gas exchange. These carbon flux fields were previoudy
used in the three-dimensional atmospheric transport model TM2 [Heimann and Keeling, 1989]
and in the two-dimensional 2D-HD model [Hesshaimer, 1990] to simulate the atmospheric CO;
in 1979. These fluxes do not explicitly account for carbon exchange with the marine biosphere.
We calculated the radiocarbon exchange between the atmosphere and the ocean by combining
these carbon fluxes with A*C observations in the troposphere and in the ocean surface as
described in the next subsections.

OCEANIC BOMB **C UPTAKE: ——— Maier-Reimer (3D)
304 Y AN Oeschger (1D) ]
N N HILDA (1D) ]

-1

N
o
I

10* atoms yr

Figure 20 Comparison of oceanic bomb *C uptake fluxes predicted by three different ocean
models. All three fluxes are normalized to match the Broecker inventory of 300010% atoms
on 1.1.1974. The flux obtained from the three-dimensional Hamburg Model of the Oceanic
Carbon Cycle (HAMOCC) [Maier-Reimer, 1994, personal communication] agrees well with
the one-dimensional predictions. The High-L atitude exchange/Interior Diffusion-Advection
model (HILDA) [Segenthaler and Joos, 1992] estimates are by F. Joos [1993, personal
communication]. We constructed an Oeschger-type one-dimensiona box-diffusion model
[Oeschger et al., 1975] to compute oceanic radiocarbon uptake needed for the global
radiocarbon inventory study presented in Chapter 2.
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A.1.1 Air-sea gas exchange and the TM 2 carbon fluxes

The net carbon exchange flux Fc « per unit of time and of area results as sum of the positive
carbon transfer flux F¢ s from the atmosphere into the ocean and the correspondent negative
reverse flux Fc oa:

FC_P)( = I:C_ao + I:C_oa (10)

The integral of Fc « over the surface of all world oceans is positive and corresponds to the
uptake rate of excess anthropogenic CO, from the atmosphere into the ocean. F¢ « Was modeled
inthe TM2 [Heimann and Keeling, 1989] using the equation:

Fo = Kee mccoz_atm _CCOZ_oce) = Ke mCCOZ_ao (11)

Here Cco2 oce denotes the CO, concentration in dry air equilibrated under STP conditions with
the DIC (Dissolved Inorganic Carbon) in the surface layer of the ocean. Ccoz am denotes the
concentration of CO, with respect to dry air in the overlying atmosphere.

The gas exchange coefficient ke = 6.6010% molesm™ yr* ppm™ corresponding to a turnover time
of the total atmospheric carbon inventory with respect to air-sea gas exchange of 7.87 years was
used in the TM2 model [Heimann and Keeling, 1989] to determine the two-dimensional monthly
net carbon exchange fluxes used in our work. The turnover time of 7.87 yr corresponds to agross
exchange flux Fe goss Of 90 GtC yr* (see also Figure 1).

The value of ACco2 20 Mainly depends on the CO, partial pressure of ocean surface waters which
Is modulated by changesin temperature, in the upwelling rate of subsurface waters, in horizontal
water mass convection and in the photosynthesis activity of the marine biosphere. The seasonal
and spatial variations of ACco2 a0 entirely determine the variability of F¢ e in the TM2 model
fields because ke IS kept constant.

We used the individual three field components of the TM2 model net oceanic carbon uptake:
FC_ex = FC_seas + FC_SI + I:C_up (12)

The seasonal component Fc s accounts for all seasonal variations of CO, partial pressure at a
given ocean surface location. The yearly mean carbon uptake from this component at a given
ocean location is zero. In our work we used the same yearly TM2 model field of F¢ s for all
model years.

The stationary component Fc ¢ accounts for large scale stationary shifts in the ocean surface CO;
partial pressure presumably reflecting the large scale transport of carbon within the ocean. This
component leads to a carbon sink of 2 GtC yr™* in mid to high latitudes much more pronounced
in the northern than in the southern hemisphere. This sink is balanced by carbon sourcesin the
equatorial region so that the yearly mean carbon uptake from Fc « integrated over al oceansis
zero. In our work we used the same yearly TM2 model fields of Fc s for all model years.

The net carbon uptake component F¢ ,, which accounts for the net uptake of anthropogenic
carbon by the ocean. The net flux Fc , integrated over the surface of all oceans during 1979
corresponds to an oceanic uptake of 2.2 GtC yr™ in the TM2 model whereas the yearly mean
gross fluxes F¢ o and Fc a0 make up about 90 GtC yr' (see aso Figure 1). In our work we
obtained the net yearly oceanic uptake by first determining the amount of yearly anthropogenic
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CO; emission which hasto be taken up by the biosphere and the ocean to preserve the globa CO;
increase observed in the troposphere [Neftel et al., 1985; Friedli et al., 1986; Segenthaler et al.,
1988; Keeling and Whorf, 1994]. Then we attributed 55% of this uptake to the oceanic carbon
sink. This corresponds to amean oceanic carbon sink during the 1980s of 2 GtC yr™ in agreement
with the value from IPCC 95 [1996] of 2+0.8 GtC yi. Like in the TM2 this model uptake was
uniformly distributed over the surface of the ice-free ocean.

The relation betweeR¢ », and the net uptake componeRtSseas, Fc & andFc yp IS:
[(Fe s I Fogu >0
FC_ao = FC_gross + %)C_ else B
.\ Fe « if Fo gy >0
%) else
Fe w if F. >0

+ EO elsec—“" (13)

and a corresponding inverse relation is validH@a. AlthoughF¢ sas andFc ¢ depend on the

CO, gas exchangex we did not modify these fluxes when reduckagby 25% to balance the

global bomb radiocarbon inventory. Despite their vanishing yearly average these two flux
components nevertheless cycle carbon back and forth between the ocean and the atmosphere and
thus contribute to the radiocarbon uptake by the ocean. However, this contribution to the oceanic
radiocarbon uptake is by one to two orders of magnitude smaller than the total contribution from
the gross carbon flukc_goss. On the other hanBlc s andFc ¢ make up the entire contribution

from the ocean to the seasonality of the atmosphericsiifdal and have been assessed in a
comprehensive carbon cycle study using the TNErann and Keeling, 1989;Heimann et al.,
1989;Keeling et al., 1989b]. Therefore we preferred to neglect small inconsistencies in the
radiocarbon uptake when maintainifg «.s andFc ¢« unchanged and to keep the results of the
comprehensive carbon cycle study.

Further, we use a meridionally and seasonaltyable distribution ofke controlled by wind

speed as implemented Bieimann and Monfray [1989] instead of the constaki used to
calculate the TM2 fields. This brings the oceanic radiocarbon uptake significantly closer to reality
since wind is the driving force for the gas exchange peaking in high latitude (see Figure 23). The
high gas exchange rate adds to increase the very low ocean surface A™CQO, in southern
hemispheric high latitudes (see Figure 21) and increase the southern ocean radiocarbon sink. The
feedback on atmospheric @@ue to varyinde, instead of being constant do not significantly

affect the global oceanic radiocarbon uptakKee[ing et al., 1989b] and are neglected in the
present study.

A.1.2 Ocean surface A¥*CO, determined from observation

Following method was used to determine ocean surface A*CO, values for the period between

1750 and 1995 from observationsBobecker et al. [1995] First three mean meridional A*CO,

profiles for 1957, 1973 and 1988 were obtained from the ocean surface observations (Figure 21).
Then we assumed that the meridional shape of the pre-bomb profile for 1957 is also valid in 1750
and that the meridionahape of the profile for 1988 is valid in 1995. Then meridional profile
shapes for each year between 1750 and 1995 were linearly interpolated from these five profiles.
Finally all values from each profile were slightly shifted so that their mean value norttiNof 60
matches a function obtained from Appendix A.4.4. This function describes the time variation of
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Figure21 Worldwide observations of A™C in dissolved inorganic carbon of ocean surface water
as function of the geographical latitude [Broecker et al., 1995]. The resulting mean meridional
profiles were used to determine the oceanic radiocarbon uptake fluxes for our 14 box atmospheric
model. a, The mean profile for 1957 is calculated from "pre-bomb" observations made before
1958. As the atmospheric A*CO, began to show nuclear bomb activity already in 1955 (Figure
14b) the "pre-bomb" profile is not free of bomb *C athough the contamination is small (see
A.1.2). The mean profilefor 1973 is calculated from the observations of the GEochemical Ocean
SECtions Study (GEOSECS, 1972-1973) survey. b, The mean profile for 1988 is calculated from
the Transient Tracersin the Ocean (TTO, 1980-1982) and from the South Atlantic Ventilation
Experiment (SAVE, 1987-1989) surveys. The values for the 1988 profile south of 45°S were

obtained by shifting the GEOSECS profile.

mean ocean surface A**CO; north of 60°S better than does the linear interpolation between the
fiveinitial profiles. After these corrections the profiles for 1957, 1973 and 1988 still agree with
their initial values and compare well with *C activities measured in corals (see Figure 22).
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Figure22 Comparison of the time variation of A**C measured in banded corals with the A™*C
activity determined for the model ocean surface. The coral sampleswere collected in Florida
and Belize [Druffel, 1980], on the Galapagos IslandBrpffel, 1981], on Oahu Island
(Hawaii), Uva Island (Panama) and Fanning Islaitl (459W) [Druffel, 1995]. The model

ocean surface values decrease by 8%. between 1760 and 1955 due to the Suess Effect which

can be seen in the included atmosphé@icactivities based on tree ring measurements from
northern hemispheric mid-latitudeStjiver and Quay, 1981]. The record from Stuiver and
Quay begins in 1820 and we used a constant value of 2%. for A™CO, in the northern
hemisphere between 1750 and 1820.

A.1.3 Theradiocarbon exchange between atmosphere and ocean

Radiocarbon uptake to the ocean is controlled by gas exchange and to a minor degree by net
carbon uptake. CO, absorbed from the atmosphere by the ocean surface has essentially the
radiocarbon activity signature of atmospheric CO,. Isotope fractionation at the air-seainterface
slightly reduces this activity by the factor aiac a0 = (0.998)* = 0.996 [Siegenthaler and Miinnich
1981]. To obtain the radiocarbon flux corresponding to a carbon transfer flux per unit of time and
of area Fc 4 from the atmosphere into the ocean we first determined the radiocarbon activity Agm
of amospheric CO, from the corresponding atmospheric A*C observations using the equation
(63) in Appendix A.4.2. Then the radiocarbon flux Fiac a0 Was computed according to equation:

I:14C _ao = C_ao |latm Lar 14C_ao ( 14)

CO, released from the ocean surface to the atmosphere correspondingly has the radiocarbon
activity signature of ocean surface carbon reduced by afractionation factor of a1ac oa = (0.9897)?
= 0.9795 [Mook et al, 1974].

The radiocarbon flux Fisc oa from the ocean to the atmosphere was obtained from the
corresponding carbon flux F¢ s and the radiocarbon activity Aqe observed in DIC (Dissolved
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Figure 23 The yearly means of the CO, gas exchange coefficient ke, used in our model
averaged over each of fivelatitudina belts are compared with corresponding values obtained
from observations [Etcheto et al., 1993]. The observationa vaues base on data obtained from
the GEOSAT and from the SSM/I satellites are validated through comparison with in situ
measurements at sea level [Boutin and Etcheto, 1996]. The observational means were read
with an accuracy estimated better than +10% from the SSM/I data in the Figuce.Iciof
reporting the time variation &, between 1985 and 1992 as average oV¥3-80°S, 40S-
10°S, 10S-1CN, 10°N-40°N and 40N-80°N.

Inorganic Carbon) of the ocean surface according to equation:

I:14C_0a = F14C_oa |}bce |]2'14C_0a (15)

A.1.4 Mean gas exchange rate balancing the bomb *C inventory

To obtain an oceanic bomb radiocarbon inventory amounting only 75% of the Broecker inventory
[Broecker et al., 1995] we used a mean gas exchange rate of ke=4.55107 mol m? yr* ppm™.
Thisrateis 30% lower than the 6.6[10% mol m? yr* ppm™ adopted to calculate the TM2 fields.
However the latter rate is higher than the published values of (5.4-6.3)[10% mol m? yr* ppm™
determined from one-dimensional ocean models [ Segenthaler and Oeschger, 1987; Segenthaler
and Joos, 1992]. Furthermore CO, air-sea transfer coefficients obtained from wind tunnel
experiments [Liss and Merlivat, 1986] confirmed by direct measurements at sea [Watson et al.,
1991] lead to agloba average gas exchange rate of ke=3.2-4010 mol m? yr* ppm™ [Etcheto and

Merlivat, 1988; Etcheto et al., 1991; Boutin and Etcheto, 1996] when combined with remotely
sensed wind fields.

The meridional shape of our model ocean gas exchange rate (Figure 24) compares well with such
observational values [Etcheto et al., 1993]. The model estimates give even more weight to the
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Figure 24 The mean seasonal variations of the CO, gas exchange coefficient used in our
model ocean averaged over five latitudina belts are compared with corresponding values
obtained from observations [Etcheto et al., 1993]. The observations are described in Figure
23. The mean peak to peak amplitude and the phase of a sine curve approximating the
observations were read from the SSM/I datain Figure 1 of loc. cit. with an accuracy estimated
to be better than £20% and £1 month respectively.

maximum gas exchange coefficients in high latitudes than the remotely sensed values. The
seasonal variation of model gas exchange strength in different latitudinal bands agrees in both
amplitude and phase with the observations except for the mid to high southern latitudes (Figure
24). There the model predictions are minimum in December to January which is two to three
months later than observational values.

A.1.5 Remark concerning the definition of the oceanic bomb *C inventory

The bomb radiocarbon inventory determined by Broecker from the GEOSECS observations
[Broecker et al., 1985; Broecker et al., 1995] considers only the difference in A™C between
ocean profilesfor 1974 and ocean profiles for pre-bomb time assumed to be around 1955. It does
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not account for most of the supplementary radiocarbon amount which is carried into the ocean
by anthropogenic CO,. Thereforeif the total bomb *C inventory ANyac oce OF an 0cean model in
1974 is determined from the difference between the **C inventoriesin 1974 and in 1955 then a
correction is necessary before comparing with the Broecker bomb **C inventory according to the
expression:

AN 14¢ oce = ANMC_Oce _ANc_ooe EQA(ANc_oce» (16)

Here AN 14 oce i the oceanic bomb *C inventory to be compared to the Broecker inventory,
ANc oce IS the net amount of anthropogenic carbon taken up by the ocean between 1955 and 1974
and <A(ANc o)™ is the mean activity in 1974 per carbon amount of ANc oee. The value of
<A(ANc oce)> depends on the depth to which the carbon amount ANc o has penetrated into the
ocean. We determined that the correction term ANc ocelSA(ANc oce)> Makes up about 15[10%
atoms which is 5% of the Broecker bomb **C inventory for 1.1.1974.

A.1.6 Preindustrial oceanic **C uptake and cosmic ray **C production

From our CO, gas exchange rate ke and from preindustrial values for the A*C in the atmosphere

[Stuiver and Quay, 1981] and the ocean surface [Druffel and Suess, 1983] we determine the
equilibrium uptake of oceanic radiocarbon assumed for 1750. If we add to this uptake the rate

of radiocarbon decay in the equilibrium biosphere and atmosphere we obtain atotal **C sink from

the preindustrial atmosphere of 2.2[10%° atoms yr™*. The latter value amounts only to 80% of the
2.810%°+10% atoms Yt estimated for cosmic ra{fC production during industrialization
[O'Brien, 1979;Suiver and Quay, 1980;O'Brien et al., 1991]. This is due to the fact that we did

not account for all carbon reservainscontact with the atmosphere in our model. We neglected

the cycling of carbon through buried and reactive sediment reservoirs like coastal wetlands,
continental shelves and freshwater lakes because this cycling is too slow to significantly affect
the time scale of a few decades on which the bB@tperturbation occurs. However these
pathways of carbon cycle become relevant on the millennial time scale of radiocarbon lifetime
and may well accumulate 20% of the Edfth inventory Pamon and Sernberg, 1989].

As we focussed on the nuclear bomb perturbation to the radiocarbon cycle we considered only
a modulation by +10% of the mean cosmic ¥4 production reflecting the 11 year cycle of
solar activity Buiver and Quay, 1980]. We did not account for secular variations“cf
attributed to solar modulation of the cosmic ray flux or to changes in the earth geomagnetic field
intensity [O'Brien et al., 1991]because the corresponding changes in atmospheric A*CO, were

less than 20 %o during the present millenitBiver and Quay, 1980].

A.1.7 Discussion on ke and the oceanic **C inventory

With our model ocean gas exchange reduced to match 75% of the Broecker inventory in 1974
we come closer to the observational valuekgpthan without correction. This is one of the
evidences supporting an oceanic solution to the bomb radiocarbon inventory mismatch presented
in Chapter 2.

From our lowks We obtain an oceanic equilibrium uptake of radiocarbon through gas exchange
of 2.010” atoms yt*. If summed up over the lifetime of radiocarbon this uptake leads to an
inventory of 827@.0010%° atoms = 165400”° atoms'C which is lower by about 20% than
values for radiocarbon in DIC of the preindustrial ocean from other auttasssy et al., 1990].
However we think that our low preindustrial oceanic radiocarbon inventory is acceptable because



A.2.1 The mixed biosphere box model 53

it is not in contradiction with the cosmic ray **C production as discussed in Appendix A.1.6.

The seasonal variation of our model ke adopted from the TM 2 should be corrected in southern
high latitudes (Figure 24) to better match the observational values. These observations indicate
that winds peak during July to September in the southern hemisphere and thus peak at about the
same time as the meridional air mass transport obtained in Chapter 3 (Figure 16c¢).

A.2 Carbon and *C exchange biosphere - troposphere

Radiocarbon uptake by the ocean is constrained by worldwide A*C observations from the sea
surface down to the deepest water layers. These constraints allowed us to determine the **C
uptake through the air-sea boundary in Appendix A.1 without running a complete ocean model.
Unfortunately no such observations are available for the biosphere and biospheric carbon models
must be used to quantify this exchange. To cycle bomb *C through the biosphere these models
must account for the time delay between assimilation through net primary productivity (NPP) of
abomb *C spiked carbon amount and its rel ease back to the atmosphere through decomposition.
In the next two sections | present the simple fundaments on which the mixed biosphere model

used in chapter two and the more realistic statistical biosphere used in chapter three are based.

A.2.1 The mixed biosphere box model

A.2.1.1 Cycling of carbon

A very simplified picture of the biosphere subdivides it into three major reservoirs. The first
reservoir cycles carbon within afew years and contains all leaves, grasses, fine roots as well as
fast decomposed fractions of litter. The second reservoir includes bulky wooden structures like
stems and big roots removing carbon from the atmosphere for several decades. This reservoir
includes a soil and litter carbon fraction with correspondingly slow decomposition rate. The third
reservoir contains soil carbon which is more resistant to decomposition and where carbon has a
mean residence time of several centuries.

We consider the carbon amount di(to)=Fc inp(to)dt taken up (e.g. through NPP) according to a
carbon flux Fc inp(to) at time to in one of these mixed reservoirs. Fc jnp is defined positive if
carbon is assimilated in the biosphere. The part di(t,to) of this input which has not left the
reservoir due to decomposition until timet >ty is.

t—t,

di (t,t5) = Fg iy (o) [BXP(——) dito (17

dec

Here 74 is the e-folding time for decomposition. This formulation is most adequate for the soil
carbon reservoir because carbon is decomposed here as soon asit enters. The situation is different
in the two other reservoirs where carbon is fixed (e.g. in the leaves or in the stem) for awhile
before being decomposed. Here it is argued that Fc inp(to) iS assimilated at the same time in
elements of these reservoirs (e.g. a leaf or a stem) which have different degrees of maturity
between birth and death. Although part of Fc inp(to) is fixed for longer in young elements of the
reservoir other parts of Fc inp(to) are decomposed soon, after death of old elements. This
residence behavior is approximated at the reservoir scale by adecreasing exponentia. The mixed
reservoir approach iswidely used in literature [ Segenthaler and Oeschger, 1987; Keeling et al.,
1989a; Broecker and Peng, 1994] and we adopted it in chapter two for its simplicity.
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Thetotal carbon mass M;(t) in such a biospheric carbon reservoir isthe integra over al inputs
of the part remaining in the reservair:

M 1) = [ oy (€) XD(E ) i€ a8

z-d
In the case of constant input Fc inp(t)=Fc inp_cst» the last equation can be solved and resultsin a
constant reservoir mass Myes cst:

M res_cst = I:C_inp_cst Ijdec (19)

The carbon decomposition flux Fc_gec from the reservoir to the atmosphereiis:
j —t M (t
Fooull) == [0, ) exp( ) 0 == (20)
=00 Tdec Tdec

This flux does not depend on the time history of Fc jnp(t)dt inputs which have lost their identity
asif the reservoir would be well-mixed. Thisis the reason why we speak of a mixed biosphere
model in this section.

The mean residence time (also called the mean transit time) T, for carbon in areservoir isthe
mean over al outputs of the time they have spent in the reservoir (if analogously replacing carbon
atomsin areservoir by humans beings in a population, the mean residence time of carbon would
become the mean lifetime of the population) [Bolin and Rodhe, 1973]. Here it is determined after
weighting the time each output has spent in the reservoir with its corresponding output strength.
In the case of constant input Fc jnpy s We obtain:

&-

. t
[ (t=¢)diHc inp s
e o oo’ 8
res _ t {_t
:[oat %:C_inp_cst eXp( Tdec )%5

_F ¥

C_inp_cst

F

C_inp_cst

The mean carbon age Tage in areservoir isthe mean over all carbon amountsin areservoir of the
time passed since they entered the reservoir [ Bolin and Rodhe, 1973] (in analogy to the mean age
of a human population). Here it is obtained after weighting the time each element has spent in
the reservoir with the carbon mass of this element. In the case of constant input Fc jnp s WE
obtain:

dec — Tdec (21)
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The turnover time Ty, Of areservoir is usually expressed as the ratio of the total mass in the
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reservoir to the gross output flux [Bolin and Rodhe, 1973]:
— M) _

turn * Fc_dec(t) ~ % dec

(23)

The equivaence tgec= Tres= Tage= Trurn Valid in the case of constant input flux Fc inp ot iSthe reason
why the terms age, residence time and turnover time are often used without distinction. It is
worth noticing that this equivalence is a pleasant property of the mixed biosphere model which
is not generally valid (see the statistical biosphere).

A.2.1.2 Cycling of radiocarbon

Significant 83C fractionation with aysc 4=0.9819 (this value is obtained considering that
atmospheric carbon with 8*3C=-7%o has 5'*C=-25%. after assimilation,Jegenthaler and
Oeschger, 1987) and corresponding A™C fractionation withuac a=(a1ac an)” 0ccurs when CO

Is assimilated in plant tissues through photosynthesis. No fractionation is considered during
decomposition of organic carbon. Thus the méarC activityA. in a reservoir is (e.g. in Bq

per kgC):

1
Mr&s

t

A=) = 31— ] Fem @ Ay (©) @xp%f LSS %15 (24)

s dec
whereM, is the carbon mass in the reservaiis the fractionation factor fofC input (see
Appendix A.4.3 for the approximation concernigAins(t) is the activity (e.g. in Bq per kgC)
of the carbon input before fractionatioii®’ is the mean radioactive lifetime &fC and
aBing(O)[Exp(-(2-¢)) is the activity at time of a carbon amount entered at tithéf both the
carbon input fluXFc inp(t) = Fc inp_cs @and the activityAinp(t)=Ainp_cs are constant, the reservoir
activity is also constant:

a Anp_cst
1+ 7,4

ec

Aclt)= = A (25)

The mean activity Ay(t) of the carbon leaving the reservoir through decomposition is equal to
the mean activity in that reservoir:

-1 ~ E-t
Agt) = m£ Fe inp(§) [ar A, ($) [eXP(A(S —t)) [ exp( - )dé
= Ag(t) (26)

where we used equation (20) to repl&egiec(t).
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Figure 25 Comparison between the atmospheric A**CO, and mean A™C activities predicted
for mixed biosphere reservoirs cycling atmospheric carbon at different turnover rates. The
turnover times of the individual reservoirs are those we already used in Chapter 2.

A.2.1.3 Numerical realization of the mixed biosphere model

Equation (20) shows that the output fluxes of carbon from the mixed reservoir depend only on
the instantaneous total carbon amount in the reservoir an on the e-folding time for decomposition
T4ec. EQUation (26) shows that also the activity of this carbon output depends only on the mean
activity in the mixed reservoir. Thisindependence from the details of input history simplifiesthe
computational effort needed to program the mixed model numerically but will not remain valid
in the statistical biosphere model. Our numerical approach consists in first reformulating

equation (24) with constant reservoir mass Myes c« @nd constant carbon input flux Fc inp cs tO
obtain arecursive equation:

1 ™ 1
Ac) = g R AL ORI+ de
b TR e B AL© Bt ) )i

Mies e t'n[ o " i i

dec

- ALt @xp%tn-l—tn)(riwﬁ

e LG e (27

dec tha

Then the last equation is solved in yearly steps{t;, i=1...n} for each of the three reservoirs of the
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mixed biosphere model in Chapter 2. In the two reservoirs containing leaves and bulky wood
Ainp(t) is determined from atmospheric observations with a=a1ac a» . Y €arly mean atmospheric
A¥CO, observations and equation (63) from Appendix A.4.2 are used to determine Ainp(t)
ongoing from preindustrial equilibrium at t;=1750. Theinitial vauefor Ae(to) isobtained from
equation (25). The input activity to the soil carbon reservoir isthe mean of the activity of the two
other reservoirs and =1 is used. Figure 25 shows the time variation predicted for A**C since
1950 in each reservoir of the biospheric mode from Chapter 2. This Figure shows that the A¥C
of the mixed wood reservoir steps over the atmospheric values during the mid 1980s. Ongoing
from that date carbon decomposed from the mixed wood reservoir acts as a "source" of A¥C to
the atmosphere.

A.2.2 The statistical biosphere box model

There were two reasons to develop a more refined model than the mixed biosphere model
presented in the last section and used in Chapter 2. Thefirst reason is that the representation of
the carbon fixed in bulky wood like stemsis not very redlistic in the mixed reservoir where every
carbon input begins instantaneoudly to be decomposed. The second is that we needed a biosphere
model alowing for seasonally variable NPP and decomposition fluxes. For simplicity of the
explanations we do not consider seasonality until Appendix A.2.2.4.

A.2.2.1 Basic idea of the statistical model

Let us consider the cycling of carbon through the bulky wooden parts of alarge amount of trees
in areservoir. The mass of one element of this reservoir representing carbon in the stem, big
branches and roots of a single tree in a statistically idealized way varies in time according to
Figure 26. After birth at time to the carbon mass m(t-to) of the element grows until time to+Tg to
the maximal mass My, then the element stands without growth during an intermediate time until

carbon
mass

max

o
—

time

t, t+T, LT +T,

Figure 26 Time development of the carbon massin asingle idedized element of a Satistical
biosphere reservoir. The seasondlity of growth and decomposition is not accounted for in this

graph.
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to+Tyt+Ti and is finally decomposed with an e-folding time z4ec. The corresponding definition of

m(t-to) is:

D_D ITerﬁX [t -t,) if O<t-to< Ty
E g
m(t —t,) = 0Ny if Ty < t-to< Tg#T; (28)
0
t +T +T —t
lexp(——2 1 —
ém“” P T e ) i tto = TgtT;

A similar description can also account for a reservoir representing twigs and leaves, ground
vegetation or any other subdivisions of the biosphere. We call statistical biosphere our model
containing such kind of reservoirs.

A.2.2.2 Cycling of carbon (no seasonality)
The function m(t-to) is subdivided to distinguish between carbon input and carbon output:

m(t _to) = m, (t _to) My, (t _to) (29)
. Em(t—to) if 6t m(t-to) >0
th Ct-t) =
wi mp( 0) |:| else
m(t —-t,) - if 0y m(t-tg) <O
rnout(t_to):%)( 0) rnmax t ( O)
else

In astatistical reservoir such idealized elements are born at time » with a birth rate N(»7) and the
gross carbon input flux Fc jnp(t) then is:

I:C_inp (t)

J N By, (t=7)dry

j N(7) L9, minp(t-17)dn7

t-Tq
and if N(t)=N IS constant:
= NesMMw=Fe i o (30)

The gross carbon decomposition flux Fc_gec(t) out of the reservoir is:

FC_dec(t) = IN(U)atrTbut(t‘ﬂ)dn

and if N(t)=Nc is constant:

= - Nw rnmax = FC_dec_w (31)
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which just balances the gross carbon input flux when N(t)=Ng iS constant.

The total mass of carbon in the reservoir is:
t
M(®) = [N(p)nE-7)d7

and if N(t)=N is constant:

- N [m)du =N mnm%’ﬂ au =M (32
0

where the variable transformation u = (¢-7) was used. To determine the residence time of carbon
in the reservoir we consider that when decomposition begins, all parts of an element (e.g. stem,
big branches and roots of atree) are decomposed at the same rate defined by 74e.. Therefore the
output 9, my.(t-77) a timet from a single element born at time » has the residence time
(t-n-Ty/2) because the growth was constant between » and #+Tg. Thus the residence time for
carbon in the entire reservoir assuming constant birth rate N(t)=Nc iS:

T

res

1 T
Wj(t _’7_79) [Ny [ Mo (t-17)d7
cst’ ' max -oo

T

_JNCQ 00

= _ 2 = 1
TN, T laumout (p)du + m_ !,U [0, my, (L)du

-T, 1 ° -1 T,+T—-u
e u%ﬁ%@xp(—g ' )E’ﬂ
2 rnrmx-rg'[-r, dec z—dec

=T, 7 -1 v
= T“LI(V"'Tg"'Ti)["—@XP(_—)dV
) 7

dec dec

_T © v
- S+T +T+(vd, exp(——)dv
> T J}’ » exp( . )

dec

T
79 +T +7T,, (33)

where the variable transformations »=(t-) and v=u-(T4+ T;) are used. Combining equations (32),
(30) and (33) results in the equation:
Mcst = FC_inp_cst D_res (34)

which bares strong similarity with the equation (19) for a mixed biosphere reservair.
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The mean carbon age Tage at(t-to) at timet in asingle element of a statistical reservoir born at
timetp is given through the function:

if t-to < T, Tge ar(t—1) = O j (t-m)0,my (7 —1,)dn
np to
1 t—to
T M [ Hedu
7(t_to) 0 g
Tg
_ t_to
2
. T
if t'tOZTg, Tage_elt(t_to) = (t—to)—?g (35)

where the variable transformation x=(¢-7) was used. The mean carbon age Tage in the entire
reservoir isthe mean of all reservoir element carbon ages according to the expression:

1 ! Ne
Tage = ITage_dt (t _,7) |:Ncst Hn(t "7)d’7 = —CQJ’Tage_elt (/'1) Hﬂ(/,{)d/,[ (36)
M cst —oo M cst 0

where the substitution p=(¢-) was used. With the equation (28) for m(t-to) and the equation (35)
for Tres at(t-to) the last equation becomes:

Tae = D]’ age_at (1) (N(1) A + 1[Tage e (1) (2t + j age_at (1) En(ﬂ)dug

cst [0 To*T L
Hﬂdh i
_ N Loy it [ (- e g
M FI o J W )% 8 T'[T w ) M Tec ) IUF
Julln ) -1, 0
:—NCS{WLnax 9 [H D_T_g-ﬂ + (Tg +TI) Tg [+ %dec(T +T +Td€c) (37)
M 65 8 2 2 g 0

Substituting M according to equation (32) we finally obtain:

T
Tage = Nes HT; Tt +7 Tgee g+T+Tdec)
N mnmxmmmﬁ =
2 2
TL+E+L
:Tdec+§|_ 2 2 (38)

T +71
2 i dec
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Note that in a statistical model reservoir the carbon age is generally different from the carbon
residence time except if T=T;=0.

A.2.2.3 Cycling of radiocarbon (no seasonality)

Thetotal *C activity (e.g. in Bq) of areservoir element born at time to until the time to+Tg+T;

when decomposition startsis theintegral sum over all the inputs remaining in the reservoir of

their initial activity corrected for decay. During decomposition only radioactive decay changes

the mean activity (e.g. in Bq per kgC) so that we obtain following expression for the element’s
mean™C activitya(t,to) (e.g. in Bq per kgC):

__ 1 H _ e yasd
Ao ) =y A B T ~0)0m (€ o)A | (39)

For a single element the mean actiis+Tq+Ti, to) just when decomposition starts does not
depend on the birth datgit Ainp(t)=Ain_cs IS CONstant:
a(ty +T, +T,, t,) =

to+Ty+T;
a Anp_ca

J0:Mp (¢~ 1) [BXP(A LS — (& +T, +T:)))de

to+Tg
Anp cst °

p(-AT) | M exp(A 1€ ~ (1, +T, )k

Q

L0 A e oy L OPEATY)
T A

g

= aca_Tg +Ti (40)

The mean activity of an entire reservoir then becomes:

Ast) _ 1 ! _
TG J;N(n) [n(t —7) Cat,n)dn

L (N@e-n)!
0]

My (t=17) IaA”p(f)EeXp“ [¢ -1))9,m,, (£ —n)dédn

and ifN(t)=N is constant:

t

m(t-7)
T@ j m.t-n] Ja Ap (@) lexp(A s ~1))0.m, (¢ —7)dedr

min(t,7+Tg)

1L mt-n) I o A, (&) Bxp(A € - t))dn—mxdfdn

M T 2,M,, (E=17)
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t _ min(t,7+Tg)
= s [a AR @R 1 -0y (@)

Assuming that Ainp(t)=Ainp cst IS constant at preindustrial equilibrium the reservoir activity is
constant with the value Aves cs:

- A s M=)
TresTg -mm(t_ﬂ)

min(t,7+Ty)

J’ exp(A ¢ —t))dén

Aes

_0Ay « LH (AT {0~ exp(-AT,)) E

Tol, AQ° A+ A [T,.)
_ 1 _ atst_Tg+Ti —
A AL e

Solving the last equation is not difficult but too long to be detailed here. If T;=0 and Ty tends to
zero the last equation becomes:

H _ a Anp_cst
M Ae = TiAr, (43)
T,=0

where we used equation (33) giving the equivalence Tres=7dec When Tg=0 and T;=0. The last
expression is similar to that obtained in the mixed biosphere case (equation (25)). The sense of
equation (42) becomes clear when reformulating it:

_ 1 _ a‘(:S(_Tg+Ti
AES_CSl /] Tres % Anp_cst 1+ /] Tdec E
g

_ acst_Tg+Ti
E’Anp_w 1+A z—dec E
A cs

Theleft hand term of the last equation is the difference between input activity and mean activity
in the decomposable carbon fraction of areservoir divided by the mean activity in the reservair.
The obtained ratio is equal to the ratio between carbon residence time and radioactive lifetime
of ¥C.

(44)

=AT.

The *C uptake flux Fiac inp(t) to the statistical reservoir is obtained from the carbon input:
Fuac_inp t =a Anp ® (R inp ®
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=a Ay (1) [N(7) [0.m,, (t-7)d7

and if N(t)=Ncg is constant:

=a Anp(t) |:lNcst |]nrrex (45)

The *C output flux Fiac dec(t) due to carbon decomposition from the reservoir is:

Fuc st = J’ N(7)a(t,7)0,m,, (t—r)dn

) O
t ga Anp (§) [Xp(A TS —1))a,m,,, (§ —7)d O

= (N .m,, (t—n)d
:[, (f7)B o (=7) éﬁmo (t—n)dn
= =
D]+Tg+'|'i |:|
(T, +T) B J’a A, (&) [exp(A € —t))a,m, (& —n)dé B
= N(ﬂ)atmout(t_ﬂ)[j ! @’7
—J; 0 Mhrax 0
H H
t=(Ty+T;)
= J’ N(7) [0, My, (t =7) [&(n + T, +T,,n) lexp(A [ + T, + T, —t))dn (46)

The integration in the last equation can be reduced to a finite interval by introducing an
intermediate time step to < t where Fiac gec(to) IS assumed to be known:

F14C_dec )=

to _(Tg +T;)

jN(n)atmout(t =ttty =) Ay +T, +T, ) EXp(A L +T, +T, —t, +t, —t))dn

t_(Tg +T )

+  [N(@Om,, (t—n) @@y +T, +T,,n7) Exp(A ln +T, +T, —t))dn

t0_( g+Ti)

= Fc e (1) BXD((t, ~)(A +Ti»

dec

t=(T,+T})

+  [N(7) o.My, (t—n) &y +T, +T,, ) [&xp(A Wy +T, +T, —t))dn (47)

to=(Tg+T;)
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Figure 27 Comparison of the mean A*C in a mixed biospheric reservoir with the mean **C
inastatistical biospheric reservoir which has the same residence time for carbon. The settings
for the statistical reservoir are T,=20 yr, Ti=10 yr and 74,=10 yr, which corresponds to a
residence time of 30 yr. The statistical reservoir really sequesters the bomb radiocarbon before

releasing it back to the atmosphere and, hence, has a higher mean *C activity than the mixed
reservoir.

At preindustrial equilibrium where N(t)=Ncs and Aing(t)=Ainp e« are assumed to be constant, the
radiocarbon decomposition flux Fiscgec(t) becomes constant:

t-T,-T,

F14c_dec(t) =N Iatrnout (t-n) [y 1gem [éxp(A [n +T, +T, —t))dn

t-T, T, H H

- +T +T -t
= _Ncst mcst_Tg+Ti I Mhex eXpEﬁ %1’7

1._
o Tdec |:| (/] +7) 1 |:|
D z—dec D
=-Ng N, By !
_Tg+Ti /-\ Tdec +1
A cst p(_ T ) 1
=-N P2 e AT, D
M = (AT S
= F14c_dec_cst (48)

With the help of the preceding formalism the mean activity in a statistical biosphere reservoir can
be computed. Figure 27 clearly demonstrates that the more realistic carbon sequestering of the

statistical biosphere can lead to mean reservoir activities which sensibly differ from those of the
mixed biosphere approach.
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A.2.2.4 Seasonally variable cycling of carbon

Growth of plants and decomposition of organic matter occurs with a seasonally varying intensity
mainly controlled by light intensity, temperature and precipitation. To account for seasona
variation of biospheric NPP and decomposition fluxes in the statistical reservoirs we must
introduce a new definition of the now seasonally modulated carbon mass mg(t,to) at timet of an
element born at timety in a statistical reservoir:

ms(t1to) :mnps(t’t0)+mouts(t1t0) (49)

These functions explicitly depend on both parameters (t,tp), not only on the difference (t-tp) as
in the previous sections. The functions mpg(t,to) and moys(t) are defined as follows:

EmnaxD_ [, (1) if 0<t< Tyto)

atmnps(t’to) = O Tg

Eb else

|:l_rn"nax 0
2 P s () [8X
0mys(tity) = O Ty Pous 1) pE‘

+ TgS (t,) +Tis(t,) -t E if t = to+Tyg(to)+Tis(to)

dec

(50)
else

Pinps(t) and gous(t) are seasonally variable functions with a periodicity of 1 yr and yearly mean
value of 1, My iSthe maximal carbon mass of an element, Ty(to) IS the seasonally variable time
needed by an element born at to to grow up to My, Ty iSthe yearly mean of Tyg(t). To simplify
our seasonal approach we will always consider that:

Tyus = Tgs (D) +Tis (1) is a positive constant (51)

Tyrisisthetimeinterval between birth and the start of decomposition of an element. Thus Tig(t)
is the time during which the element is neither growing nor decomposed. ginos(t) reflects the
seasonally variable impulse of light, temperature and precipitations on the growth of plants.
poud(t) reflects the corresponding effect on decomposition. The seasonally variable carbon input
flux Fc inps(t) to areservoir is:

FC_iﬂDS(t) = IN(O) mtmnps(t’rl)dr/

= [ N O (01 (52)

tin (1)

where tyin(t) isthe smallest value of » for which t liesin the interval [1,7+Tgg(7)]. Equation (52)
allows to explain how we determined the seasonally variable birth rate N(t) and the function
pinps(t) for our statistical reservoirs in contact to the atmosphere. We assumed that both the
element growth rate 0,m,, < (t,/7) and the element birth rate N(;7) have the same seasonality asthe

NPP. The function ginps(t) is set proportional to the prescribed NPP flux entering the reservoir.
We use data fields of the TM2 model [Heimann and Keeling, 1989] to prescribe the NPP flux
(see Appendix A.2.2.6). The proportionality factor is set to obtain a yearly mean ginpg(t) equal to
1. The valuesfor N(t) are obtained from:
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N (t) = ﬁ ¢inpS (t) (53)

where /3 is set to obtain the same yearly mean value for Fc inps(t) using equation (52) as for the
NPP flux prescribed from the TM2 fields. When these values for N(t) and 9,m,(t,77) are used

in equation (52) the values obtained for Fc jnps(t) in our standard model agree very well with the
NPP fluxes prescribed from the TM2. However our simple assumption that both the element
growth rate and the element birth rate have the same seasonality as the NPP may not be realistic
for al types of biospheric reservoirs.

The seasonally variable decomposition flux Fc oxs(t) out of areservoir is:
t_Tg+|S

FC_outS(t) = '[N(ﬂ)@tmouts(t,’?)dﬂ

_Tg ‘s

T, .-
= [ N g (T

dec

)
¢outS (t) = FC _outS (t)

_Tg s

[ N F Mo (7 ;*'S Yy

(54)

dec ec

This allows us to determine the values for pous(t) replacing Fc ous(t) by the prescribed
decomposition flux fields of the TM2 model.

A.2.2.5 Seasonally variable cycling of radiocarbon
Once the birth rate N(t) and the carbon input flux 9, mys(t,/7) are known, the radiocarbon input
flux Fiac inps(t) to the statistical reservoir is simply determined from:

F14C_inps(t) = IN(U) m Anp (’7) |}Xp(A m’] _t)) |Etrr‘1nps(1:’,7)(.'i,7 (55)

tin (1)

which can be easily solved numerically. The definition for tyn(t) isthe same asin equation (52).

The radiocarbon output flux from the reservoir is less smple to determine because it involves
integration over an infinite time interval. First we define the element's ffi€aactivity ag(t,to)
of one element (e.g. in Bq per kgC) similarly to equation (39):

ac(tity) = 1(“) Aol X 1€ =) Do, 1) (56)

Then the radiocarbon flukiac_decs(t) from decomposition in the reservoir can be reformulated
as:
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t_Tg+|S

Ficaest) = j N(7) 19, My (t,7) g (7 + T, i6.17) [@XP(A [ + Ty s —t))dn7

t= g+iS_nDI1year

= j N(17) 10, My (t,17) [ (17 + T is,17) [€XP(A L7 + Ty —1))d

t_Tg+|S

+ J’ N(#7) 19, My (8, 7) B (17 + Ty is,17) [€XP(A [ + T s —t))dn

T_Tg+iS_nDT1year

1
= F14c_decs (t-n Erlyear) @Xp% nleear A+ r_) E

dec

t=Tgsis

+ j N(#7) 19, My, (t,17) L (17 + Ty 4is,17) [€XP(A [ + T s —t))dn (57)

T _Tg+l S _nDrlyear

where nThye = N iSan integer number of years. This redundant notation is used to emphasize
that thisformulais only valid for atime step of n years because the periodicity of 9, mus (t.77)
IS one year.

A.2.2.6 NPP, decomposition, fertilization, destruction and the TM2 data fields

Four components of gross carbon exchange between the statistical biosphere and the model
atmosphere are considered so that the net carbon exchangeis:

FC_bio_net = I:C_npp + FC_dec + FC_des + FC_fer (58)

Two components are adopted from the TM2 fields [Heimann and Keeling, 1989] (here we

consider that a positive flux describes a positive uptake by the biosphere):

* The natural seasonal uptake component Fc nyp is always positive and describes the net
primary productivity of the land biosphere due to photosynthesis. It was determined from
satellite data using a model for remote sensing of plant growth by Kumar and Monteith
[1981]. In the TM2 data fields this component amounts to a yearly mean uptake of
56 GtC yr™* but in our model we multiply this distribution by a constant value in order to
amount 60 GtC yr™.

* Thenatural seasona component Fc g IS always negative and describes the release of carbon
back to the atmosphere through decomposition of organic matter in litter and soils. It was
determined using ground level temperature data to account for the seasonal variation of soil
temperature and a fitting procedure to best match atmospheric CO, observations. We scale
the distribution of the TM2 data fields to exactly balance the yearly mean NPP of 60 GtC yr™*
mean in each box of our model.

The two other components are not seasonal and account for net global fluxes:

* The yearly mean anthropogenic destruction component Fc q4es IS aways negative and
describes the net release of biospheric carbon to the atmosphere due to land use change
[Houghton and Hackler, 1995]. This destruction flux is assumed to make up between 1.5 and
2 GtC yr* during the 1980s.



68 APPENDIX A.2 Carbon and 14C exchange biosphere - troposphere

* The yearly mean fertilization uptake flux Fc s is always positive. It accounts for a still
hypothetical worldwide excess of plant growth stimulated by the increased atmospheric CO,
level. In our study this net yearly biospheric uptake is obtained similarly to the net yearly
oceanic uptake (see Appendix A.1.1). First we determine the amount of the total yearly
anthropogenic CO, emissions which has to be removed from the atmosphere to preserve the
globally observed tropospheric CO, increase. Then 45% of this uptake are attributed to the
biospheric fertilization sink. The mean strength of this sink lies between 1.5 and 2 GtC yr™*
during the 1980s.

A.2.2.7 Numerical realization of the statistical biosphere model

Equations (55), (56) and (57) are used together with atmospheric activity values determined from
A¥CO, observations [Suiver and Quay, 1981; Tans, 1981; Manning et al., 1990; Levin et al.,
1992] using eguation (63) from the Appendix A.4.2. Then Fiac inps(t) and Fiac decs(t) can be
computed step by step ongoing from preindustrial equilibrium assumed for 1750. To determine
Fiac decs(t) Using equation (57), initial values for 1750 must be obtained. As the model works
with amonthly time resolution, a set of 12 initial values { Fiac gecg(1750+i/12), i=1,12} must be
known. This set is obtained by first computing:

5 _Tg+|S

@)= [ NI B Ed 0 T (69

tl Tg+|S leear dEC

All functions of the integrand in the last equation except the exponentia have a periodicity of one
year. Thus we obtain:

4Ty

Fuacosll) = [ NOBI+ T 000 B +-1)0 4T, @7

:w(ti)Diexp%wTi)%

a(t)

1- exp% (A +)E (60)

A.2.2.8 Satistical biosphere settings

The biosphere model used in Chapter 3 computes carbon isotope exchange fluxes to each
tropospheric box of the atmospheric 14-box model which subdivides the troposphere into four
latitudinal belts at 0° and +30. For each of these latitudinal belts the biosphere is subdivided into
four reservoirs. The first with a carbon residence fimef a few years accounts for fast cycling
organic matter like leaves, grasses, twigs and fine roots. The secofgyoftabout a decade
accounts for perennial ground vegetation. The third reservoir Tythof several decades
accounts for bulky wooden stems, branches and roots. These three reservoir are computed as
statistical reservoirs. Finally a fourth mixed reservoir with a residence time of several centuries
accounts for the soil organic matter resistant to decomposition. The soil reservoir takes its input
equally from the first three reservoirs. Hence our statistical biosphere model amounts 16
reservoirs cycling carbon isotopes at preindustrial equilibrium according to Table 4. Note that
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we did not yet account for meridional variations of the residence time of carbon in the reservoirs
of the statistical biosphere. Within alatitudinal belt a constant fraction of the seasonally variable
NPP prescribed by the TM2 fields is attributed to each of the three biospheric reservoirs
assimilating carbon through photosynthesis. The same constant fraction of the corresponding
carbon decomposition TM2 fields is used to prescribe the carbon release from each of these
reservoirs at preindustrial equilibrium.

reservoir |atitude Ty Ti 1w NPPfrac NPP Mass
name @) yrooyroooyr GtClyr GtC
+30°<6 1 1 1 0.35 711 17.79
0°<0<+30° 1 1 1 0.35 6.24 15.61
leaves
-30°<6<0° 1 1 1 0.35 711 17.77
-90°<6<-30° 1 1 1 0.35 0.53 1.33
leaves total: 21.00 52.5
+30°<6 9 1 1 0.35 711 46.24
perennial 0°<0<+30° 9 1 1 0.35 6.24 40.58
vegetation -30°<6<0° 9 1 1 0.35 711 46.21
-90°<0<-30° 9 1 1 035 0.53 3.46
perennial total: 21.00 136.5
+30°<6 4 1 20 0.30 6.10 262.22
wood 0°<0<+30° 4 1 20 0.30 5.35 230.12
-30°<6<0° 4 1 20 0.30 6.09 262.02
-90°<6<-30° 4 1 20 0.30 0.46 19.65
wood total: 18.00 774.01
+30°<6 - - 600 - *1.47 883.75
il 0°<0<+30° - - 600 - *0.26 153.68
-30°<6<0° - - 600 - *0.19 114.00
-90°<6<-30° - - 600 - *0.14 85.56
soil total: *2.06 1236.99
TOTAL (without *) 60.00 2200.00

Table4 Main parametersfor the statistical biosphere model used in chapter three. T, isthe
mean time during which a reservoir element grows, T; is the mean time during which a
reservoir element stands without growing, w4 is the efolding time for the element
decomposition after death. More explanations on these quantities are found in the sections
describing the seasonal statistical biosphere. NPP frac isthe fraction of the NPP uptake in the
latitudinal belt which enters the corresponding reservoir. NPP is the flux of net primary
productivity into the reservoir at preindustrial equilibrium. For the soil reservoir the values
marked with a star (*) indicate that not the NPP is reported but the yearly gross uptake of
carbon from the other reservoirs into the soil reservoir. Mass isthe total carbon massin the
reservoir at preindustrial equilibrium. The tabled values correspond to present day literature
[Goudriaan, 1992; Post 111, 1993] which, however, shows large uncertainties. The terms
leaves, perennial vegetation, wood and soil are used as names and do not exhaustively
describe the contents of the reservoirs.
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A.3 Complements on the 14-box atmospher e model

The atmospheric model with 14 boxes is subdivided into 4 tropospheric and 10 stratospheric

boxes as described in Figure 13. This structure is not arbitrary:

» Thesubdivisioninto latitudinal ring belts reflects the fast longitudinal mixing of air masses
around the Earth completed within one month.

* The subdivision at the Equator accounts for the Inter Tropical Convergence Zone (ITCZ)
acting as resistance for interhemispheric air mass exchange (see section 1.6).

» The subdivisions at £3Gaccount for the extension of the Hadley Cell circulation.

» The vertical extension of the tropospheric boxes accounts for the strong convective mixing
of air up to the tropopause. The extension also reflects the mean location of the tropopause
which is lower in mid to high latitudes than between the Tropics.

* The stratospheric subdivision adopted from Telegadakedadas, 1971] revealed to
satisfactorily reproduce the residence time of air with respect to B@rmbjections.

We mentioned in Chapter 3 that the meridional air mass exchange in the 14-box model was
determined to matcround level SF¢ observations. As Sk is emitted at ground level the
observations tend to be higher than corresponding tropospheric means. Therefore we determined
the meridional transport in our 14-box model to match tropospheric means of the 2D-HD model
running Sk as presented in Chapter 1. However Figure 28 demonstrates that we could also have
determined the 14-box model transport by direct comparison with background station
observations.

3.8_---|---|---|---|---|---|---|---
1 14 BOX MODEL:

] latitude > +30°N
349 e latitude < -30°S

] OBSERVATIONS:

1 Alert (82°N)
3.0 = lzana (28°N)

] Neumayer (71°S)

2.6

SF, (ppt)

2.2

87 8 8 90 91 92 93 94 95
Year

Figure 28 Sk concentrations estimated for the northern (latitude > +30°) and the southern
(latitude < -30°) troposphere using the 14-box atmosphere model are compared with
observations (individual data points) at corresponding sites. When compared with Figure 6
the 14-box model reveals to predict a much stronger SFs seasonality north of 30° than the 2D-
HD model.
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A.4 Definitions and equations concer ning radiocarbon

A.4.1 Definition of '°C
813C of acarbon samplein permil is defined as:

13 — l :san‘ple E]
0" Cqe = —-151000 61

where Renmpie denotes the **C/*°C atom ratio of the sample and Rg=0.0112372 is the atom ratio

of the PDB standard [Craig, 1957]. §**C=-25 % is a typical mean value for carbon in plants. The
mean &3C in atmospheric COvas about -6.5%o in 180MEftel et al., 1985;Friedli et al., 1986]

and decreased to about -8%. in 1990. This decline reflects the emissions of anthropogenic fossil
fuel with 6*C = -26%o [Andres et al., 1996].

A 4.2 Definition of A**C
A™C of a carbon sample in permil is defined as:

5°C e + 25
NC_ o = % [@— 2(§% Campe * 29) E:looo -1000 (62)

sl . 1000

whereAqnpie iS the activity of the samplé«an= 226 Bq per kgC= 13.56 dpm per gC= 5802
atoms™C per GtC = 1.1710" atoms™C per atom C is 95% of the NBS oxalic acid activity
corrected for decayarlén et al, 1968; Stuiver and Polachl977] and 8"*Cample iS expressed

in permil. The very small ratio of **C/C alowsin most cases to neglect the radiocarbon fraction

in expressionsinvolving total carbon, i.e to replace C=(**C+'3C+*C) by C=(**C+*C).

The activity of a carbon samplein units of the standard activity Aqy can be determined from its
AYC and 8"3C expressed in permil using the inverse equation:

(A, +1000) 25 [
&lee = 1800 %d @‘_ 2 @BCWW + 1000% (63)

A.4.3 | sotopic fractionation ter minology

The isotopic fractionation for *C is described by R'=a13c[R where R' is the *C/*2C ratio after
fractionation of a carbon sample with initial ratio R. Aslong as R/Rgg= 1 the fractionation ¢3¢
can be translated to a shift &13c = (c113c-1)1000 in 5*3C:

s°C = Eﬂ —1%1000 = W —1%3000 = §°C+1000{a. -1) B
R R R

=57C+ & B R
Ry

d

= 813(: + Eixc (64)

The fractionation for C is similarly described by A'=a1.c/& where A’ is the activity after
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fractionation of the carbon sample with initial activity A. The discrimination factor a4c can be
approximated as [Mook, 1994]:

al4C = (013(3 )2 (65)
and this resultsin:

e ~ (a 14C -1
= ((0’130)2 -1)
=(1+ 5130)2 -1)

= 2[%,, (66)

Note that the fractionation factor ai3c describes a variation in the *C/*%C ratio so that
o1ac=(a13c)* describes a variation in the **C/*C ratio and not in the **C/(**C+'3C) ratio in which
the *C activities are usually expressed. To be more exact the **C/(**C+C) ratio after
fractionation should be expressed as:

l4C
14C E ~ 14C % %ZC
m - 13
rac lZCI:E;'Fa]SClZ(C::E

12 C + 13C 14C
—a
14C 12C+a13C |j3C D12C+ 13C

14

= a* 14¢ H_ZC:TC (67)

However in al oceanic and biospheric fractionation processes aa4c iS very near to one. Theratio

o uclaiac islargest and equals 1.000181 during biospheric assimilation where aaac_ap=0.9819.

This leads to a difference in **C activity of about 0.2%. which can be neglected and we do not
distinguish between 14c andaiac in the present study.

A 4.4 Interannual variation of ocean surface A*C

The interannual variation of A¥C in the mixed layer of the ocean north of80s determined
basing on a crude model. We represent the mixed layer nortit8fe80a box exchanging
radiocarbon with a well mixed atmosphere and with a well mixed deeper ocean according to the
simple equilibration equation:

g DOCE_SJI’f (t) = (Datm (t) _TDOCe_surf (t)) + (Doce_deep (t)T_ Dooe_surf (t))

dt (68)

sa

HereDoce sut is the A™C of the mixed layemDa is the A™C of the atmospher@uce dee is the

A™C of the deeper ocear, is the turnover time df'C in the mixed surface layer with respect

to the atmospherey is the turnover time ofC in the mixed surface layer with respect to the
deeper ocean. This equation partly accounts for fractionation effects. It is a differential equation
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of the Bernoulli type for Doce sur:

g D (t) + Doce_surf (t) — Dalm(t) + Dooe_deep (t)
dt o> r T, T,

(69)

where 7 =(Urs + Lre) ™. A solution is found by multiplying all terms with exp((t-to)/’ ) so that
the equation can be written as:

d t-t, HDatm (t) Doce_deep_equil
a Q:)oce_surf (t) Eexp( r )Ez H + E}

Tsa Tsd

(70)

Here to is the time of preindustrial equilibrium, and we considered that the A¥C in the deeper
ocean has the constant value Doce deep equil- After integration, the equation can be written as:

D art (1) = Dy e (t) XD (%) H+IHD“"“ (©) ; Doce.om e E}XD(E—?) (72)
oz O tOE Tsa r T

sd

If we define:
AD(t) = Doce_surf (t) - Dooe_surf (tO) (72)
and use the equilibrium form of equation (68):

Datm (tO) - Doce_surf (to) —_ Doce_deep_equil - Doce_surf (to)
T Ty

(73)

sa

we obtain:

AD(t) = Doce wi (G )gxpB_(titEl_]_HFJ-HDatm(f) Doce zcjeep _ equil END(%)df

Datm (5) + Doce_deep_equil _ Doce_sirf (to) E®<p(5—:t)df
T T

Tsa Tsd

Datm (5 ) - Datm (to) 5 -t
- E}xp( e (7
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120 — T N T
1 MODEL OCEAN SURFACE: mean 60°S-80°N
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Figure29 Function describing the mean AC north of 60°S in the model ocean surface. The
function is obtained using atmospheric **CO, observations together with a simple equation
for the ocean surface (see Appendix A.4.4). We use this function to determine the long-term
time variation of ocean surface A¥C between 1750 and 1995 in agreement with A™C
activities from ocean surface waters (Figure 21) and from corals (Figure 22).

We used mean tropospheric observations [ Suiver and Quay, 1981; Tans, 1981; Manning et al.,

1990; Levin et al., 1992] for Dam(t), 7=20 yr, 75=9 yr and Doce suri(to)=-60%0 to compute from
equation (74) the function shown in Figure 29 until 1973. After that date, a linearly decreasing
function amounting A¥*C=65%. in 1995 was used in order to match the observed meridional

profile for 1988 (see Figure 21).
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