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Abstract

Cosmogenic radionuclide data retrieved from natural archives, such as ice cores, are excel-

lent tools to use for reconstruction of past solar activity and geomagnetic field intensity,

and to study past climate changes. To interpret the data correctly, however, it is essential

to separate these different signals. The physics of the production rate of the cosmogenic

radionuclides as a function of solar and geomagnetic activity is known, but their transport

from the atmosphere into natural archives is not well understood. The main goal of this

thesis is to fill this gap and to improve our understanding of the atmospheric transport

of the cosmogenic radionuclides 10Be and 7Be. This was made using new observational

data and performing modeling experiments with the ECHAM5–HAM general circulation

model. This model is a three–dimensional atmospheric circulation model that includes

aerosol physics and chemistry.

New 10Be and 7Be data measured in precipitation at a high (Jungfraujoch, 3580 m)

and a low (Dübendorf, 440 m) altitude stations in Switzerland are presented. These data

are used to study the altitudinal dependence of the 10Be/7Be ratio, which is a proxy for

the age of air and is sensitive to intrusions of stratospheric air into the troposphere. The

comparison of the 10Be/7Be ratio between the two stations shows a different seasonal

dependence indicating that the 10Be/7Be ratio measured at the high altitude station

Jungfraujoch is more influenced by the stratospheric air than the ratio in Dübendorf.

In the next step, the model was validated by comparing modeled and observed

surface air concentrations and deposition fluxes of 7Be worldwide. The results showed

good agreement between observational data and model results.

Another model experiment was performed to simulate the 10Be concentrations and

deposition fluxes during the Maunder Minimum (1645–1715 AD), a period characterized

by low solar activity and a cooler climate. Comparison with a present day simulation

shows that the dominant signal in the 10Be flux is the production increase caused by

the lower solar activity. The fluctuations caused by meteorology are less important.

Nevertheless, in polar regions these fluctuations are relatively large because of the very



low 10Be deposition.

In the last step, the influence of the solar activity induced production changes on the

10Be deposition was modeled especially in polar regions. The results were compared with

high resolution (seasonal) 10Be concentrations measured at Summit, Greenland within

the Greenland Ice Core Project (GRIP). Excellent agreement between the modeled and

measured 10Be concentrations was obtained. Also a clear trend was observed in both the

measured and modeled concentrations, parallel with the trend in the solar activity. This

confirms that the measured 10Be concentrations in polar ice reflect mainly production

changes, such as those caused by solar activity and geomagnetic field intensity. The effect

of local meteorology is significantly smaller.



Zusammenfassung

Kosmogene Radionuklide stellen wertvolle Tracer in den Umweltwissenschaften dar, die

aus natürlichen Archiven, wie z.B. polarem Eis gewonnen werden können. Sie liefern

Informationen über die Sonnenaktivität, die Stärke des Erdmagnetfeldes und das Klima

in der Vergangenheit. Um diese Daten richtig interpretieren zu können, ist es wichtig,

die unterschliedlichen Komponenten in den Messdaten zu trennen. Die Produktion kos-

mogener Radionuklide als Funktion der Sonnenaktivität und der Stärke des Erdmagnet-

feldes ist gut bekannt, aber der Transport der Radionuklide in der Atmosphäre jedoch ist

weniger gut verstanden. In dieser Arbeit wird der atmosphärische Transport der kosmo-

genen Radionuklide 10Be und 7Be untersucht. Dies geschieht mit Hilfe gemessener Daten

wie auch Modellstudien mit dem allgemeinen Zirkulationsmodell ECHAM5–HAM. Dieses

Modell ist ein dreidimensionales atmosphärisches Zirkulationsmodell, das auch Aerosol-

physik und –chemie beschreibt.

Neue 10Be und 7Be Daten gemessen in Niederschlag an einer hoch (Jungfraujoch,

3580 m) und einer tief (Dübendorf, 440 m) gelegenen Station in der Schweiz werden

vorgestellt. Diese Daten werden verwendet, um die Höhenabhängigkeit des 10Be/7Be

Verhältnisses, das ein Proxy für das Luftalter ist, zu untersuchen und Einbrüche stratos-

phärischer Luft in die Troposphäre nachzuweisen. Das saisonale Verhältnis der beiden

Stationen ist unterschiedlich, was darauf hinweist, dass das Verhältnis auf dem Jungfrau-

joch die stratosphärische Luft besser wiederspiegelt als das Verhältnis in Dübendorf.

Das Validieren des Modells zeigte, dass das Modell die weltweit gemessenen Ober-

flächenluftkonzentrationen und Depositionsflüssen von 7Be sehr genau wiedergibt. In

einem darauffolgenden Experiment wurden die Konzentrationen und Depositionsflüsse

von 10Be während des sogenannten Maunder Minimums (1645–1715 AD) simuliert und

mit einer Simulation des heutigen Klimas verglichen. Das Maunder Minimum war eine

Periode mit einer niedrigen Sonnenaktivität und einem kälteren Klima. Die Modell-

resultate ergeben, dass das dominanteste Signal der 10Be–Depositionsflüsse die durch

die niedrigere Sonnenaktivität erhöhte Produktion ist, und nicht die durch das kältere



Klima bedingten Schwankungen. In den Polargebieten waren die Depositionsänderungen

verhältnismässig grösser wegen der allgemein sehr niedrigen 10Be–Deposition.

Um die produktionsbedingten Änderungen in der 10Be–Deposition in den Polargebi-

eten genauer zu untersuchen, wurden die Modellresultate mit 10Be–Konzentrationen im

Firn von Summit, Grönland, verglichen. Diese Proben wurden im Rahmen des Greenland

Ice Core Projects (GRIP) mit einer sehr hohen Auflösung (saisonal) aus einem 5 m tiefen

Schacht gewonnen. Die modellierten 10Be–Konzentrationen stimmen ausgezeichnet mit

den gemessenen Konzentrationen überein. Zudem zeigen die modellierten und gemesse-

nen 10Be–Konzentrationen einen Trend in Übereinstimmung mit der Änderung in der

Sonnenaktivität. Dieses Resultat bestätigt, dass die produktionsbedingten Änderungen

in den 10Be–Konzentrationen im polaren Eis deutlich grösser sind als die durch die lokalen

Wetterverhältnissen verursachten Schwankungen.



Tiivistelmä

Kosmogeenisten radionuklidien mittaaminen napajäästä on erinomainen tapa tutkia au-

ringon ja maan magneettikentän aktiivisuutta sekä ilmaston muutoksia menneisyydessä.

Jotta mitattuja tietoja voitaisiin hyödyntää, on nämä eri signaalit voitava erottaa toi-

sistaan. Kosmogeenisten radionuklidien produktio auringon aktiivisuuden ja maan mag-

neettikentän vahvuuden funktiona on tunnettu, mutta niiden kulkeutuminen ilmakehästä

arkistoihin on prosessi, joka vaatii tarkempaa tutkimusta. Tässä työssä perehdytään

kosmogeenisten radionuklidien 10Be ja 7Be kulkeutumiseen ilmakehässä sekä mitattujen

tietojen avulla että mallintamalla kulkeutumista ECHAM5–HAM–ilmastomallilla.

Mittaustiedoista esitellään 10Be:n ja 7Be:n laskeuma sateen mukana, joka on mi-

tattu sekä korkean (Jungfraujoch, 3580 m) että matalan (Dübendorf, 440 m) ilmanalan

mittausasemalla Sveitsissä. Näitä mittaustuloksia voidaan käyttää ilman iän ilmaise-

van suhteen 10Be/7Be tutkimiseen korkeuden funktiona. Suhde 10Be/7Be ilmaisee myös

stratosfäärisen ilman kulkeutumisen troposfääriin. Tutkittaessa suhteen 10Be/7Be vuo-

denajan mukaisia vaihteluja osoittautui että korkean ilmanalan asemalla Jungfraujochilla

mitattu suhde 10Be/7Be erosi Dübendorfissa mitatusta suhteesta siten, että korkean il-

manalan asema oli suoremmassa yhteydessä stratosfääriin kuin matalan ilmanalan asema.

Käytetyn ilmastomallin validointi osoitti, että simuloidut 7Be:n pintailman konsent-

raatiot ja laskeumamäärät vastasivat hyvin tarkasti mitattuja arvoja. Mallilla tehtiin koe,

jossa simuloitiin 10Be:n konsentraatiot ja laskeumamäärät niin kutsutun Maunderin mi-

nimin (1645–1715 AD) aikana. Maunderin minimi oli kausi, jolloin auringon aktiivisuus

oli poikkeuksellinen vähäinen ja ilmasto huomattavan viileä. Verrattaessa mallinnustu-

loksia nykyhetkeä kuvaavan simulaation tuloksiin havaittiin, että voimakkain signaali

10Be–laskeumassa oli nimenomaan auringon vähäisestä aktiivisuudesta aiheutunut pro-

duktion nousu, eivätkä suinkaan muutokset sääolosuhteissa. Napa–alueilla muutokset

olivat suhteellisesti suurempia johtuen erittäin vähäisestä laskeumasta ylipäätään.

Jotta 10Be:n produktiomuutosten vaikutusta laskeumaan erityisesti napa–alueilla

voitaisiin tarkastella tarkemmin, mallinnustuloksia verrattiin erittäin korkealla resoluu-



tiolla (2–3 kuukautta) mitattuihin 10Be–konsentraatioihin Grönlannin korkeimmalla koh-

dalla Summitilla. Nämä mittaukset on tehty osana Greenland Ice Core Project:ia (GRIP).

Osoittautui, että malli simuloi mitatut konsentraatiot erinomaisella tarkkuudella. Lisäksi

niin mitatuissa kuin mallinnetuissakin konsentraatiossa erottui selkeä trendi, joka oli

samanlainen auringon aktiivisuudessa esiintyvän trendin kanssa. Tämä löydös vahvistaa

sen, että napa–alueiden jäässä mitatut 10Be–konsentraatiot todellakin paljastavat pro-

duktiomuutokset, s.o. auringon aktiviteetin ja maan magneettikentän muutokset ja että

paikallisten sääolosuhteiden vaikutus konsentraatioihin on paljon vähäisempi.

———————————————————————

On the cover: Time evolution of zonally averaged 10Be/7Be ratio of the deposition fluxes

during 1986–1990.
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1 Introduction

In the present day’s variable climate one needs to understand the contribution of human

activities to the climate change. This can only be done if we understand the natural

factors which influence the climate. The most important of these natural factors is the

Sun, which is the engine driving our climate. It is known that during periods of Sun

inactivity, the climate has been cooler, which has had severe effects on life on Earth (for

example the Maunder Minimum AD 1645–1715 [Luterbacher, 1999]).

Different methods have been used to study solar activity in the past. Since modern

times from 1950’s, direct measurements with neutron monitors have been performed.

Before this, from the 17th century, direct sun spot observations were made. In earlier

times indirect observations, so called proxies, were necessary to obtain information about

the Sun’s activity. Cosmogenic radionuclides, such as 10Be, whose production is mod-

ulated by solar activity, are proven to be an excellent tool to study past solar activity

[e.g. Beer et al., 1988a]. 10Be has several advantages: it is long–lived (half–life 1.5 million

years), allowing long time series of information to be retrieved, it is attached to aerosols

and its transport time to Earth’s surface is relatively short, so that the amount of 10Be

measured at the Earth’s surface reflects quite directly the amount of 10Be produced in

the atmosphere.

10Be is produced in the atmosphere by the interaction of cosmic ray particles with

the atmospheric N and O atoms, after which it condenses on ambient aerosols and thus

undergoes the cycling of aerosol particles. It is deposited to different archives (ice cores,

sediments etc.) at the Earth’s surface. Due to the mixing of 10Be in the atmosphere,

however, the measured 10Be in different archives vary, depending on the geographical lat-

itude of the archive. This means that in the measured 10Be the so called system effects

(meteorology) distort the production signal to some extent. To separate these system

effects from the production signal, the method of comparing radionuclides, such as 10Be

and 14C, from different archives has been used. 14C is another cosmogenic radionuclide

whose production is modulated by solar activity. Its geochemical behaviour is very differ-
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ent from that of 10Be because after its production, it oxidizes to 14CO2 and is built into

the global carbon cycle (the exchange of CO2 between the biosphere, atmosphere and

ocean). The atmospheric concentrations of 14C can be measured in tree rings. Compari-

son of these two radionuclides (14C and 10Be) reveals similarities which can be attributed

to production changes. Using statistical methods, the common production signal of these

two data sets can be separated from system effects, which are different for 10Be and 14C

[Beer et al., 2007].

The level of understanding of the production processes of cosmogenic radionuclides is

very high. Recent simulations of the production processes [Masarik and Beer, 1999] give

the exact amount of cosmogenic radionuclides produced as a function of solar activity,

geomagnetic field intensity, altitude and geomagnetic latitude. The deposition of the

radionuclides can be measured. The atmospheric transport, however, has remained in

the ”black box” in many studies. The mixing of the atmosphere was assumed to be

homogeneous and independent of climate.

10Be measured in ice cores have recently been used for reconstructing the solar

modulation function Φ [McCracken et al., 2004; Muscheler et al., 2007; Vonmoos et al.,

2006]. For the reconstructions, the atmosphere was assumed to be completely mixed,

but because the 10Be deposition in polar regions is much lower than the global average

due to low precipitation rates, it was assumed that the measured 10Be in ice is not equal,

but proportional to the average production rate. This proportion has to be constant in

time in order to be able to detect the global 10Be production rate. Long–lasting climate

changes which influence the precipitation rate or the atmospheric transport to polar

regions, however, might change this fraction and disturb the global production signal.

This, indeed, has been argued by several authors [e.g. Lal, 1987], who have claimed

that the only signal measured in ice cores is the local precipitation rate. It is already

known that this is not the case, because, for example at Milcent in Greenland, the 10Be

concentrations and fluxes, which differ by the accumulation rate of the ice, show very

similar signals during the Holocene. This indicates that the changes in precipitation were

not as strong as the production changes [Beer et al., 1988b]. Furthermore, the statistical

2



study by Beer et al. [2007], based on comparison of 10Be and 14C records, suggests that

the fraction of system effects is only in the order of 10% of the total variability in the time

scales of ∼100 years. Nevertheless, the solar activity reconstructions can be improved

significantly if the noise of the production signal can be further reduced. This can be

done with better understanding of the relevant processes of 10Be in the atmosphere and

its deposition distribution, depending on the geographical location of the measurement

site.

The atmospheric transport and deposition of 10Be can be studied by using atmo-

spheric general circulation models (GCMs). These models simulate the three–dimensional

distributions of atmospheric aerosols and their deposition as well as the climate. As

known from the quality of daily weather prediction nowadays these models have been

considerably improved in the last decades and give trustworthy results. Their disadvan-

tage is the large computational capacity they require and therefore the very different

time scales of the model simulations compared with measured 10Be data. For example,

a typical GCM simulation is based on time steps of in the order of minutes, whereas the

typical temporal resolution of an ice core is in the order of several years. Therefore, time

periods of interest have to be sought out from ice core data and the GCM runs have to

concentrate on these periods.

In this work, the atmospheric transport and deposition of the cosmogenic radionu-

clides 10Be and 7Be are studied based on GCM simulations. In the following Chapter 2,

the basic properties and production of 10Be and 7Be are introduced and the basic fea-

tures of the atmospheric dynamics is briefly described. In Chapter 3 new 10Be and 7Be

data measured in precipitation at a high and a low altitude station in Switzerland are

presented and their relation to stratosphere–troposphere exchange is studied. Chapter 4

introduces the ECHAM5–HAM GCM used for the model studies and explains how the

radionuclides were implemented in the model. The Chapter 5 concentrates on the results

from the control run: the overall distribution of 10Be and 7Be in the atmosphere and their

deposition is shown. Chapter 6 presents an experiment to model 10Be and 7Be during

the Maunder Minimum. In Chapter 7 the results of another experiment are discussed:

3



the modeled 10Be concentrations compared with five years of new high–resolution 10Be

data measured in Greenland in a snow pit at the GRIP drill site.

4



2 Basics of radionuclides

2.1 Cosmogenic radionuclides 10Be and 7Be

10Be and 7Be are so called cosmogenic radionuclides. The word cosmogenic refers to their

cosmogenic origin, i. e. they are produced through the interaction of cosmic ray particles

in the atmosphere with the atmospheric N and O atoms. Their production is modulated

by solar activity and the strength of the geomagnetic field. They are radioactive meaning

that they decay radioactively according to their half–lives. 10Be has a very long half–life

of 1.5 million years, meaning that its decay can mostly be neglected in relation to the

short time periods investigated within the studies of this work. 7Be, on the other hand,

decays relatively fast with its half–life of 53.2 days. The very similar origin of both

isotopes but the different half–lives makes the comparison of both an interesting tool to

study atmospheric processes. These will be discussed further in sections 5.7 and 6 of this

thesis.

Both beryllium isotopes have to be measured in different ways. 7Be can be measured

with gamma spectrometry, which detects gamma rays and provides a specific activity of

7Be. This is not possible for 10Be because of its very long half–life, and therefore it has to

be measured using Accelerator Mass Spectrometry (AMS) [Beer, 1997]. The accelerator

mass spectrometers differ from the conventional mass spectrometers mainly by their huge

energies (in the order of MeV instead of keV), which enable the detection of isotope ratios

as small as 10−14. Only about 60 AMS facilities exist world–wide and the AMS analysis

is expensive. Therefore only a limited number of 10Be observations is available and

they concentrate on long time scales often with coarse temporal resolutions. Due to its

short half–life 7Be can only be measured in air, precipitation or surface samples. 7Be is

often measured in air filters, which are used for monitoring air–borne radioactivity. This

monitoring is mostly carried out on a daily to monthly basis. Worldwide observations

of 7Be in deposition fluxes also exist, but their number is scarcer than the air filter

data and the measurement periods are generally shorter. Because of the relatively good
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world–wide coverage and the high temporal resolution 7Be observations are well suited

for validating GCM results.

2.2 Production of 10Be and 7Be

As mentioned earlier, 10Be and 7Be atoms are produced through the interaction of cosmic

ray particles with the atmospheric N and O atoms. Cosmic rays are composed of pro-

tons (∼87%), alpha particles (∼12%) and heavier nuclei (∼1%). The origin of galactic

cosmic rays is assumed to be mainly supernova explosions. Radionuclide measurements

in meteorites show that the galactic cosmic ray intensity has been constant within ±10%

during the last few million years [Vogt et al., 1990]. The Sun also emits particles, called

solar cosmic rays (∼98% protons, ∼2% heavier nuclei), which can contribute to the ra-

dionuclide production. However, their energies are significantly lower than the energies

of galactic cosmic rays and barely exceed the geomagnetic cut–off rigidity. They increase

the radionuclide production only near the poles, where the geomagnetic shielding is weak.

Still, strong solar eruptions can have a momentary influence on the radionuclide produc-

tion, but the time scales related to them are in the order of days [Webber and Higbie,

2003; Masarik and Beer, submitted].

When the cosmic ray particles enter the atmosphere, they collide with the atmo-

spheric atoms leading to nuclear reactions. As a result of these reactions, cascades of

secondary particles are formed, including neutrons, whose contribution to 10Be and 7Be

production is most important. These secondary particles continue colliding until they

have lost their energies. These reactions result in the production of cosmogenic radionu-

clides, among others 10Be and 7Be.

The production reactions of 10Be and 7Be are similar and therefore only the reactions

to produce 10Be are shown:

14N + n ⇒ 10Be + 3p + 2n

14N + p ⇒ 10Be + 4p + 1n

16O + n ⇒ 10Be + 4p + 3n

6



16O + p ⇒ 10Be + 5p + 2n

Because 10Be and 7Be are produced by cosmic ray particles in the atmosphere, their

production is modulated by changes in solar activity and in the geomagnetic field inten-

sity. The geomagnetic field forms a shield around the Earth (see Figure 2.1). Depending

on its strength, the entering particles need to have energies higher than a certain cut–off

energy to intrude the atmosphere. Because the geomagnetic field is basically a dipole,

the required cut–off energy has a latitudinal dependence. Near the equator the shielding

is strongest but in the polar regions, where the magnetic field lines run perpendicular

to Earth’s surface no shielding takes place. The solar modulation functions over the

so–called solar wind, which is ejected by the Sun. The solar wind carries the frozen–in

solar magnetic fields, which act via the Lorentz force on the charged particles of cosmic

rays that have entered the heliosphere. The intensity of the solar wind depends on the

solar activity.

Figure 2.1: A sketch of the Sun, the Earth and the dipole–type geomagnetic field.

The intensity of the geomagnetic field changes very slowly on time scales of several
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hundred years [Yang et al, 2000] and can be considered to be constant in this work.

The solar activity, instead, shows short–term variations and is described by the so–called

solar modulation function Φ [MeV]. This Φ describes a potential that charged particles

of the cosmic rays have to override to be able to enter the heliosphere. The relationship

between the solar modulation function Φ and solar irradiance is complex and subject to

on–going investigation.

Masarik and Beer [1999] calculated the production rates of the cosmogenic radionu-

clides based on a purely physical model using Monte Carlo techniques. They calculated

the production as a function of latitude and atmospheric depth, as well as the modu-

lation effect of the solar activity and the geomagnetic field intensity. These production

calculations are the basis of this work. An earlier study by Lal and Peters [1967], which

was based on direct observations over a few years, also shows the altitude and latitude

dependence of the radionuclide production. Their estimated production rate is approx-

imately twice as high as the production calculated by Masarik and Beer [1999]. Other

production rate estimations from measurements or model simulations lie mostly between

these two rates (see Masarik and Beer [1999] for discussion). In the production calcu-

lations of Masarik and Beer [1999] alpha particles were approximated by four protons,

instead of two protons and two neutrons, to simplify the production calculations. Neu-

trons, however, have no magnetic rigidity, i.e. the geomagnetic field has no modulation

effect on them. This changes the latitudinal dependence of the production rate slightly

and leads to somewhat lower production rate. Recently the alpha particles have been

correctly included in the calculations leading to an increase of the stratospheric produc-

tion by 15 %, the tropospheric production by 11 % and global average production by

13% [Masarik and Beer, submitted]. Still, it has to be kept in mind that there is a large

uncertainty in the production calculations due to the nuclear reaction cross sections used,

especially neutron cross sections (up to 50%). They were experimentally determined to

some extent, but the measurements are rudimentary and scarce.

Figure 2.2 illustrates the 10Be production rate as a function of latitude and altitude

for the present day geomagnetic field intensity and the average recent solar modulation
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Figure 2.2: The production profile of 10Be in atoms/g/s for the present day geomagnetic

field intensity and the average present day solar activity as a function of geomagnetic

latitude and altitude [Masarik and Beer, 1999]. The atmospheric depth in g/cm2 corre-

sponds to the pressure in mbar.
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function Φ=700 MeV. It can be seen that due to the stronger geomagnetic shielding at

equator the production rate is very low there. The production rate is highest in polar

regions where there is no geomagnetic shielding. The production rate is higher in the

upper atmosphere than near the Earth’s surface because at high altitudes the cosmic

ray particles have higher energies and more nuclear reactions take place. When moving

towards the Earth’s surface the particles lose energy which reduces the number of nuclear

reactions and leads to a lower production rate.

Figure 2.3 shows the 10Be production rate for the present day magnetic field inten-

sity but now as a function of the solar modulation function Φ, which varies from 0 to

1000 MeV. The production is integrated over the atmospheric depth showing the total

production fluxes. It can be seen that the larger the solar modulation function Φ, the

stronger the modulation and the lower the production rate. The latitude dependence of

the production rate caused by the geomagnetic field is strengthened with low Φ values.

The effect of a temporarily varying geomagnetic field is not shown here because it can

be considered as constant during the time periods investigated in this work.

2.3 Atmospheric transport and deposition

After their production the 10Be and 7Be atoms are instantly attached to ambient aerosols

and undergo the same transport and deposition processes. The residence times in the at-

mosphere are in the order weeks to several years, depending on the altitude of production.

During that time atmospheric mixing takes place. The processes which can influence the

10Be and 7Be concentrations in surface air or deposition fluxes are stratospheric mixing,

stratosphere–troposphere exchange, tropospheric transport and deposition. Only these

processes, which help to understand the general distribution of 10Be and 7Be in air or

deposition fluxes are described here. More information about the atmospheric circulation

and climatology can be found in e.g. Holton [2004] and Peixoto and Oort [1992].

In the stratosphere the 10Be and 7Be concentrations are influenced by the Brewer–

Dobson circulation. It is a wave–driven circulation which is stronger during winter. Due
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Figure 2.3: The production rate of 10Be in atoms/cm2/s integrated over the atmospheric

column as a function of the solar modulation function Φ for the present day geomagnetic

field intensity [Masarik and Beer, 1999].
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to stronger planetary waves in the northern hemisphere than in southern, the circulation

affects the 10Be concentrations more in the northern hemispheric stratosphere. The

circulation consists of three components: first the raising of tropical tropospheric air into

the stratosphere, then pole–ward movement of air in the stratosphere and finally the

descending of air in the stratospheric middle and polar latitudes. The air descending

from the stratospheric mid–latitudes is transported back to the troposphere but in the

polar latitudes it resides quite long in the lower stratosphere.

The troposphere, where the weather takes place, is the most mixed part of the

atmosphere. The circulation in the troposphere is driven by the temperature difference

between the equator and the poles. There are three circulation cells in each hemisphere.

Here only the northern hemisphere is considered. Because of the stronger solar heating at

the equator, warm air rises from the surface by convection and travels towards the north.

Mass conservation requires that this air has to be replaced, which causes an equator–

ward movement at the surface. This circulation creates the so–called Hadley cell in the

tropics, which extends from the equator to approximately 30◦N. At north pole the cold

polar air sinks and continues moving along the surface towards south forming the polar

cell reaching from approximately 60◦N to the pole. In the mid–latitudes (∼30◦N–60◦N)

the opposite circulating Ferrell cell is formed to balance the air transport between these

two cells. The Coriolis force bends the moving air towards the right in the northern

hemisphere causing northeasterly winds in the Hadley and polar cells and southwesterly

winds in the Ferrell cell at the surface. In the upper troposphere, where these cells meet,

the temperature change is largest, which strengthens the zonal winds. In these areas jet

streams are formed, which are fast–flowing, narrow air currents. Their exact location

and appearance depends on the meridional temperature gradient.

The 10Be and 7Be atoms are transported from the stratosphere to the troposphere

by processes that are all part of the so–called stratosphere–troposphere exchange (STE).

These processes are complex and widely discussed in literature (see e.g. Holton et al.

[1995]; Stohl et al. [2003]). Important for the observed 10Be and 7Be concentrations

and fluxes is their downward net effect with its seasonal dependence. Using a simple
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hemispheric net mass exchange model Appenzeller et al. [1996] showed that the net fluxes

across the tropopause exhibit a seasonality with strongest fluxes in Northern spring

(March–April–May) and variability of approximately ±50% of the annual average. In

the southern hemisphere the intensity of the fluxes and their seasonality is weaker due

to weaker planetary wave activity caused by the different land–sea distribution. The

physical processes which are relevant for STE (tropopause folds, cut–off lows and blocking

anti–cyclones) are associated with the jet streams in the upper troposphere. Therefore

the exchange is strongest in the mid–latitudes. Again, due to the stronger planetary

waves, the STE is stronger in the northern hemisphere than in the southern hemisphere.

After a residence time of 1–2 years in the stratosphere and a few weeks in the tropo-

sphere the aerosols carrying 10Be and 7Be particles are deposited either wet or dry. Wet

deposition is either rainout, when aerosol particles in clouds act as condensation nuclei

for the raindrops, or washout, when aerosols are scavenged below the cloud. The fraction

of below–cloud scavenging is assumed to be low (<10% by ECHAM5–HAM). There are

two kinds of dry sink processes, sedimentation and dry deposition. Sedimentation, or

gravitational settling, takes place when large aerosol particles (r > 0.05µm in ECHAM5–

HAM) sediment due to gravity force. Dry deposition refers to the capture of particles by

the surface depending on the aerodynamic resistance and the properties of the surface.

Earlier model studies show that the contribution of dry deposition and sedimentation to

10Be and 7Be deposition is low (<10%, Brost et al. [1996]; Land and Feichter [2003]).

In polar regions, which are of particular interest to this work, the troposphere is

more stably layered than in the tropics or subtropics. The precipitation rates are lower

in polar regions than in the tropics or subtropics. Air from the stratosphere is more

efficiently transported down to the troposphere in the mid–latitudes but less in polar

regions. When the stratospheric air reaches polar regions over the tropospheric transport,

it is well mixed because of the long transport time. During very cold conditions in winter

can the tropopause be so low that the polar troposphere is practically non–existent.

In that case stratospheric particles can be directly transported to the surface in polar

regions. Due to the structure of the atmospheric circulation, transport changes are less
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likely to influence the 10Be and 7Be concentrations in polar regions than in the tropics

or subtropics.
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3 Presentation of new measured data: 10Be and 7Be

in precipitation in Dübendorf (440 m) and at Jungfrau-

joch (3580 m), Switzerland (1998–2005)

Authors: U. Heikkilä, J. Beer and V. Alfimov

Journal of Geophysical Research, doi:10.1029/2007JD009160, in press.

Abstract

10Be and 7Be have been measured in monthly precipitation samples at a high

(Jungfraujoch, 46.32◦N 7.59◦E, 3580 m) and a low (Dübendorf, 47.25◦N 8.27◦E,

440 m) altitude station in Switzerland from 1998 till today. The average deposition

fluxes of 7Be are 380 ± 30 atoms/m2/s in Dübendorf and 320 ± 20 atoms/m2/s

at Jungfraujoch and of 10Be are 810 ± 70 atoms/m2/s in Dübendorf and 810 ±

60 atoms/m2/s at Jungfraujoch. The 10Be/7Be ratio measured at Jungfraujoch

(2.4±0.1) is higher than in Dübendorf (2.1±0.1), which is probably caused by a

greater share of stratospheric air at Jungfraujoch in which the 7Be content is re-

duced due to radioactive decay. The ratios correspond to a mean atmospheric

residence time of ∼110–120 days. The deposition fluxes show a seasonal change

with a summer maximum and a winter minimum. The 10Be/7Be ratio exhibits a

maximum in the first half of the year at Jungfraujoch in accordance with seasonal

stratosphere–troposphere exchange (STE) variations. In Dübendorf the maximum

occurs one month later. An analysis with a 2–box model shows that the calculated

variability due to seasonally varying STE explains only one third of the observed

variability in the 10Be/7Be ratio. The rest of the variability is caused by local ef-

fects, such as the precipitation rate and the larger than average STE variability at

the mid–latitudes. According to the model calculations, the global mean 10Be/7Be

ratio only varies between 1.1–1.5 with a seasonally varying STE. The larger mea-

sured values in the mid–latitudes point to a latitudinal dependence of the 10Be/7Be

ratio.
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3.1 Introduction

10Be and 7Be have been repeatedly measured in precipitation samples since 1998 at two

different stations in Switzerland, Dübendorf (47.25◦N 8.27◦E, elevation 440 m asl) and

Jungfraujoch (46.32◦N, 7.59◦E, elevation 3580 m asl). The Dübendorf station is located

in the planetary boundary layer, whereas most of the time the Jungfraujoch station is

in the free troposphere. In this work the results from the beginning of the measurement

program (year 1998) till the delayed present (year 2005) are presented (∼8 years) with a

monthly resolution.

10Be (half–life ∼1.5·106 years, see Nishiizumi et al. [2007] for reassessment of the

half–life) and 7Be (half–life 53.2 days) are natural radionuclides which are produced in

the atmosphere through the interaction of cosmic rays with the atmospheric N and O

atoms. The dependence of the production rate on the altitude and latitude is similar

for both radionuclides, but on a global average the 10Be/7Be ratio is 0.5, see Figure 3.1

[Masarik and Beer, 1999]. Due to the very different half–lives of the two radionuclides,

comparison of the two provides an interesting tool to study the atmospheric transport

processes, especially stratosphere–troposphere exchange (STE).

The maximum production rate of 7Be and 10Be occurs in the lower stratosphere at an

altitude of ∼200 hPa (10–13 km). The production gradient is also strong at this altitude.

Therefore, small changes in the tropopause height or in STE may cause variations in the

deposition fluxes measured at Jungfraujoch. The Dübendorf station is assumed to show

these changes less directly because of the further distance from the stratosphere.

When modelling the atmospheric transport of these radionuclides with general cir-

culation models (GCMs) [Brost et al., 1996; Field et al., 2006; Koch et al., 1996; Land

and Feichter, 2003; Liu et al., 2001], it has turned out that the STE as well as the wet

scavenging are uncertain factors in the GCMs and need to be more adequately under-

stood. There is a need for deposition flux observations to improve the wet scavenging

routines of the models. A number of 7Be deposition observations exist [e.g. Baskaran et

al., 1993; Bleichrodt, 1978; Brown et al., 1988; Crecelius, 1981; Dibb, 1989; Graham et
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Figure 3.1: 10Be/7Be production ratio as a function of latitude and altitude calculated by

Masarik and Beer [1999]. The production ratio is calculated for the present geomagnetic field

strength and the long–term mean solar activity of Φ=550 MeV. The different lines indicate

different atmospheric depths from 30 g/cm2 (uppermost line, highest altitude) to 1020 g/cm2

(lowermost line, Earth’s surface) with steps of 30 g/cm2. The thicker line shows the production

ratio at 210 g/cm2, which is approximately the height of the tropopause. The global average

ratio of 10Be/7Be production is 0.5 when weighted with the surface area of the Earth, which

significantly lowers the contribution of production at 60–90◦.
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al., 2003; Hasebe et al., 1981; Huh et al., 2006; Ishikawa et al., 1995; Olsen et al., 1985;

Papastefanou et al., 1995; Todd et al., 1989; Turekian et al., 1983; Uematsu et al., 1994;

Young and Silker, 1980], but many of them cover only a period of less than five years and

they are not evenly distributed over the globe. The year–to–year variation of deposition

is large due to production changes as well as changes in the local precipitation rate.

To smooth out the precipitation fluctuations observational periods of a few years are

preferable. 10Be deposition fluxes have rarely been observed, especially in combination

with 7Be. Brown et al. [1988] measured 10Be and 7Be deposition fluxes in Hawaii, Illinois

and New Jersey (1986–1994) and estimated a mean ratio of 10Be/7Be of the deposition

fluxes of 1.25. Also Monaghan et al. [1985/1986], Baskaran et al. [1993] and Knies [1994]

have measured 10Be and 7Be deposition fluxes at three stations in the United States.

The ratios measured were 1.7 at College Station, Texas, 1.8 in Indiana and 2.2 in New

Haven, Connecticut. Graham et al. [2003] measured 10Be and 7Be at three stations in

New Zealand from 1996 to 1998. They found mean 10Be/7Be ratios from 1.4 to 1.5 on

the northern island and 2.0 on the southern island. They also found a seasonal variation

in the ratio measured, with higher values in the winter, reflecting STE.

Moreover, comparing two stations situated close to each other but at different el-

evations provides information about the STE. That is useful to evaluate the vertical

transport processes in models. The ratio of 10Be/7Be has been used for this purpose in

model studies by Koch and Rind [1998] and Rehfeld and Heimann [1995].

3.2 Methods

The precipitation samples were collected on the roof of the EAWAG building in Dübendorf.

A cylindric funnel was used with a diameter of 16 cm from 1998 till December 1999, of

20.5 cm till March 2000 and of 24 cm since April 2000.

The precipitation samples from Jungfraujoch were kindly delivered to us by the staff

of the observatory. The collector used at Jungfraujoch is cylindric with a diameter of 23.5

cm. Since precipitation at Jungfraujoch consists mainly of snow it is collected daily and
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accumulated in an indoor container until the end of the month. 0.3 mg of 9Be carrier was

added in the samples. All of the 7Be samples are measured at EAWAG using a Ge–gamma

spectrometer, which has been calibrated. The 10Be samples are prepared at EAWAG and

measured at the Accelerator Mass Spectrometer (AMS) facility of ETH/PSI. The results

were normalized to an in–house standard with a nominal value of 10Be/9Be = 95.5·10−12.

It is a secondary standard normalized to the material BEST433 to determine the 10Be

half-life of 1.51·106 years [Hofmann et al., 1987].

The monthly sampling period is not exactly the same in Dübendorf and at Jungfrau-

joch, with deviations of up to ± 5 days. The amount of precipitation was between 0.5–10

kg/month. Errors due to evaporation are not taken into account. However, the amount

of precipitation measured agrees generally well with precipitation data in Zürich mea-

sured by the Swiss Federal Office of Meteorology and Climatology (MeteoSwiss). The

7Be concentrations measured are decay corrected to the last day of the respective month.

The collectors used are open during the whole sampling period. In this way, both wet

and dry deposition is collected. This can lead to slightly enhanced 10Be concentrations,

caused by recycled dust from the Earth’s surface [Baumgartner et al., 1997; Brown et al.,

1988; Monaghan et al., 1985/1986]. 7Be can be assumed to be decayed in the dust because

of its short half–life and, therefore, it does not contribute to the 7Be concentrations

measured. The contribution of recycled 10Be in dust is highly variable depending on the

location of the measurement site and the amount of precipitation during the measurement

period. During dry months the contribution of recycled 10Be is larger. The samples from

Dübendorf and Jungfraujoch were filtered using a coarse filter (> 50 micron) to remove

the largest impurities. This filtering, however, was not efficient enough to remove the

dust. This issue is further discussed in Chapter 3.3.2.

A summary of the data used for the analysis is presented in Table 3.1. The whole

data set is available from ftp.eawag.ch/pub/eawag/Beryllium DD JJ.
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Dübendorf Jungfraujoch Dübendorf Jungfraujoch

years average

7Be conc. 3/1998–6/2005 1/1998–7/2005 1.2 ± 0.1 0.8 ± 0.1 104 atoms/g

10Be conc. 1/1998–11/2004 1/1998–12/2004 2.8 ± 0.2 2.1 ± 0.1

7Be flux 3/1998–6/2005 1/1998–7/2005 380 ± 30 320 ± 20 atoms/m2/s

10Be flux 1/1998–11/2004 1/1998–12/2004 810 ± 70 810 ± 60

Precipitation 1/1998–7/2005 1/1998–7/2005 2.6 ± 0.2 3.5 ± 0.2 mm/day

10Be/7Be 1/1998–11/2004 1/1998–12/2004 2.1 ± 0.1 2.4∗ ± 0.1

∗Calculated without the extreme values of 3/2001 and 4/2002.

Table 3.1: Sampling periods and the measured mean concentrations in the rain water and

the deposition fluxes at both stations. The given uncertainties are 1 σ standard errors of the

mean.

3.3 Results

3.3.1 Concentrations and fluxes

The concentrations measured in rain water and deposition fluxes of 7Be (Figure 3.2) and

10Be (Figure 3.3) in Dübendorf and at Jungfraujoch are shown with the 1 σ (10Be) and 2 σ

(7Be) standard deviations. The deposition fluxes were calculated from the concentrations

using the amount of rain measured.

The radionuclide concentrations measured are generally higher in Dübendorf than

at Jungfraujoch. A possible reason for this is the higher precipitation rate at Jungfrau-

joch (3.5 ± 0.2 vs. 2.6 ± 0.2 mm/day), which leads to a dilution of the radionuclide

concentrations in rain water. At Jungfraujoch a variable amount of the precipitation was

lost due to non–vertical snowfall caused by strong winds. There are some extremely high

values in the rain water concentrations measured. The fact that the corresponding fluxes

do not stand out indicates that these extreme values are due to low precipitation.

The average 7Be fluxes measured are 380 ± 30 atoms/m2/s in Dübendorf and 320 ±

20 atoms/m2/s at Jungfraujoch. For 10Be they are 810 ± 70 atoms/m2/s in Dübendorf
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Figure 3.2: The measured 7Be concentrations in precipitation with the measurement 2 σ stan-

dard deviations (upper panel) and deposition fluxes (lower panel) in Dübendorf (red squares)

and at Jungfraujoch (blue circles).
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and 810 ± 60 atoms/m2/s at Jungfraujoch. These values (from ∼47◦N) compare quite

well with mean fluxes found on the northern island of New Zealand (∼38◦S): ∼480

atoms/m2/s (7Be) and ∼860 atoms/m2/s (10Be) and also with the somewhat lower mea-

surements on the southern island of New Zealand (∼44◦S): ∼290 atoms/m2/s (7Be) and

∼600 atoms/m2/s (10Be) [Graham et al., 2003].

3.3.2 10Be/7Be ratio

The 10Be/7Be ratio is shown in Figure 3.4. The horizontal lines show the global mean
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Figure 3.4: Measured 10Be/7Be ratio in Dübendorf (red) and at Jungfraujoch (blue). The

horizontal dashed lines indicate the average 10Be/7Be ratios in the stratosphere (full line) and

the troposphere (dashed line). The lowest values (∼1) are still above the average production

ratio of 0.5.

stratospheric (5) and tropospheric ratios (1.5) determined by a 2–box model (see Section
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3.3.5). Even at the low–altitude station, Dübendorf, the 10Be/7Be ratios are generally

higher than the tropospheric average ratio. The reason for this is that the mean ratio is

a global average, whereas the two measurement stations of this study are located in the

mid–latitudes, where a higher fraction of stratospheric air is expected due to stronger

STE [Holton et al., 1995]. The measured 10Be/7Be ratios are similar or a bit higher at

Jungfraujoch than in Dübendorf. The variability at Jungfraujoch is greater. There are

some extreme values even higher than the global mean stratospheric 10Be/7Be ratio of 5,

which all occur at Jungfraujoch during the winter and spring months. Double checking

of the data gave no indication of analytical problems. Extremely high 10Be/7Be values

could be caused by very old air or dry months, during which the 10Be contamination from

dust is higher. However, during the months 3/2001, 1/2002 and 4/2002, the precipitation

measured was not especially low. These extreme values are caused by a combination of

rather high 10Be and of lower than normal 7Be. Low 7Be fluxes (<200 atoms/m2/s),

which are observed during winter (see fluxes in Figure 3.2), point to old air. In the

following analysis the effect of these extreme values on the results is evaluated.

The mean values for 10Be and 7Be are also shown in Table 3.1. The 10Be concentra-

tions and fluxes are approximately 2.1 times higher than those of 7Be in Dübendorf and

2.4 times higher at Jungfraujoch. The higher ratio measured at Jungfraujoch is proba-

bly caused by a greater fraction of stratospheric air at the station. It can be assumed

that the 10Be/7Be ratio reflects the atmospheric ratio when they are averaged over the

whole measurement time (8 years). A 10Be/7Be ratio of 2.1–2.4 gives a mean residence

time of approximately 110–120 days for the radionuclides as an average for the whole

atmosphere. Graham et al. [2003] calculated an average residence time of 80 to 100 days

assuming an average production ratio of 0.53 according to Masarik and Beer [1999].

The 10Be/7Be ratio of 2.1 in Dübendorf agrees well with other observations (1.3–2.2)

[Baskaran et al., 1993; Brown et al., 1988; Graham et al., 2003; Knies, 1994; Monaghan et

al., 1985/1986]. The 10Be/7Be ratio at Jungfraujoch of 2.4 cannot be compared directly

with these ratios because Jungfraujoch is the only high–altitude station. Instead, we

compared the ratio with ratios measured in air filters at Jungfraujoch and at Zugspitze
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(2962 m asl), Germany, from March 2000 till February 2001 [Zanis et al., 2003]. At

Jungfraujoch, the variability of the ratio measured in the air filters is similar to the one

measured in precipitation during the respective months. The ratio varies from 1.0 (0.9)

to 3.7 (3.2), with an average of 2.1 (2.3) measured in air filters (precipitation). The ratio

measured in surface air is at a maximum from March to June, lasting slightly longer than

the maximum measured in precipitation (March, April and May). At Zugspitze the ratio

varies less with an average of 1.8, and exhibits a maximum in March–April and a second

one in June–July.

The measured 10Be/7Be ratio of 2.1–2.4 is slightly increased due to recycled 10Be

from dust. However, it is impossible to quantify this contribution without measuring the

dust separately. Monaghan et al. [1985/1986] determined the amount of dust in their 10Be

measurements in precipitation at seven sites in the United States. The average amount

of recycled 10Be varied from 8 % to 35 % between the sites. Brown et al. [1988] also

investigated this issue concluding that it is extremely difficult to quantify the amount of

recycled 10Be from the data. Graham et al. [2003] made dust capture experiments and

found a contribution of recycled 10Be of 10%, 11% and 8% at the three New Zealand

sites. The 10Be/7Be ratios varied from 1.6 to 2.1, and with the correction from 1.4 to 2.

Baumgartner et al. [1997] estimated the contribution of recycled 10Be in the GRIP ice

core during the Holocene at less than 5%. However, the central Greenland area, which

is covered by glaciers, is far away from any dust sources.

The 10Be/7Be ratio which we measured would be 1.7–1.9 in Dübendorf and 1.9–2.1

in Jungfraujoch, assuming a dust contribution of 10–20%. Since it is not possible to

correct our 10Be/7Be ratio, we will continue working with the ratios of 2.1 (Dübendorf)

and 2.4 (Jungfraujoch), bearing in mind that this represents an upper limit.

3.3.3 Correlation with cosmic rays

The production rate of 7Be and 10Be is modulated by the solar activity as well as the

intensity of the geomagnetic field. Both of these variations are captured by the neutron
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monitors measuring the cosmic rays entering the atmosphere. To establish whether a

correlation between the fluxes measured and cosmic rays exists, we used cosmic ray

intensity data measured at the Sodankylä Geophysical Observatory, Finland. This data

is electronically available at http://cosmicrays.oulu.fi.

The data is smoothed with a 13–month lowpass Fourier filter to remove the season-

ality. The correlation between the neutron monitor data and the 7Be or 10Be fluxes or

concentrations is positive, with correlation coefficients ranging from 0.27 to 0.48. The

reason for the rather weak correlation is that the radionuclides were measured at only

two single stations, and the local effects are much stronger than the production changes.

After the production the radionuclide concentrations are influenced by the STE, tropo-

spheric transport and the local precipitation rate at the station. Moreover, the mea-

surement time (8 years) is short compared to an average solar (Schwabe) cycle of 11

years. A stronger correlation (0.72) between 7Be surface air concentration and sunspots

was found in Palermo, Southern Italy, during the period from 1982 to 2002 [Cannizzaro

et al., 2004]. The fact that the correlation between solar activity and 7Be surface air

concentrations is higher than the correlation between solar activity and 7Be deposition

fluxes again indicates that the local precipitation rate at the measurement site causes

strong variability on the radionuclide deposition fluxes.

3.3.4 Seasonality of the deposition fluxes

Seasonal cycles of the concentrations in rain water, deposition fluxes and wet precipitation

are shown in Figure 3.5. The error bars are the standard errors of the mean and show

that the year–to–year variations are large. The precipitation varies strongly at both

stations, but has a seasonality with a maximum in the summer months. The amount of

precipitation is about 1.5 times higher at Jungfraujoch than in Dübendorf, whereas the

concentrations measured in rain water are approximately 1.5 times higher in Dübendorf

than at Jungfraujoch, leading to equal fluxes.

The concentrations peak during the months from June to August. The deposition
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centrations measured in precipitation. b) Deposition fluxes in Dübendorf and at Jungfraujoch.
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fluxes of both radionuclides are of the same order of magnitude and have a very similar

seasonal variation. They peak during June and July, when also the precipitation is high.

Figure 3.5 also illustrates the seasonal 10Be/7Be ratio in Dübendorf and at Jungfrau-

joch. The seasonal cycle of 10Be/7Be varies between 1.5 and 3–3.5 at Jungfraujoch and

1.5 and 3 in Dübendorf. The difference between Jungfraujoch and Dübendorf is not

large, but on the average the ratio at Jungfraujoch is higher during the whole year. The

very high ratios in March and April at Jungfraujoch are caused by single extreme values

(3/2001 and 4/2002). Ignoring these values leads to much lower ratios in March and April

(thin full line in Figure 3.5 d). Still, the asymmetry of the seasonality remains, showing

a maximum in the first half of the year and a minimum in the second half of the year.

This is in agreement with Holton et al. [1995] as the intrusions of stratospheric air into

the troposphere are strongest in the late winter and spring in the northern hemisphere.

The 10Be/7Be ratio in Dübendorf has a maximum between April and June. Consider-

ing the high year–to–year variability it is difficult to determine if the 10Be/7Be ratio in

Dübendorf shows STE variability. At Jungfraujoch the maximum in spring can probably

be connected to stratospheric air.

The seasonal variability of the 10Be/7Be ratio measured in this study seems to be

higher (∼50 %) (Figures 3.4 and 3.5 d) than the variability observed by Graham et al.

[2003]. This could be related to the fact that stratospheric intrusions are stronger in the

northern hemisphere [Holton et al., 1995].

3.3.5 Comparison of 10Be/7Be with 2–box model

10Be and 7Be deposition fluxes are known to have a strong latitudinal and also a longi-

tudinal dependence [e.g. Field et al., 2006; Heikkilä et al. [2008b]]. The fluxes can be up

to a factor of 4 larger at the mid–latitudes than in polar regions, because of the large

precipitation rate at the mid–latitudes and the maximum in the stratospheric intrusions

in the subtropics. Comparing the observed ratios with a global average ratio obtained

using a simple 2–box atmospheric exchange model gives us a measure of this latitudinal
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dependence. Figure 3.6 illustrates the model and the parameters used. Because of the

simple character of this box model and the few required parameters we can assume that,

due to mass conservation, the results are accurate as a global mean. Moreover, this box

model also allows us to theoretically investigate how the ratio changes as a function of

the 11–year solar cycle or the STE, which has a seasonal variability.

The simulated ratio of the 10Be/7Be deposition fluxes varies between 1.1 and 1.4

when varying the stratospheric residence time between 1–2 years and the ratio of strato-

spheric to tropospheric production between 1 and 1.5. The 10Be/7Be ratio of 2.1–2.4

measured at mid–latitudes is higher than the global average pointing to a strong lat-

itudinal dependence due to strong STE at mid–latitudes. This is confirmed by other

observed ratios from the subtropics and mid–latitudes, which are also higher than those

simulated by the 2–box model, but slightly lower than ours (1.7–2.2 by Monaghan et

al. [1985/1986], Baskaran et al. [1993] and Knies [1994], 1.3 by Brown et al. [1988] and

1.4–2.0 by Graham et al. [2003]). It also has to be kept in mind that our ratio is not

dust–corrected.

To simulate the 11–year Schwabe cycle, a sinusoidal production signal was used. The

production varies 30–40% between minimum and maximum during a typical solar cycle

[Masarik and Beer, 1999]. Therefore, the variation from the average of the sinusoidal pro-

duction was set to 15 % (see Figure 3.7). Only 7Be input is shown because the production

of both radionuclides depends on the solar activity in the same way. The 7Be deposition

flux varies as much as the production signal within a solar cycle (15 %), whereas for

10Be the variation is slightly less (13 %). 7Be reacts more directly to production changes

because a large part of it decays and the burden is reduced. The 10Be/7Be ratio of the

deposition fluxes varies only 4–5 % within a solar cycle. Figure 3.7 also shows the phases

of 10Be and 7Be input and deposition flux variability. Because of the stratospheric resi-

dence time of 1 year, the 10Be deposition flux reaches a maximum 1 year later than the

production. 7Be deposition flux lags only 0.5 years behind the production because a large

part of its stratospheric content decays within the residence time. Therefore, the phases

of 10Be and 7Be differ by about 0.5 years. For this reason the 10Be/7Be ratio is almost in
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Figure 3.6: The 2–box model used to simulate the exchange processes in the atmosphere. 10Be

and 7Be are produced in the stratosphere and in the troposphere. As the averaged 10Be/7Be

production ratio does not significantly vary between stratosphere (∼0.45) and troposphere

(∼0.5-0.6), see Figure 3.1 or Lal and Peters [1967]; Nagai et al. [2000], it is set to 0.5 in both

boxes. The ratio between stratospheric and tropospheric production varies between 1 to 1

[Masarik and Beer, 1999; Nagai et al., 2000] and 2 to 1 [Lal and Peters, 1967]. Therefore, both

contributions of 1 (stratospheric) to 1 (tropospheric) and 1.5 (stratospheric) to 1 (tropospheric),

which is an average of both estimates, are used. The residence time of the radionuclides in

the stratosphere is 1–2 years. To test the sensitivity, both 1 and 2 years are used. The

tropospheric residence time used is 21 days without considering the decay of 7Be. Bleichrodt

[1978] estimated a residence time of 22–35 days for 7Be using atmospheric concentrations and

deposition fluxes measured between 30◦ and 75◦. Model studies calculate tropospheric residence

times of approximately 21 days, when only deposition is considered [Koch et al., 1996; Liu et

al., 2001]. 7Be decays in both boxes with a half–life of 53.2 days.
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anti–phase with the production, lagging about half a solar cycle (approximately 4 years)

behind the production.

To estimate the seasonal 10Be/7Be variability, the STE (downward fluxes from the

stratosphere) was varied sinusoidally so that it has a maximum during the spring (March–

April–May) and a minimum in autumn and a 50 % deviation from the average [Appen-

zeller et al., 1996]. Figure 3.8 a) shows the downward fluxes from the stratosphere to the

troposphere for 10Be and 7Be. The 7Be mass flux varies slightly less (45 %) than 10Be

mass flux because a part of 7Be has decayed. The 10Be/7Be ratio varies only by 5 %. The

deposition fluxes shown in Figure 3.8 b) vary 27 % (10Be), 10 % (7Be) and 17 % (10Be/7Be

ratio). 10Be/7Be ratio varies between 1.5 (STE maximum in spring) and 1.1 (STE min-

imum in autumn) on average. The ratios measured from our study as well as from the

earlier studies (1.3–2.2) tend to be higher than these values, which seems to point to

a latitudinal dependence of the 10Be/7Be ratio. STE is strongest at the mid–latitudes,

bringing down air with high 10Be/7Be ratios. The global average ratio is probably low-

ered by low ratios in the tropics, where STE is weak and high precipitation scavenges the

particles effectively from the atmosphere. There is a need for more observations, both

deposition flux and air filter ratios to understand their global distribution.

We learn from the 2–box model that although the solar activity affects the production

of 10Be and 7Be in the same way, the decay of 7Be causes a phase lag of almost half a

solar cycle in the measured deposition flux 10Be/7Be ratio. However, this variability

is strongly damped (only 4–5%) and can hardly be observed. This is in accordance

with the measured ratio, as no trend can be observed in Figure 3.4. The seasonally

varying STE is visible in the 10Be/7Be ratio, causing a maximum in the spring, which

can also be observed in the measured ratios. Figure 3.5 d) shows that the measured

seasonal variability of the 10Be/7Be ratio from the average is about 50 % at both stations.

This measured variability, including the 11–year and the STE variability, is much higher

than the modeled variability (17 %) obtained with the 2–box model. This means that

production or STE changes explain only approximately one third of the deposition flux

variability. Factors such as the local precipitation rate and atmospheric transport are
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the reason for the larger observed variability. Furthermore, the STE variability in the

mid–latitudes is probably larger than the global average variability determined by the

2–box model.

3.4 Summary and conclusions

7Be and 10Be have been measured monthly in precipitation at low and high altitude

stations in Switzerland, Dübendorf (440 m) and Jungfraujoch (3580 m) from 1998 till

2005. The deposition fluxes of the two radionuclides and their ratio at the two stations

were analysed with respect to stratosphere–troposphere exchange (STE).

The average deposition fluxes measured are 380 ± 30 atoms/m2/s in Dübendorf and

320 ± 20 atoms/m2/s at Jungfraujoch (7Be) and 810 ± 70 atoms/m2/s in Dübendorf

and 810 ± 60 atoms/m2/s at Jungfraujoch (10Be). The absolute precipitation is approx-

imately 1.5 times higher at Jungfraujoch (3.5 ± 0.2 mm/day) than in Dübendorf (2.1 ±

0.2 mm/day).

The 10Be/7Be ratio measured is approximately 2.1 ± 0.1 in Dübendorf and 2.4 ± 0.1

at Jungfraujoch, which are comparable with other studies from the mid–latitudes. As the

10Be/7Be ratio at the time of production is only marginally latitude dependent and varies

between 0.4–0.9 from 1000 hPa to 30 hPa, the higher ratios measured provide information

about STE and atmospheric residence times of the radionuclides. The higher 10Be/7Be

ratio measured at Jungfraujoch also probably reflects the higher share of stratospheric

air. The ratios include the recycled 10Be from dust, which can contribute up to 10–

20 % of the concentration. The ratio of 2.1–2.4 corresponds to an average atmospheric

residence time of ∼110–120 days.

The deposition fluxes exhibit a seasonality, reaching a maximum during the summer

months similar to the precipitation rate. The amplitude of the seasonal cycle is in the

order of 3–4. The seasonal cycles of 10Be and 7Be are very similar at both stations.

The seasonal variation of the 10Be/7Be ratio of the deposition fluxes reaches a maximum

during the first half of the year, especially at Jungfraujoch. In Dübendorf the maximum
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occurs about a month later. The spring maximum at Jungfraujoch provides evidence

for STE, which has similar seasonal variability. Still, the year–to–year variations of the

deposition fluxes are large.

A simulation with a 2–box atmospheric exchange model shows that the production

variability during a solar cycle does not cause observable changes in the 10Be/7Be ratio.

Indeed, no trend is evident in the measured ratios. Further, the model suggests that

the seasonally varying STE causes a larger variability in the 10Be deposition flux than

in the 7Be deposition flux, because changes in the 7Be flux are damped by radioactive

decay. This is also in accordance with the measured fluxes. The simulated 10Be/7Be

ratio reveals an attenuation of the applied STE variation by one third. Moreover, the

simulated seasonal variability is one third of the observed seasonal variability. This means

that two thirds of the observed variability are caused by local effects, such as the local

precipitation rate and tropospheric transport. This, and the fact that the 10Be/7Be ratio

is damped suggest that even if the year–to–year variations in the seasonal 10Be/7Be ratios

measured are large, the maximum in the spring could be significant and reflect STE.

According to the 2–box model, the global average 10Be/7Be ratio varies only little

(1.1 to 1.5) with varying production or STE. The measured ratios of ∼2.1 (Dübendorf)

and ∼2.4 (Jungfraujoch) as well as other measurements from the mid–latitudes indicate

that the ratios have a significant latitudinal dependence. The influence of stronger STE

in the mid–latitudes is visible in the measured ratios. These findings highlight the interest

of using the 10Be/7Be ratio for studying atmospheric processes. More observations from

different latitudes and altitudes would improve our understanding of the STE and help

improve the global circulation models.

35



4 Modeling radionuclides using the ECHAM5–HAM

General Circulation Model

4.1 Basics of the ECHAM5–HAM GCM

ECHAM5 is the fifth–generation three-dimensional general circulation model which was

developed from the weather prediction model of ECMWF (European Centre of Middle–

Range Weather Forecasts in Reading, Great Britain). It solves the prognostic equations

for divergence, vorticity, temperature and pressure in spectral space. Physical processes

are solved on a Gaussian grid. The horizontal grid is defined in spectral space and called

T21, T30, T42, T63 etc., where T refers to triangular truncation and the number to

the spectral truncation, i.e. the number of terms considered in the series of spherical

harmonics. The vertical grid is defined using a so called hybrid coordinate system, which

is calculated by a linear combination of pressure and constant coefficients that define

the vertical coordinate (see ECHAM Report No. 6 [1993] for more details). In this way

the vertical levels follow the orography, such as mountains, meaning that pressure is not

necessarily constant within the levels (see example in Figure 4.1).

The model calculates the convective transport, horizontal and vertical diffusion,

cloud processes, surface processes and radiation as a function of the solar constant and

includes the orbital parameters that affect the incoming solar radiation. All of these pro-

cesses are described in detail in Roeckner et al. [2003]. An additional aerosol module HAM

is included in the ECHAM5–HAM model (detailed description in Stier et al. [2005]). This

module describes the aerosol processes and properties such as emission, transport, chemi-

cal processes and deposition. The emission scenarios of aerosols is taken from the aerosol

inter–comparison project AEROCOM (http://nansen.ipsl.jussieu.fr/AEROCOM/). The

transport of the aerosols is described by passive tracer advection using a semi–Lagrangian

scheme (see Roeckner et al. [2003]). For calculating the aerosol microphysics, the aerosols

are represented by seven different size and solubility dependent lognormal modes. Micro-

physics is performed in the M7 aerosol microphysics module [Vignati et al., 2004]. The
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Figure 4.1: An example of the vertical levels following the orography (a mountain) of

the 19–level vertical resolution.
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aerosol species considered are sulfur species, black carbon, particulate organic matter,

sea salt and dust.

4.2 Introducing radionuclides into ECHAM5–HAM

The interface of ECHAM5–HAM is flexible and allows the addition of new tracers into the

model easily. The additional tracers are transported automatically following the tracer

transport of ECHAM5. The input distribution needs to be described, which is done

offline from input files. Radioactive decay is calculated automatically by ECHAM5–

HAM by defining the half–life of the new tracers. The deposition processes could also be

calculated following the aerosol deposition if the new tracers could be associated to any

of the aerosol modes available. However, 10Be and 7Be are not deposited independently

but together with the ambient aerosols to which they are attached, and therefore their

deposition has to be described explicitly. The ECHAM5–HAM conserves the tracer mass

within an error of ∼1% when averaged over a year.

4.3 Input of 10Be and 7Be

The model input of 10Be and 7Be was interpolated from the latitude– and altitude depen-

dent production profiles calculated by Masarik and Beer [1999] for the respective solar

activity and geomagnetic field intensity (see Chapter 2.2). The temporal variations in the

production rate were taken into account by the temporally varying solar modulation func-

tion Φ. The Φ values used were obtained from http://www.faa.gov/education research/

research/med humanfacs/aeromedical/radiobiology. They do not differ significantly from

the Φ values reconstructed by Usoskin et al. [2005]. The Φ changes were taken as monthly

averages.

The production rates were interpolated for the model latitudes and vertical levels.

For the vertical levels a standard atmosphere was assumed, which leads to a slight un-

certainty but the error probably remains small. Another source of uncertainty is the fact

that the Masarik and Beer [1999] production rate is calculated for the geomagnetic lati-
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tude, and not the geographical one, as in ECHAM5–HAM. Since the geomagnetic pole is

not equal to the geographical pole, the latitudinal and even the longitudinal dependence

of the production is slightly shifted. These deviations, however, probably lie within the

uncertainties of the production rate.

When validating the model with 7Be deposition fluxes it turned out that the fluxes

were generally too low. According to the law of mass conservation, this indicates that

the production rate might be underestimated. Validation is difficult because only few

deposition flux measurements are available and they are restricted to a few regions. Still,

the fact that all of them followed the same pattern suggests that the discrepancy is

due to a too low production rate. As discussed in Chapter 2.2, the Masarik and Beer

[1999] production rate is approximately 13% too low and also has an absolute uncertainty

of ∼50% related to neutron–induced reactions because of the uncertainty of the cross–

sections. For the investigations of this work the radionuclide production was increased

by 50%, which leads to a good agreement with observed 7Be fluxes. With regard to the

uncertainties, this higher estimate is more representative of an upper limit.

4.4 Deposition of 10Be and 7Be

The three different deposition processes considered in aerosol mode HAM [Stier et al.,

2005] are sedimentation, dry deposition and wet scavenging. To calculate the deposition,

10Be and 7Be need to be attached to aerosols. This turned out to be the most central issue

in defining the wet scavenging process correctly for the radionuclides. For calculating the

wet scavenging, 10Be and 7Be were assumed to be attached to only sulfate particles. A

great part of the radionuclides are produced in the stratosphere (10Be: 50%, 7Be: 67%

for the average modern day solar activity), where sulfate aerosols dominate. Also in the

troposphere the sulfate aerosols are important as carriers for 10Be and 7Be, as shown

by Igarashi et al. [1998]. For the calculation of sedimentation and dry deposition, all

aerosols were used because sulfate is distributed to all aerosol number modes and could

not be separated.
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The sedimentation [atoms/kg/s] is calculated as a product of the sedimentation

velocity [m/s] and the aerosol mixing ratio [atoms/kgair] divided by the layer thickness

[m]. The calculated sedimentation flux per grid box is transferred to the grid box below

and added to its aerosol concentration. The sedimentation flux at the surface is integrated

over the atmospheric depth [kg/m2]. The dry deposition flux is calculated as a product

of dry deposition velocity [m/s], aerosol mixing ratio [atoms/kgair] and the density of air

[kg/m3]. The dry deposition velocity depends on the aerodynamic, quasi–laminar layer

and canopy resistance, and is calculated using the approach of serial resistance. The

resistances are a function of particle radius, density, turbulence and surface properties

(bare soil, snow or ice, water, vegetation and wet skin).

For the calculation of sedimentation and dry deposition, an average deposition ve-

locity of all modes weighted by the particle sulfate area is calculated:

V =

nmod∑
i=1

AiVi

nmod∑
i=1

Ai

Here Ai = 4 ∗ π ∗ (cmr2ras ∗ rwet)2 is the average surface area of an aerosol in a mode,

cmr2ras is the conversion factor between the count mean radius to radius of average

surface, rwet is the wet radius of the aerosols, nmod is the total number of modes (7) in

M7 [Vignati et al., 2004], Vi is the sedimentation or dry deposition velocity of the aerosol

number mode and V the sedimentation or dry deposition velocity of 10Be or 7Be.

The wet deposition of aerosols in ECHAM5–HAM is calculated differently for the

convective and the stratiform clouds. For calculating the wet deposition of the radionu-

clides a scavenging efficiency is defined as the sum of scavenged sulfate particles averaged

over all sulfate modes and divided by the total mass of aerosols:

S =

nmod∑
i=1

∆CSO4i
∆t

nmod∑
i=1

Ci

∆CSO4i is the wet deposition mixing ratio tendency of the sulfate mode in question, ∆t is

the model time step, Ci is the aerosol mixing ratio of the mode and nmod is the number
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of modes (7) in M7. The scavenging efficiency is calculated by both the convective and

stratiform routines and averaged. The averaged scavenging efficiency is then used for the

wet deposition of the radionuclides. The number of scavenged radionuclides is calculated

as a product of scavenging efficiency and the radionuclide mixing ratio.

It was assumed that 90% of aerosol mass becomes incorporated into cloud droplets

and 10% of the aerosol mass into ice crystals [Feichter et al., 2004].

4.5 Additional tracer 210Pb

After defining the radionuclide scavenging it is necessary to test its performance. There

is a fair amount of observational deposition fluxes of 7Be available for model evaluation

although they are not well distributed over the Earth. For 10Be the amount of observa-

tional fluxes is insufficient. Therefore only 7Be can be used to test the scavenging scheme.

However, there are several factors which can hamper using 7Be. First, there is the ra-

dioactive decay of 7Be. If the scavenging of 7Be is too inefficient, for example, a greater

amount of 7Be will decay so that this error is difficult to observe. In the troposphere

the lifetime of 7Be due to scavenging is shorter by several factors than due to radioactive

decay. The residence time of 7Be in the troposphere is in the order of 2–4 weeks (3 weeks

determined by model studies Koch et al. [1996]; Liu et al. [2001]), which can also be used

as a test for scavenging and transport processes. As the correct amount of 7Be removed

by scavenging is not exactly known, only the fraction of deposition to decay of 7Be can

be compared. Small changes in scavenging efficiency (in the order of a few percent) yield

a change of several factors in surface air concentrations. Another uncertainty when using

7Be for testing the scavenging is the question of whether 7Be in the upper atmosphere

originates from the tropospheric or stratospheric sources. It is known that the STE in

ECHAM is too efficient [Timmreck et al., 1999]. The 7Be content in the downward fluxes

might be too high because if the 7Be particles stayed longer in the stratosphere, more

of them would decay. By this mechanism downward fluxes from the stratosphere to the

troposphere influence the tropospheric concentrations of 7Be.
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Tropospheric tracers that are emitted from the Earth’s surface are robust because

of their short life–times and ECHAM5–HAM is known to simulate them well [Stier et

al., 2005]. Therefore, the natural radionuclide 210Pb, which is produced near the surface,

was chosen as an additional tracer for scavenging validation. 210Pb has been measured at

several locations worldwide in both air filters and precipitation. Also a number of model

studies exist [Feichter et al., 1991; Liu et al., 2001; Koch et al., 1996] that can be used

for model comparison.

210Pb (half–life 22.3 years) is a decay product of the rare gas 222Rn (half–life 3.8

days), which, on the other hand, is a product within the decay chain of 238U in soil.

222Rn is released from soil because of its gaseous form. Due to its short half–life, the

emission flux of 222Rn is highly variable with time and geographical location, depending

on the porosity of soil. Since exact global source distribution is missing, an estimation

of a uniform flux of 1.0 atoms/cm2/s, which has been successfully used by numerous

model studies [Feichter et al., 1991; Liu et al., 2001; Koch et al., 1996], was applied

for this study. Following these studies, the emission flux was reduced by a factor of 3

under freezing conditions. In the atmosphere 222Rn rapidly decays to 210Pb with its half–

life of 3.8 days. The geochemical behavior of 210Pb is similar to that of 10Be and 7Be,

because it also attaches to ambient aerosols after its production and it is transported and

deposited with them. With its half–life of 22.3 years its radioactive decay is negligibly

small during its atmospheric residence. Due to the relatively short half–life of 222Rn 210Pb

is produced mostly over the continents near the source of 222Rn. The deposition of 210Pb

was calculated in the same way as the deposition of 10Be and 7Be. For calculating the

scavenging efficiency of 210Pb, however, all aerosol types were used, not only sulfate, as

for the deposition of 10Be and 7Be. The rationale is that near the surface where 210Pb is

formed, particles are composed of many chemical compounds whereas in the stratosphere

and upper troposphere, sulfate is the dominant chemical compound.
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5 Model validation

5.1 Description of the model runs

The control run discussed in the following chapters covers the 5–year period from 1986

to 1990. Since 10Be is only removed from the stratosphere by STE and the stratospheric

mixing time is long, the model was allowed to spin up for 5 years to allow 10Be to reach

equilibrium. For 7Be only a couple of half–lives of spin up, 3–6 months, would be sufficient

because of its rapid removal from the stratosphere. The resolution used for the runs was

the T42L31, which corresponds to ∼2.8◦ x 2.8◦ (∼ 300 km x 300 km) horizontally and

31 vertical levels, up to 10 hPa (∼31 km).

The control run was forced using prescribed sea surface temperatures and sea ice

coverage for the years 1986–1990 obtained from a 1000–year climatological run [Gonzalez–

Rouco et al., 2003; Zorita et al., 2005] made with ECHO–G. ECHO–G consists of two

component models, an atmospheric component ECHAM4 and an oceanic component

HOPE–G. A general model description and validation of the present–day climate sim-

ulations with ECHAM4 are described in Roeckner et al. [1996]. The vertical resolution

of ECHAM4 is 19 hybrid sigma–pressure levels with the highest level at 10 hPa. Ocean

model HOPE–G is the global version of the Hamburg Ocean Primitive Equation Model

(HOPE) and includes a dynamic–thermodynamic sea–ice model. A Gaussian T42 grid

(about 2.8◦) is used with the meridional refinement of 0.5◦ in the tropical band between

10◦S and 10◦N. The vertical resolution is 20 levels.

The data from the coupled atmospheric–ocean experiment was used to allow a com-

parison with the climatology during the Maunder Minimum (see Chapter 6). Tests

were also made using the so called nudging technique to force the run. The method

of nudging relaxes the model towards an atmospheric reference state for the prognostic

variables divergence, vorticity, air temperature, surface pressure and sea surface temper-

ature. The nudging data that ECHAM5–HAM uses is obtained from ERA40 re–analysis

from ECMWF (European Centre for Medium–Range Weather Forecasts). The method
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of forcing the model by prescribing sea surface temperatures and sea ice cover from the

international AMIP2 model intercomparison project was also applied. When using the

nudging technique, the calculated 7Be concentrations poleward of 60◦ were lower than

observations. The sea surface temperatures and sea ice cover of the ECHO–G run and the

AMIP2 data are similar and hence there are no significant differences in the radionuclide

distributions between the two runs in mid–latitudes or the tropics. The best agreement

of 7Be results with observations was achieved using the ECHO–G present day, or the

AMIP2 sea surface temperatures and sea ice cover.

5.2 Radionuclides in the atmosphere

10Be and 7Be

In this chapter the overall behaviour of the radionuclides in the atmosphere as a

function of longitude, latitude and altitude is discussed. The results shown here are

obtained from the control run and averaged over the whole simulated period of 1986–

1990. The average budgets of 10Be and 7Be are summarized in Table 5.1.

The production rate of 10Be and 7Be calculated by Masarik and Beer [1999] as used in

the model calculations is shown in Figure 5.1. The production rate of both radionuclides

is high over the poles. The maximum production occurs in the lower stratosphere. The

production rate decreases towards the Earth’s surface and towards the equator. The

production rate of 7Be is approximately twice as high as the production rate of 10Be but

they are similarly distributed. There are some altitudinal differences in the production

rates of 10Be and 7Be, which are of minor importance. They will be further discussed in

Chapter 5.7.

Figure 5.2 illustrates the production flux of 10Be integrated over the atmospheric

depth in the stratosphere and in the troposphere. The tropopause is calculated by the

model using the definition of the temperature lapse rate tropopause1 of the WMO (World

1This tropopause is defined as the lowest level where the temperature change decreases to –2K/km
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Mean 1986–1990

10Be 7Be unit 10Be 7Be unit

Production rate 0.186 0.252 g/d 244 487 atoms/m2/s

Production stratos. 0.099 0.147 g/d 131 288 atoms/m2/s

Production tropos. 0.086 0.102 g/d 113 199 atoms/m2/s

Production stratos. / tropos. 1.1 1.5

Wet deposition 0.169 0.109 g/d

Wet deposition / Dry deposition 92 / 8 93 / 7 %

Decay – 0.134 g/d 259 atoms/m2/s

Wet deposition / Decay – 47 / 53 %

Dry deposition 0.014 0.008 g/d 18 15 atoms/m2/s

Burden total 27.2 10.3 g

Burden stratos. 23.6 8.2 g

Burden tropos. 3.6 2.1 g

Residence time stratospheric 240 39 d

Residence time tropospheric 20 18 d

Residence time total atmosphere 146 88 d

Production 10Be/7Be stratospheric 0.47

Production 10Be/7Be tropospheric 0.59

Table 5.1: Global averages of 10Be and 7Be. Note that 10Be and 7Be can be compared

directly only in atoms, not in grams due to the different molecular mass of the isotopes.

The tropospheric residence time of 7Be is calculated relative to deposition only, the

stratospheric one includes the decay.
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Figure 5.1: The production of 10Be (left) and 7Be (right) as a function of altitude and

latitude averaged over 1986–1990.

Meteorological Organization). In the stratosphere the production distribution follows the

dipole structure of the geomagnetic field with the highest production at high latitudes.

In the troposphere, however, the effect of topography is dominant. In high altitude areas

the production fluxes are reduced because of the proximity to tropopause. Generally the

production is higher at high latitudes but the higher altitude of the Antarctic continent

with lower air pressures reduces the production fluxes. The same effect can be seen in

Greenland as well as over mountainous areas in the mid–latitudes.

Figure 5.3 shows the 10Be and 7Be zonal mean (averaged over the longitudes) con-

centrations as a function of altitude and latitude. It can be seen that the production

structure is still dominant in the stratosphere, especially in the case of 7Be, because it

is not transported far away from its origin before it decays. 10Be is more mixed. In the

troposphere the production structure vanishes because of the tropospheric mixing and

deposition, and short residence time, compared to the stratospheric one. In the lowest

model levels in the troposphere the 10Be and 7Be concentration structure is mirrored to

or lower and the change averaged between this level and any level within 2 km does not exceed 2K/km.
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that at the time of production, as the concentrations are highest in the mid–latitudes

and tropics and lowest in the polar regions. In the tropical troposphere there is a con-

centration minimum over the equator because of the convective ascending of lower level

air in which the radionuclides have been scavenged due to strong precipitation. Because

the residence time is longer in the stratosphere than in the troposphere, the stratospheric

radionuclide concentrations are able to accumulate. Thus, the downward fluxes from the

stratosphere with high radionuclide content increase the radionuclide concentrations in

the tropospheric mid– and low latitudes. In the polar regions the tropospheric production

of radionuclides is low because the tropopause height is low due to cold temperatures and

also the air exchange with the stratosphere is weak, which results in very low radionuclide

concentrations in air.

The atmospheric concentrations of 10Be and 7Be are similarly distributed. In the

troposphere there are no significant differences in the 10Be and 7Be concentration distri-

butions, except that in the stratospheric downward fluxes the 10Be content is higher than

the 7Be content due to radioactive decay. In the stratosphere the difference is due to the

decay of 7Be with its half–life of 53.2 days, which is relatively short compared with the

stratospheric mixing–time. This allows 10Be is to be more mixed than 7Be.

Figure 5.4 shows the stratospheric and tropospheric burdens (i.e. concentrations

integrated over the atmospheric column in atoms per unit area) of 10Be and 7Be. Again,

in the stratosphere the production distribution of both radionuclides is visible. In the

troposphere the dominant process determining the radionuclide burdens is the down-

ward transport from the stratosphere. The tropospheric production is unimportant in

comparison with the high content of radionuclides that have been accumulated due to

the long stratospheric residence time. Maxima in the tropospheric burden occur in the

mid–latitudes, where the stratosphere–troposphere exchange (STE) is strongest. In the

tropics the burden is low because of the very strong precipitation rate, which rapidly

scavenges the particles from the air.

The 10Be burden in the stratosphere is approximately twice as high as the 7Be

burden. In the troposphere the main difference between 10Be and 7Be burdens occurs in
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the midlatitude bands. Globally the tropospheric burden of 10Be is 1.2 times higher than

the 7Be burden.

Stratospheric burden of 10Be [m-2]
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Figure 5.4: The total amount of 10Be (left) and 7Be (right) per surface area in the

stratosphere (above) and the troposphere (below).

The surface air concentrations are determined by the tropospheric transport and wet

scavenging of the aerosols. Figure 5.5 depicts the surface air concentrations of 10Be and

7Be. Again the distribution of both nuclides is very similar, only the 10Be concentrations

are higher. The surface air concentrations are highest in dry or high altitude regions.

In areas with a low precipitation rate the radionuclides are not scavenged from the air

and accumulate reaching high concentrations. At high altitudes the concentrations are

higher due to higher production rate and the proximity to the stratosphere, especially
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in the mid– and low latitudes. When considering the stratospheric downward fluxes the

surface air concentrations exhibit a maximum not in the mid–latitudes but quite close

to the equator. The stratospheric air is transported down in the mid–latitudes across

the tropopause, but when the air is transported further down towards the surface, it is

pushed towards the equator. Thus, at the equator in the upper troposphere there is a

minimum (see Figure 5.3), which is caused by the raising warm tropical air from which

the radionuclides have been scavenged. Underneath this minimum, however, there is air

with higher radionuclide concentrations, which has its origin in the stratosphere or upper

troposphere.

Further, there is a connection between the surface air concentrations and deposition

of radionuclides. The radionuclide deposition fluxes depend both on precipitation rate

and radionuclide concentrations in air. In an area with low precipitation rate the ra-

dionuclides accumulate in air or are deposited dry rather than wet. In regions with high

precipitation but low radionuclide concentrations in air, the concentrations are diluted

and the radionuclide content in precipitation is low.

Figure 5.6 shows the deposition fluxes of 10Be and 7Be. The total precipitation is

shown in Figure 5.7. Obviously the radionuclide deposition flux follows the precipita-

tion rate to a large extent. The deposition is low in arid regions, such as the Sahara,

Middle–East and Australia. West of the continents the deposition is low following the

low precipitation rate above the cold ocean currents. The precipitation rate is highest in

the intertropical convection zone due to highest temperature gradients and strong con-

vection in the equatorial area. The radionuclide deposition, however, is not very high

in these latitudes, because both the production rate and the downward transport of the

radionuclides is low in the tropics. The radionuclide deposition fluxes are highest in mid–

latitudes, following the midlatitude storm tracks and the strong precipitation associated

with them. Also the injections of stratospheric air with high 10Be and 7Be content in the

mid–latitudes increase the 10Be and 7Be content in the deposition fluxes. Generally the

10Be and 7Be deposition fluxes follow the same pattern. The 7Be fluxes are slightly lower

than the 10Be fluxes (10Be/7Be ratio of the deposition fluxes is 1.2 in the average similar
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to the 10Be/7Be ratio of tropospheric burdens). In the mid–latitudes the difference is

largest, caused by the larger share of stratospheric air with higher 10Be content in these

latitudes.

Figures 5.8 and 5.9 illustrate the deposition flux and total precipitation of 10Be in

Greenland and in Antarctica, which are areas of special interest in this work. In polar

regions the 10Be deposition flux seems to be almost completely determined by precip-

itation, because both distributions are very similar. In Greenland the 10Be deposition

as well as the precipitation rate has a latitudinal dependence. They are highest in the

southern Greenland and decrease towards the pole. The lowest deposition fluxes and

precipitation occur near the highest point of Greenland (Summit). In Antarctica the

deposition fluxes and precipitation rates are generally much lower than in Greenland.

The highest fluxes occur in the tip pointing to South America and on the coasts. On the

South American side of Antarctica the fluxes are higher than on the opposite side. The

fluxes are highest on the coast and decrease towards inland where they reach extremely

low values. The minimum is located west of the South Pole.

Figure 5.10 shows the seasonal evolution of the zonal mean precipitation rate and the

10Be deposition within an average year from 1986–1990. The precipitation rate shows the

seasonal movement of the intertropical convection zone above and below the equator. In

the southern hemisphere there is more precipitation over the oceans than in the northern

hemisphere especially during winter, because the oceans cover a larger area. The 10Be

deposition generally follows the seasonal changes of precipitation. Nevertheless, during

the spring months the deposition is high in the mid–latitudes in the northern hemisphere,

which is different from the precipitation rates. This pattern reflects the seasonally varying

STE, which is strongest in the late winter and spring in the northern hemisphere and in

midwinter in the southern hemisphere [Stohl et al., 2003]. In the southern hemisphere

the maximum 10Be deposition occurs simultaneously with high precipitation during the

winter months June and July but also at the maximum stratospheric intrusions. In the

northern hemisphere the seasonal change in the deposition fluxes in the mid–latitudes

is more pronounced than in the southern hemisphere. This is in agreement with the
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stronger STE in the northern hemisphere caused by stronger planetary wave activity

[Holton et al., 1995].

The wet deposition is by far the most important sink for the radionuclides (92%–

93%, see Table 5.1), besides the radioactive decay of 7Be. However, dry deposition and

sedimentation processes also occur and can contribute much more to total deposition

in dry areas. Figures 5.11 and 5.12 illustrate the dry deposition and sedimentation

velocities and fluxes of 10Be. The dry deposition and sedimentation fluxes are a product

of the dry deposition or sedimentation velocity and radionuclide concentration in air.

Dry deposition dominates over sedimentation, probably because 10Be and 7Be atoms are

mostly attached to more abundant small aerosol particles.

The dry deposition fluxes of 10Be are large over the deserted areas of the continents,

where dust particles are important. Dry deposition processes are more important for

dust particles than for sulfate particles. The high dry deposition of 10Be over the oceans

is caused by sea salt particles, which dominate in these areas. Over the ice covered areas

the dry deposition of 10Be is low due to the surface characteristics of snow and ice.

Sea salt particles dominate the sedimentation process because of their large size.

Since sea salt particles are quickly sedimented before they are transported to the conti-

nents, the 10Be deposition fluxes are low over the continents.

59



-135 -90 -45 0 45 90 135

60

30

0

-30

-60

60

30

0

-30

-60

7.5E-4

6.3E-4

5.0E-4

3.8E-4

2.5E-4

1.3E-4

0

7.5E-4

6.3E-4

5.0E-4

3.8E-4

2.5E-4

1.3E-4

0

Dry deposition velocity [m/s]

Sedimentation velocity [m/s]

Figure 5.11: The dry deposition (above) and sedimentation (below) velocity of all

radionuclides.

60



30

25

20

17.5

15

12.5

10

7.5

5

2.5

0

10

9

8

7

6

5

4

3

2

1

0

30

60

0

-30

-60

-135 -90 -45 0 45 90 135

30

60

0

-30

-60

10Be sedimentation flux [atoms/m2/s]

10Be dry deposition flux [atoms/m2/s]

Figure 5.12: The dry deposition (above) and sedimentation (below) flux of 10Be.

61



210Pb

The general behaviour of 210Pb in the atmosphere differs from that of 10Be and

7Be because its precursor 222Rn is emitted from land and is not transported very far

from the continents before it decays to 210Pb (222Rn half–life is 3.8 days). Therefore

210Pb concentrations are highest over continents and 210Pb particles mostly stay in the

troposphere.

Figure 5.13 illustrates the production distribution of 210Pb. Its release into the

atmosphere occurs mainly over the continents. Over ice–covered areas 222Rn exhalation

is suppressed, thus the concentrations are small and subsequently the decay to 210Pb is

reduced. In the southern hemisphere the input is much lower due to less continental area.

Polewards of ∼60◦S almost no 210Pb is released into the atmosphere because of the thick

Antarctic ice cover. Near the Atlantic coast in Europe the input is very low, showing

that the winds transport the 222Rn rapidly inland before it decays. The absolute amount

of 210Pb input as atoms per area and time unit is roughly an order of magnitude larger

than 10Be production.

As a consequence of the short residence time the deposition of 210Pb (shown in Figure

5.14) is very similar to the atmospheric input distribution. The main difference is the low

deposition over the Saharan and Australian deserts. The deposition is large over west of

the African continent close to the equator due to the high precipitation in the convection

zone.

The stratospheric burden of 210Pb, shown in Figure 5.15, is lowest in tropics and

highest in polar regions. The 210Pb atoms are raised upwards from the troposphere in

the tropics by the large scale Brewer–Dobson circulation. In the stratosphere they are

transported polewards and downwards. In the mid–latitudes some of the 210Pb particles

are transported back to troposphere by STE. Those particles which are transported to

stratospheric polar regions stay in the stratosphere and increase the burden of 210Pb near

the poles. The burden is higher in the northern hemisphere because the continental area

is larger and therefore results in a higher production of 210Pb in that hemisphere.
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The lower panel of Figure 5.15 illustrates the tropospheric burden of 210Pb. It

looks quite similar to the distribution of the atmospheric sources of 210Pb. The burden

is highest in the area covered by continents from approximately 50◦N to 30◦S. In the

northern hemisphere mid–latitudes (polewards of 50–60◦N) the burden is reduced due

to high precipitation and thus high deposition (see Figure 5.14). The burden is highest

close to the Sahara and the Middle East. In the southern hemisphere, polewards of 30◦S

the burden is very low due to low 222Rn exhalation into the atmosphere.

Figure 5.16 illustrates the zonal mean 210Pb concentrations in air in mBq/m3STP.

Bq=Becquerel is a unit of activity and equals s−1 in SI units, or decaying atoms per sec-

ond. STP refers to standard temperature (273.15 K) and pressure (1013 hPa) at which

the density of air is 1.29 kg/m3STP. The 210Pb concentrations in the troposphere are

highest above the continents in the northern hemisphere. There is a minimum of concen-

trations in the southern hemisphere troposphere because there is almost no production

of 210Pb. This is also the case above the northern polar regions. The 210Pb atoms, which

are not scavenged, raise to the upper troposphere over the cloud level and to the strato-

sphere. Once they have reached these altitudes their residence times start to increase

because the half–life of 210Pb of 22.3 years and the stratospheric residence time are long

compared with the tropospheric residence time of a couple of weeks. For this reason the

concentrations are highest in the lower stratosphere.

The surface air concentrations of 210Pb are depicted in Figure 5.17. The concentra-

tions follow the boundaries of the continents because within the short residence time of

210Pb of 5–6 days in the troposphere the 210Pb atoms carrying aerosols are not trans-

ported far away from their source. The highest concentrations appear over the continents

in dry areas where the 210Pb atoms accumulate in air. The surface air concentrations fol-

low very similar pattern as the tropospheric burden of 210Pb (Figure 5.15), again caused

by the short tropospheric residence time.
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5.3 Comparison with observations: surface air concentrations

and deposition fluxes

In this chapter, modeled annual mean surface air concentrations and deposition fluxes of

7Be and 210Pb are compared with observed values. The observational data is obtained

from the collection of Environmental Measurement Laboratory (EML) worldwide air

filter measurements, which has been widely used for GCM validation [Brost et al., 1996;

Field et al., 2006; Koch et al., 1996; Land and Feichter, 2003; Liu et al., 2001]. The data

is available at http://www.eml.st.dhs.gov. The 7Be data used here has been averaged for

an average solar year of solar modulation function Φ=700 MeV (see Koch et al. [1996] for

description). The 7Be and 210Pb deposition flux data is a compilation of data available
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from the literature.

The surface air concentrations of 7Be are from 91 stations worldwide, and 210Pb

concentrations from 47 stations. Deposition fluxes of 7Be are scarcer than surface air

concentrations, available from 36 stations [Baskaran et al., 1993; Bleichrodt, 1978; Brown

et al., 1988; Crecelius, 1981; Dibb, 1989; Hasebe et al., 1981; Heikkilä et al., 2008a; Hirose

et al., 2004; Igarashi et al., 1998; Knies, 1994; Olsen et al., 1985; Todd et al., 1989;

Turekian et al., 1983; Uematsu et al., 1994; Young and Silker, 1980]. 210Pb fluxes are

more numerous, at 70 stations [Baskaran et al., 1993; Graustein and Turekian, 1986;

Huh et al., 2006; Hirose et al., 2004; Nijampurkar and Clausen, 1990; Todd et al., 1989;

Turekian et al., 1977, 1983]. The global distribution of the deposition fluxes, however,

was more limited than that of the surface air concentrations and usually the stations

were concentrated close to each other but located in fewer different areas.

The modeled concentrations and fluxes were taken from the grid box closest to the

sampling site. The grid box size is approximately 300 km x 300 km at the equator

(narrower near the poles). Hence, one single sampling site might not be perfectly repre-

sentative of the respective grid box. Often there is more than one sampling site within

one grid box and the concentrations and fluxes measured at these sites may vary up to

a factor of 2. Also, the years of the measurements rarely coincided with the modeled

years. The surface air concentrations were averaged over the entire measurement time,

which was mostly in the order of 10–30 years. The deposition fluxes were in most cases

measured only over a few years. A short measurement period does not allow an averaging

which would smooth out year–to–year fluctuations, as was possible with the surface air

concentrations. For these reasons an agreement of the modeled value with the observa-

tion within a factor of 2 is considered good. This range is depicted in the figures with

the straight lines.

7Be surface air concentrations (Figure 5.18) show good agreement with the observa-

tions. There seems to be no regional bias in the modeled concentrations. Only at two

of the Antarctic stations the modeled 7Be concentrations are too low. Some of the con-

centrations modeled at oceanic islands are slightly high, but still at most of the oceanic

69



0

2

4

6

8

10

0 2 4 6 8 10

Be-7 surface air concentration
mBq/m3STP

Europe
North America
Arctic
South America
Antarctic
Ocean Islands

Model

Observation

0

100

200

300

400

500

600

700

800

0 100 200 300 400 500 600 700 800

Be-7 deposition flux

  atoms/m2/s

Europe
North America
Japan
Pacific

Model

Observation

M
od

el

M
od

el

Figure 5.18: 7Be annual mean surface air concentrations at 91 measurement sites (left)

and deposition fluxes at 36 measurement sites (right), observed against modeled values.

The straight lines indicate a difference of a factor of 2.
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stations the agreement is good. The 7Be deposition fluxes show stronger variability than

the surface air concentrations, which is probably due to the shorter observational periods,

as discussed above. Single years can significantly deviate from the long–term mean, as is

seen in the measured 10Be and 7Be deposition fluxes from Dübendorf and Jungfraujoch

(Chapter 3). Again, no regional bias is visible.

Figure 5.19 illustrates the observed and modeled surface air concentrations and de-

position fluxes of 210Pb. As discussed in Koch et al. [2006] there are large differences in

the emission schemes. The very simple emission rate used in this work seems to lead to a

good agreement with measurements, but at high latitudes, especially in Greenland, the

modeled 210Pb surface air concentrations are somewhat low. The reason for this could

be too weak transport of pollution from the mid– to the high latitudes during the arctic

haze season.

In North America the largest concentrations cannot be reproduced by the model,

but for most of the stations the agreement is satisfying. The 210Pb deposition fluxes

show a better agreement than the 210Pb surface air concentrations, although again the

largest observed fluxes are not reproduced by the model. Still, the agreement of the

fluxes is generally satisfying. The fact that the fluxes compare well with observations

indicates that the production rate of 210Pb is correct to a large extent. The slightly

too low surface air concentrations point to too short atmospheric residence times in the

model. On the other hand, the modeled tropospheric residence time of 210Pb of 5–6 days

agrees well, or is even slightly higher than, the general residence time of aerosols emitted

from the surface. For example, 210Pb is supposed to have a very similar life time as the

3–4 days of sulfate [Stier et al., 2005]. Sulfate is an oxidation product of SO2, which

has a slightly shorter life time (2–3 days in ECHAM5–HAM [Stier et al., 2005]) than

222Rn (half–life 3.8 days corresponding to a lifetime of 5.5 days). Also, if the residence

time was longer, the 210Pb concentrations in the upper troposphere would accumulate

too much. The observed tropospheric 210Pb concentrations are clearly lower than 0.5

mBq/m3STP in the northern hemisphere [Koch et al., 1996, 2006; Liu et al., 2001]. This

is in agreement quite well with the modeled tropospheric 210Pb concentrations (see Figure
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5.16). Earlier studies found a tropospheric residence time for 210Pb of 9 days [Koch et

al., 1996; Liu et al., 2001], which is relatively long in comparison with sulfate as well

as with the 5–6 days of ECHAM5–HAM. Therefore, it seems that the partially too low

surface air concentrations of 210Pb are not due to too low atmospheric residence times,

i.e. too inefficient scavenging, but rather caused by not considering the emission of 222Rn

from snow covered land. The global distribution and number of observations, however,

are not sufficient to draw final conclusions.

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Pb-210 surface air concentration
mBq/m3STP

Ocean Islands
Arctic
North America
Antarctic
South America
Europe

Model

Observation

0

2000

4000

6000

8000

1 104

1.2 104

1.4 104

0 2000 4000 6000 8000 1 104 1.2 1041.4 104

Pb-210 deposition flux

 atoms/m2/s

Greenland
Russia
North America
Japan
India
Australia + NZ

Model

Observation

M
od

el

M
od

el

Figure 5.19: 210Pb annual mean surface air concentrations at 47 measurement sites

(left) and deposition fluxes at 70 measurement sites (right), observed against modeled

values. The straight lines indicate a difference of a factor of 2.

When testing the model it turned out that scavenging is the most important factor

controlling the surface air concentrations of 7Be and 210Pb. 210Pb was very robust to

changes whereas 7Be surface air concentrations are very sensitive against changes in the

scavenging scheme. Concentrations were too low by a factor of up to 10 when the scav-

enging was too effective by ∼50%. Tracers which are emitted from the surface and have

a short lifetime are much less sensitive to changing scavenging efficiency. The scavenging
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tests revealed the importance of also using tracers with a stratospheric origin to fully

test the tracer scavenging. The only changes in 210Pb concentrations were observed in

the upper tropospheric concentrations. If the scavenging were too inefficient, the upper

tropospheric concentrations would rapidly increase to much too high values. However,

the 210Pb concentrations simulated using the current approach are in agreement with the

observations.

Figures 5.20 and 5.21 show the surface air concentrations and deposition fluxes of

7Be and 210Pb as a function of latitude. The model zonal mean surface air concentrations

and fluxes are also depicted. It can be seen that in view of the considerable scatter of

the data, the zonal distribution of observed values is well reproduced by the model.

There are slight discrepancies between the modeled and observed concentrations but

the model still simulates the correct concentrations within a factor of two. The 7Be

surface air concentrations in the Antarctic and at some Greenlandic stations are slightly

low, but somewhat too high in the southern hemisphere tropics. The 210Pb surface air

concentrations are nearly very well simulated, except at the high latitudes of the northern

hemisphere, where they are too low. The modeled deposition fluxes of 7Be and 210Pb

globally agree very well with observations. There is strong variability in both the observed

and modeled fluxes reflecting the strong spatial variability of the precipitation rate. Still,

the general distribution is well reproduced by the model.

The EML also provides seasonal monthly mean surface air concentration data from

46 worldwide stations. This data is averaged over the whole observation period and

corrected towards an average solar year (7Be). Observed and modeled data are compared

at 16 stations in Figures 5.22 and 5.23. 7Be data from a further 8 stations are shown in

Chapter 6.

The comparison between the observations and modeled values reveals that the gen-

eral agreement is good. It is known from the annual mean comparisons that at almost

all stations the general level of observations is reproduced by the model. Figure 5.22

shows that the seasonal cycle is also quite well simulated at most stations. At Barbados,

Easter Island and Antofagasta stations, the modeled concentrations are approximately
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50% too high but the seasonal variation is correct. At Izania and Lima stations, the

modeled seasonal maximum is shifted, however the modeled values are within the error

bars during most (Lima) and some (Izania) months.

The modeled 210Pb concentrations follow the observed seasonal variability generally

well. At the Lima station, the modeled 210Pb concentrations follow the seasons but are

slightly high. At the Miami station, the observation shows no strong seasonality but

the model simulates a slight June–July maximum. At the Skibotn, Norway, and Berlin,

Germany stations, the observed maximum occurs in the spring, but the model simulates

a summer maximum. The differences are, however, small. At the Santa Rosa station in

the United States, extremely high 210Pb concentrations are observed during the winter

months, which the model cannot reproduce, but also the error bars are large revealing that

the observed variability was very large. At the measurement stations on oceanic islands

(Easter Island, Norfolk Island and Cape Grim (Australia) and the Falkland Islands) as

well as at the coastal stations in the southern part of the South American continent

(Puerto Montt and Punta Arenas (Chile)), very low 210Pb concentrations are measured.

This is because the emission of 222Rn, precursor of 210Pb, is low. The model is able

to simulate these low values very well indicating that the simplified source of 210Pb is

good enough. Also at Antofagasta station, which is situated in the Chilean desert with

extremely low precipitation rates, both 7Be and 210Pb concentrations are reproduced well,

indicating that the model precipitation rate and transport to these latitudes are correct.

5.4 Altitude profiles

In Figure 5.24 altitude profiles of 10Be and 7Be are compared with observed concentrations

in the troposphere and lower stratosphere [Dibb et al., 1997; Jordan et al., 2003; Winiger

et al., 1976]. When comparing altitude concentration profiles with model results it has to

be kept in mind that concentrations measured during one flight reflect specific weather

conditions and can vary significantly from the annual mean values. This is confirmed by

the large range of observations. The observations as well as the modeled concentrations
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Figure 5.22: Modeled (dashed line) against observed (full line) seasonal cycles of the

7Be surface air concentrations at 16 stations worldwide.
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Figure 5.23: Modeled (dashed line) against observed (full line) seasonal cycles of the

210Pb surface air concentrations at 16 stations worldwide.

78



are divided into different latitude bands (30–40◦N, 40–50◦N, 50–60◦N, and 60–70◦N). All

of the observations are from the northern hemisphere. There are no observations from

the tropics or high latitudes (polewards from 70◦N). The observations of Jordan et al.

[2003] are from the longitudes between 135◦E and 140◦E and 5◦W and 12◦W. Because

of the instantaneous character and the different longitudinal origin of the observations,

the model concentrations used for the comparison were zonal means averaged over the

whole Earth. Moreover, there is also no strong longitudinal dependence of 10Be and 7Be

concentrations in the atmosphere.
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Figure 5.24: Observed (dots) and modeled (lines) 7Be (left) and 10Be (right) concentra-

tions in air, divided by the latitude. The modeled concentrations are zonal means over

all longitudes.

Figure 5.24 shows that the modeled and the observed 10Be and 7Be concentrations

approximately agree, although the modeled values tend to the lower side of the observed

range. This is especially the case for 10Be. The too low concentrations in the stratosphere

79



are caused by too rapid downward transport of tracers from the stratosphere, which is

a known problem of the standard version of ECHAM [Timmreck et al., 1999]. A mid-

dle atmosphere version of ECHAM (called MAECHAM) exists, which has 39 or more

altitude level reaching up to 0.01 hPa (∼60 km) and includes the whole stratosphere

in the model. The earlier version of the middle atmospheric model MAECHAM4 has

been used for simulating 10Be and 7Be [Land and Feichter, 2003]. Later test runs with

MAECHAM5–HAM revealed that for 7Be no great improvement took place. In the tropo-

sphere there were practically no changes and in the stratosphere the concentrations were

up to ∼50% higher but the distribution was unaltered. 10Be concentrations in the tropo-

sphere simulated with MAECHAM5–HAM were approximately 50% higher but basically

similarly distributed as the ones simulated with the standard version of ECHAM5–HAM.

The greatest changes of 10Be took place in the stratosphere, where the highest concentra-

tions were 2–3 times larger than those simulated with the standard version of the model.

The distribution also changed, but the most important changes occurred in the upper

stratosphere. Using the standard version resulted in too low stratospheric concentra-

tions of 7Be and 10Be, and slightly low tropospheric 10Be concentrations as well as lower

10Be/7Be ratios. The error can be estimated to be up to 50% in the troposphere, being

highest in the mid–latitudes and lower in the tropics and polar regions.

For simulating tracers with stratospheric origin the use of the at least 31–layer version

of the standard ECHAM is imperative. Moreover, the use of MAECHAM is strongly

recommended for future studies with cosmogenic radionuclides. The most important

issue is that the vertical resolution over the tropopause is as fine as possible.

Figure 5.25 illustrates the 210Pb concentrations in air in the northern hemisphere at

three different latitudes: 65◦N, 35◦N and 10◦N. The data is obtained from the collection of

EML. There are some very high concentrations observed even higher than 1 mBq/m3STP

but most of the values lie clearly below 0.5 mBq/m3STP. These profiles give an addition

to the discussion (see Chapter 5.2) on the efficiency of scavening and the atmospheric

residence times of 210Pb. When comparing the latitude bands it seems that the general

level of modeled concentrations is high, although the uncertainty seems to be well below a
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Figure 5.25: Observed (dots) and modeled (lines) 210Pb concentrations in air, in 65◦N,

35◦N and 10◦N latitudes. The modeled concentrations are zonal means over all longitudes.
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factor of 2. However, the too high level of 210Pb concentrations in the upper atmosphere

confirms that the scavenging is not too efficient and the tropospheric residence time of 5–6

days too short but rather the opposite. If the scavenging is correct, it is again confirmed

that the increase of 50% in the cosmogenic radionuclide production made for this work

is realistic.

5.5 Atmospheric residence times of 10Be and 7Be

The average residence time of 10Be in the atmosphere is ∼150 days. In the troposphere

it is 20 days (see Table 5.1). For 7Be it is shorter in the whole atmosphere due to decay,

∼90 days, and 18 days in the troposphere. To compare, most model studies calculated

tropospheric residence times of 21 days for 7Be with respect to deposition [Koch et al.,

1996; Liu et al., 2001]. An earlier study by Bleichrodt [1978] based on observations from

30◦N to 75◦N estimated a residence time of 22–35 days. When including the tropical

latitudes with typically short residence times the estimated average residence time would

decrease and probably lead to good agreement between the model result of ∼3 weeks

with the estimation derived from the observations.

The residence times in the total atmosphere are too short due to the too strong STE

of ECHAM. The stratospheric residence time of tracers is estimated to be in the order of

1–2 years but the residence times calculated by ECHAM were in the order of 8 months

(see Table 5.1). For the discussion of this issue see Chapter 5.4.

Figure 5.26 shows the tropospheric residence time of 10Be. The residence times of

10Be and 7Be are very similar when considering only the deposition. The slightly longer

residence time of 10Be (20 days) in comparison with 7Be (18 days) is probably caused

by the accumulated 10Be concentrations from the stratosphere. The residence times are

defined as the tropospheric burden divided by the deposition flux. The residence times

are strongly determined by deposition so that in the areas of high precipitation, the

residence times are short and vice versa. The shortest residence times are in the areas

of highest precipitation, namely in the intertropical convection zone, although the total
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deposition of 10Be is very low in the tropics. This indicates that 10Be scavenged from the

atmosphere in these areas also has its origin there. The residence times are also short in

the mid–latitudes in the storm track areas. These are areas of high precipitation but also

strong 10Be deposition fluxes, as well as higher burden because of the large amount of

stratospheric 10Be at these latitudes. When calculating the tropospheric residence time

the effects cancel each other out and do not show the stratospheric origin of the air. The

residence times of individual particles can deviate significantly from these averages.

The areas of long tropospheric residence times are the dry areas. Over the Antarctic

the deposition is especially very low and the tropospheric residence times are even higher

than for 200 days at the driest areas.

5.6 The relationship between wet and dry deposition of 10Be

The main removal process of 10Be from the atmosphere is by far the wet deposition. How-

ever, in dry areas the dry deposition processes probably become more important. Esti-

mations made by earlier model studies were 9% by Land and Feichter [2003] (ECHAM4)

and 6% by Brost et al. [1996] (ECHAM2). The global average fraction of dry deposition

(i.e. sum of dry deposition and sedimentation) by this study was 8% for 7Be and 7%

for 10Be, which agree well with earlier simulations. Figure 5.27 illustrates the global

distribution of the fraction of wet to total deposition. As mentioned above, in areas with

a low precipitation rate, the fraction of wet deposition decreases. Over the driest areas

in Antarctica and in Sahara, as well as in the west of the South American and African

continents, the fraction of wet deposition reaches values even less than 50%. Apart from

these areas the fraction of wet deposition is practically always over 90%. The dry de-

position processes remain unimportant especially in the north polar regions, unlike in

Antarctica.

To further investigate the importance of different deposition processes in Greenland

and in Antarctica these regions are shown separately in Figure 5.28. It can be seen that in

Greenland there are small regional differences and the wet deposition is most important
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in the south. At the highest point of Greenland the fraction of wet deposition is lowest

but generally the differences remain small. In Antarctica, in contrast, the variability

is larger. In Antarctica, areas situated closest to the South American continent and

west of it the precipitation rate is very high, leading to a fraction of over 95% of wet

deposition. At the opposite side of the Antarctic continent at the coast the precipitation

rate is high and wet deposition dominates but when moving inland the fraction of wet

deposition decreases rapidly and reaches locally values as low as 35%. Pourchet et al.

[1983] estimated that dry deposition accounts for 60% of total deposition in central

Antarctica using nuclear bomb–produced fallout. Raisbeck and Yiou [1985] suggest that

the fraction of dry deposition would be even larger than 60% but do not give an exact

figure. The modeled fraction of dry to total deposition of this work varies between 40%

and 65% in central Antarctica and is hence slightly lower but still in agreement with the

fraction suggested by Pourchet et al. [1983].

5.7 10Be/7Be and the Stratosphere–Troposphere Exchange (STE)

10Be/7Be is a valuable tracer to investigate the atmospheric transport of the beryllium

isotopes. Both beryllium isotopes are produced in a very similar way and the average

10Be/7Be ratio at the time of production is 0.5. As 7Be decays with time the 10Be/7Be

ratio grows exponentially, working as a clock for the age of air. Because of the long

stratospheric residence times of 10Be and 7Be, the 10Be/7Be ratio is higher in the strato-

sphere than in the troposphere. Intrusions of stratospheric air can be tracked in the

troposphere by observing the 10Be/7Be ratio. The 10Be/7Be ratio has widely been used

to study STE in both modeling [Heikkilä et al., 2008b; Koch and Rind, 1998; Land and

Feichter, 2003; Rehfeld and Heimann, 1995] and observational data studies [Graham et

al., 2003; Heikkilä et al., 2008a; Jordan et al., 2003]. Figure 5.29 illustrates the 10Be/7Be

ratio at the time of production as an average of the present day solar activity (average

of 1986–1990). There is almost no latitudinal dependence of the 10Be/7Be ratio but it is

higher near the Earth’s surface and lower at high altitudes. This is caused by the higher
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contribution of the low energetic particles of cosmic rays to 7Be than to 10Be production.

The low energetic particles soon lose their energies and only increase the production in

high altitudes, which is why relatively more 7Be is produced in the upper atmosphere.
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Figure 5.29: The 10Be/7Be ratio at the time of production [–]. There is almost no

latitudinal dependence.

The modeled 10Be/7Be ratios are compared with observations from air filters [Jordan

et al., 2003; Raisbeck et al., 1981] in Figure 5.30. With the exception of three observations,

the measured 10Be/7Be ratios vary between 0.5 and 3. Below the tropopause (altitude of

approximately 10 km) they vary between 0.5 and 2 and between 2 and 3 above it. The

model reproduces this difference between the troposphere and the stratosphere although

it is not very large. There is no strong latitudinal dependence, in the observations nor in

the modeled ratios.

The lowest observed 10Be/7Be ratios are 0.45, 0.86 and 0.75, all from the altitude of
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10 km and latitudes between 40 and 50◦N. Looking at the Figure 5.29 it can be seen that

lowest possible ratios at this altitude are approximately 0.5, meaning that these samples

included freshly produced 10Be and 7Be. The strong variability of the 10Be/7Be ratios

at 8–10 km is caused by the variability in the tropopause height. In the troposphere the

particles rarely reside longer than one half–life of 7Be, raising the ratio up to 1.2 if the

average tropospheric production ratio is assumed to be 0.6. The very high observed ratios

of 3.8 and 6.5, both from the troposphere, correspond to residence times of 156 days and

197 days, respectively, which show that these samples were influenced by stratospheric

air.
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Figure 5.30: Comparison of 10Be/7Be ratio with observations from different latitude

bands. The modeled ratios are zonal mean values averaged over 1986–1990.

As discussed in Chapter 5.4, due to the too fast stratosphere–troposphere exchange
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of ECHAM5–HAM the modeled 10Be/7Be ratios are generally too low. No signifi-

cant changes, however, in the atmospheric, especially tropospheric, distribution of the

10Be/7Be ratio is expected. Figure 5.31 shows the 10Be/7Be ratio in the four different

seasons. The overall distribution is similar during all seasons. In the stratosphere, the

10Be/7Be ratio reaches its highest values (> 10) in the tropical stratosphere. In this area

there is little production, which means that the transport paths of 10Be and 7Be are long

before reaching this area. This causes more 7Be to decay and also 10Be to build up,

raising the ratio.

Over the poles between 30 and 50 hPa (20–25 km) there is a minimum in the

10Be/7Be ratio. These are the areas of maximum production and the 10Be/7Be ratios

reflect the production ratios. The magnitude of the minimum varies seasonally so that

the 10Be/7Be ratios are higher in winter and lower in summer. This is caused by the

intensification of the Brewer–Dobson circulation during the cold season, which brings

older 7Be–depleted air from the tropical stratosphere and troposphere towards the poles,

lowering the fraction of newly produced 10Be and 7Be with low 10Be/7Be ratios. The shift

of the maximum in the tropical stratosphere towards the pole during the colder season

is also associated with the seasonal variation of the Brewer–Dobson circulation.

There is a minimum in the 10Be/7Be ratio in the upper troposphere over the equa-

tor, similar to the 10Be and 7Be concentrations alone (see Figure 5.3). Both the 10Be

and 7Be atoms transported upwards have been scavenged effectively by the convective

precipitation and therefore the 10Be/7Be ratio in this area is close to the production

ratio. Below this minimum, however, in the lowest levels over the equator the ratio is as

high as at other latitudes. Once the stratospheric air has entered the troposphere in the

mid–latitudes, it is transported downwards towards the equator and increases the ratios

in that area.

In the troposphere the 10Be/7Be ratio does not vary much with the altitude. At

the surface level the ratios are even higher than in the middle troposphere, probably

because the air in the level of the clouds has very low ratios due to scavenging. Except

in the tropics, the ratios do not vary much with latitude in the summer and autumn
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Figure 5.31: The zonal mean 10Be/7Be ratio in the four different seasons: December–

January–February (DJF), March–April–May (MAM), June–July–August (JJA) and

September–October–November (SON).
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in both hemispheres. A maximum occurs in the mid–latitudes during the December–

January–February (DJF) and March–April–May (MAM) in the northern hemisphere

and June–July–August (JJA) and September–October–November (SON) in the southern

hemisphere. This is in agreement with the STE, which is strongest in the mid–latitudes

during these seasons. Near the tropopause the maximum occurs approximately at 30–

40◦N or S, but in the troposphere the stratospheric air is transported downwards and

towards the equator so that the maximum occurs very close to the equator.

Comparing these ratios with the simulations of Koch and Rind [1998] shows that the

distribution is very similar. The maximum in the tropical stratosphere and the minimum

in the tropical troposphere are in the same order of magnitude. The ratios in the lowest

levels simulated by Koch and Rind [1998] are higher than in this work. Seasonal STE

differences cannot be inferred from the figures of Koch and Rind [1998] because they

concentrate on only large differences in 10Be/7Be ratio.

Figure 5.32 shows the time evolution of the 10Be/7Be zonal average ratios. The

uppermost figure depicts the 10Be/7Be ratio in surface air (1000 mbar) in the lowermost

model level. Below the 10Be/7Be in air at 500 mb is shown. The lowermost figure

illustrates the 10Be/7Be of the deposition fluxes. It can be seen that the 10Be/7Be exhibits

a maximum in the surface air in spring in the northern hemisphere close to the equator.

In the southern hemisphere the ratio is at minimum during the winter but no clear

maximum in spring or summer is visible. This is in agreement with Holton et al. [1995],

who showed that intensity and seasonality of the stratospheric downward fluxes is weaker

in the southern hemisphere. The ratios are highest over the poles because of the higher

stability of the troposphere in the polar regions and long transport paths of air to polar

regions, which allows the ratios to grow.

The 10Be/7Be ratios of the air at 500 mb and of the deposition fluxes are very

similar indicating that the 10Be/7Be in the deposition flux reflects the ratio at the level

of clouds. The ratio is highest in the spring season at both hemispheres but the maximum

is stronger in the northern hemisphere. The maximum occurs between 30◦ and 50◦ in

the northern hemisphere and 20◦ and 40◦ in the southern hemisphere, indicating that
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the stratospheric air entering the troposphere in the mid–latitudes is rapidly transported

down– and equator–wards.

5.8 Summary of the model performance

The comparison of the observed and modeled 10Be, 7Be and 210Pb data shows that the

model generally performs well in reproducing the observed surface air concentrations, de-

position fluxes and high altitude concentrations. The number of surface air observations

is large (91 stations distributed world–wide) and the achieved good agreement in mod-

eling these data gives confidence for the model performance. The number of deposition

flux data as well as air filter data is not as large and does not provide a good world–wide

distribution but the comparison with the modeled data did not show any kind of a sys-

tematical error. The observed problems were the model’s inability to reproduce the large

seasonality of the 7Be surface air concentration in the Arctic stations, which is caused by

the Arctic haze phenomenon. Also the observed very high surface air concentrations in

some of the Antarctic stations could not be reproduced by the model. This is probably a

combination of transport problems to the Antarctic continent and the modeled too high

precipitation rate there.

Another weakness of the model is the too rapid downward transport of tracers from

the stratosphere into the troposphere (STE). This, however, influences mostly the 10Be

and 7Be concentrations in the mid–latitudes but not significantly in the polar regions,

which are of main interest in this work. The comparison of modeled and measured

deposition fluxes in ice cores in particular is discussed in detail in the following Chapters

6 and 7.
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Abstract

All existing 10Be records from Greenland and Antarctica show increasing con-

centrations during the Maunder Minimum period (MM), 1645–1715, when solar

activity was very low and the climate was colder (little ice age). In detail, how-

ever, the 10Be records deviate from each other. We investigate to what extent

climatic changes influence the 10Be measured in ice by modeling this period using

the ECHAM5–HAM general circulation model. Production calculations show that

during the MM the mean global 10Be production was higher by 32% than at present

due to lower solar activity. Our modeling shows that the zonally averaged mod-

eled 10Be deposition flux deviates by only ∼8% from the average increase of 32%,

indicating that climatic effects are much smaller than the production change. Due

to increased stratospheric production, the 10Be content in the downward fluxes is

larger during MM, leading to larger 10Be deposition fluxes in the subtropics, where

stratosphere–troposphere exchange (STE) is strongest. In polar regions the effect

is small. In Greenland the deposition change depends on latitude and altitude. In

Antarctica the change is larger in the east than in the west. We use the 10Be/7Be

ratio to study changes in STE. We find larger change between 20◦N–40◦N during

spring, pointing to a stronger STE in the northern hemisphere during MM. In

the southern hemisphere the change is small. These findings indicate that climate

changes do influence the 10Be deposition fluxes, but not enough to significantly

disturb the production signal. Climate–induced changes remain small, especially

in polar regions.
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6.1 Introduction

10Be (half–life 1.5 million years) and 7Be (half–life 53.2 days) are natural radionuclides,

which are produced in the atmosphere by collisions of cosmic ray particles with atmo-

spheric N and O atoms. Their production rate anticorrelates with solar activity and the

geomagnetic field intensity due to magnetic shielding of the cosmic rays by solar wind

and the geomagnetic dipole field [Masarik and Beer, 1999]. Soon after their production

10Be and 7Be become attached to ambient aerosols (mostly sulfate) and are transported

and deposited with them. Besides radioactive decay the only sink for the radionuclides

is wet and dry deposition. Owing to its long half-life, 10Be can be measured in natural

archives, revealing information about past changes in the production rate. 10Be mea-

sured in ice cores has recently been used to reconstruct the solar activity during the

Holocene [McCracken et al., 2004; Muscheler et al., 2007; Vonmoos et al., 2006]. All

these reconstructions are based on the assumption that the 10Be concentrations archived

in ice are directly proportional to the production rate. While this is a reasonable first

assumption in view of the fact that 10Be is well mixed during its residence time of 1–2

years in the stratosphere, and changes in snow accumulation rate are smoothed out when

averaged over several years, climate changes lasting over decades, such as the cooling

which occurred during the Maunder Minimum, could cause significant changes in the

10Be concentrations in ice. Comparison of Arctic and Antarctic 10Be records reveals

very similar variability overall indicating that the variations observed are solar changes.

However, in detail the records deviate from each other. Figure 6.1 shows the 10Be con-

centrations measured in ice at four different sites, Dye3 [Beer et al., 1990] and Milcent

[Beer et al., 1988a] in Greenland and Dome Concordia and the South Pole in Antarctica

[Bard et al., 1997; Raisbeck et al., 1978; Raisbeck et al., 1990]. All records have been

standardized, i. e. the mean value has been subtracted and the record is divided by the

standard deviation. The production rate of another cosmogenic radionuclide, 14C, is also

shown [Stuiver et al., 1977]. The production processes of 14C are similar to those of 10Be,

but 14C is archived in tree rings and its geochemical behavior is completely different.
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Figure 6.1: 10Be concentrations measured in ice at two Greenlandic stations (Dye3 [Beer

et al., 1990] and Milcent [Beer et al., 1988]) and two Antarctic stations (South Pole and

Dome Concordia [Bard et al., 1997; Raisbeck et al., 1978; Raisbeck et al., 1990]) and the

14C production rate derived from tree rings. The data has been standardized and filtered

with a 50–year low–pass filter because of the different temporal resolution of the data.
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After its production 14C oxidizes to 14CO2 and is involved in the carbon cycle. Although

extracted from completely different types of archives situated in very different latitudes,

both radionuclides show a similar production signal [Beer et al., 1988b; Beer et al., 1994].

This is reflected in Figure 6.1 by the fact that all data sets show a maximum during the

Maunder Minimum, although its intensity varies. This indicates that the radionuclides

show a common solar signal even though their concentrations are influenced by the local

meteorology.

The Maunder Minimum (1645–1715) coincides with the coldest period during the

Little Ice Age (1300–1800) in the northern hemisphere. This period is characterized by

especially low solar activity, during which very few sunspots were observed. The change

in the solar irradiance between the Maunder Minimum and the present day is not known

and the estimates range from 0.05% to 0.5% (see Luterbacher, [1999] and references

therein for discussion). The Late Maunder Minimum (1675–1715) was the climax of this

cold period with especially severe winters and wetter and colder summers in central and

eastern Europe [Luterbacher, 1999].

In order to study production and climate related changes of 10Be and 7Be transport

and deposition to polar regions during two climatically different periods, we compare the

Maunder Minimum (MM) with Present Day (PD). The 10Be concentrations measured in

ice depend on the solar modulation of the production rate, the stratosphere–troposphere

exchange (STE), the tropospheric transport and the precipitation rate at the measure-

ment site. An important question is to what extent the production changes of 10Be are

masked by the meteorological conditions during periods of variable climate. Another

interesting issue is whether there have been changes in the intensity of STE which can

influence the 10Be concentrations between MM and PD. Finally, we want to investi-

gate whether climate induced changes in 10Be deposition differ between Greenland and

Antarctica.

An earlier general circulation model study has addressed the effect of a changing

climate on 10Be. Field et al., [2006] modeled the transport of 10Be to polar regions

under variable solar, magnetic field and greenhouse gas conditions. Their model simula-
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tions confirmed that changes in transport should be taken into account when inferring

production changes in ice cores.

The 10Be/7Be ratio offers an interesting tool to study the stratospheric transport

of the radionuclides. The 10Be/7Be ratio at the time of production is 0.5. Since this

ratio only depends on the nuclear reactions, it can be considered as constant in time

[Lal and Peters, 1967; Masarik and Beer, 1999]. However, the ratio grows exponentially

with time due to the radioactive decay of 7Be. Koch and Rind, [1998] and Rehfeld and

Heimann, [1995] have used the 10Be/7Be ratio in their model runs to study stratospheric

transport. Land and Feichter, [2003] also used the 10Be/7Be ratio to study the effect of a

changing climate on the STE. They found that the induced changes in STE were latitude

dependent depending on the involved processes. They concluded that the 10Be/7Be ratio

depends not only on the STE but also on tropospheric transport in a changing climate

which thus has to be taken into account.

The 10Be/7Be ratio has also been used in connection with observational data to de-

tect STE. [Heikkilä et al., 2008a] measured 10Be and 7Be at a high and a low altitude

station in Switzerland and detected a maximum of 10Be/7Be in spring at the high alti-

tude station. The ratio at the low altitude station did not show such a strong spring

peak. Also Brown et al., [1988], Graham et al., [2003] and Monaghan et al., [1985/1986]

have published 10Be/7Be ratios. Graham et al., [2003] also detected a maximum in the

10Be/7Be ratio during winter and spring. The ratios, all measured in the mid–latitudes,

vary between 1.3 and 2, which is higher than the global average of 1.1–1.4 estimated by

[Heikkilä et al., 2008a] using a 2–box model pointing to a strong latitudinal dependence.

6.2 Model description and setup

ECHAM5 is a fifth–generation atmospheric global circulation model (GCM) developed at

the Max–Planck Institute for Meteorology, Hamburg, evolving originally from the Euro-

pean Centre of Medium Range Weather Forecasts (ECWMF) spectral weather prediction

model. It solves the prognostic equations for vorticity, divergence, surface pressure and
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temperature, expressed in terms of spherical harmonics with a triangular truncation.

Non–linear processes and physical parametrizations are solved on a Gaussian grid. A

complete description of the ECHAM5 GCM is given in Roeckner et al., [2003]. The

additional aerosol module HAM includes the microphysical processes, the emission and

deposition of aerosols, a sulfur chemistry scheme and the radiative property scheme of the

aerosols [Stier et al., 2005]. For this study a model version with a horizontal resolution of

T42 (2.8 x 2.8 degrees) with 31 vertical levels up to 10 hPa (∼31 km) was used. Each run

was allowed to spin up for five years to let 10Be reach the equilibrium. For the MM, only

the years 1705–1709, and for the PD, the years 1986–1990, were used for the analysis.

The production rates of the radionuclides were taken from Masarik and Beer, [1999]. The

profiles were interpolated as a function of latitude and altitude using the solar modula-

tion function φ available at http://www.faa.gov/education research/research/med human

facs/aeromedical/radiobiology. These φ values differ only slightly from values recon-

structed by Usoskin et al., [2005]. For the PD run, monthly mean φ values were used

so that temporal changes in the production rate were taken into account by the model.

During the MM a constant value of φ = 200 MeV was assumed, which is an average for

the whole period of MM [McCracken et al., 2004]. This increases the production rate of

cosmogenic radionuclides by 32% during the MM compared with PD. The change in the

geomagnetic field intensity is small and was neglected in this study [Yang et al., 2000].

The aerosol emission for both scenarios PD (year 2000) and MM (preindustrial, year

1750) was taken from the AEROCOM aerosol model inter–comparison experiment B.

This data is available at http://nansen.ipsl.jussieu.fr/AEROCOM.

For these runs we used prescribed sea surface temperatures (SST), which were ob-

tained from the coupled atmosphere–ocean model ECHAM4–HOPE–G (ECHO–G) run

[Gonzalez–Rouco et al., 2003; Zorita et al., 2005]. During the MM the solar constant was

reduced by 1.5 W/m2 compared with the present day value of 1365 W/m2 following the

ECHO–G run [Crowley et al., 2000]. The greenhouse gases were set to preindustrial val-

ues (CO2=283 ppm, CH4=716 ppm, N2O=276.7 ppm, CFCs=0). This lead to a cooling

of the global mean temperature by 0.7K during the MM.
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A comparison with the observations shows a tendency of the simulations to under-

estimate observed deposition fluxes and atmospheric concentrations. Although observa-

tional data are sparse, this indicates that the source strength may be underestimated.

The Masarik and Beer, [1999] production rate was therefore increased by 50%. In their

most recent production calculations the stratospheric production rate is higher by 15 %,

the tropospheric rate by 11 % and the global average production rate by 13% [Masarik,

submitted]. Hence, the production increase of 50% made for this study represents rather

an upper limit.

6.2.1 Deposition of 10Be and 7Be

The 10Be and 7Be are transported in ECHAM5–HAM similarly to aerosols. The depo-

sition of these tracers, however, needs to be described explicitly because the deposition

processes of the aerosol module HAM depend on the aerosol characteristics, such as sol-

ubility and size. It is necessary to define to which aerosols 10Be and 7Be are attached

and to describe their deposition proportional to these aerosols. This appeared to be the

most important issue in modeling the radionuclides. Since most of the radionuclides are

produced in the stratosphere (50% according to Masarik and Beer, [1999] and 67% ac-

cording to Lal and Peters, [1967]) where sulfate particles dominate, a strong connection

between sulfate and 7Be deposition has been established [Igarashi et al., 1998] and 10Be

and 7Be were only attached to sulfate.

ECHAM5–HAM calculates the sedimentation and dry deposition as a product of

the sedimentation or dry deposition velocity and the atmospheric aerosol concentration.

The sedimentation is calculated throughout the atmospheric column. The dry deposi-

tion depends on the aerodynamic resistance of the surface and acts as a lower boundary

condition for the vertical diffusion. Therefore it is only calculated for the surface layer

concentration. For the radionuclides the sedimentation velocity and dry deposition veloc-

ity are calculated as an average of the deposition velocities of the aerosols. This average

is weighted by the surface area of the aerosols because the probability of a radionuclide

101



becoming attached to an aerosol is proportional to its surface area.

The wet deposition of aerosols in ECHAM5–HAM is treated differently for convective

and stratiform clouds. A wet scavenging efficiency is calculated by both the convective

and the stratiform routines and averaged. The averaged scavenging efficiency is then

applied to the wet deposition of the radionuclides.

In ice clouds we assume that only 10% of the radionuclide mass is scavenged by

nucleation scavenging [Feichter et al., 2004].

6.3 Model validation

6.3.1 Surface air concentrations and deposition fluxes

To validate the modeled 7Be surface air concentrations, the collection of 7Be data mea-

sured in air filters worldwide, provided by the Environmental Measurement Laboratory,

has been used. Yearly average concentrations are available for 91 stations, and seasonal

data for 46 stations. The observational data used was averaged over the whole measure-

ment period and scaled to an average solar year of solar modulation function φ=700 MeV

(see Koch et al., [1996] for description).

Less data is available in the case of 7Be deposition fluxes, providing, therefore, less

than worldwide coverage. The data used in this study is from 36 stations and is generally

the same as used by Koch et al., [1996] and Land and Feichter, [2003]. Figure 6.2 compares

the modeled and measured annual average 7Be concentrations and deposition fluxes from

different continents. The 7Be surface air concentrations agree generally within a factor

of 2 with the observed concentrations and there seems to be no regional bias. Only at

two of the Antarctic stations are the modeled concentrations too low. The agreement

of the deposition fluxes is also good although the modeled values deviate more from the

observations than the surface air concentrations. This is probably due to the fact that

annual variations are less smoothed out during shorter observation times of the deposition

fluxes.

The seasonal 7Be surface air concentrations are shown for selected stations in Figure
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Figure 6.2: Scatter plot of modeled and observed 7Be surface air concentrations (91

stations) and deposition fluxes (36 stations). Almost all modeled values are within the

factor of 2 of the observed values (straight lines).

6.3. Overall, the modeled concentrations agree well with the measurements at conti-

nental stations and high altitude stations as well as on the islands. At Kap Tobin in

Greenland the model simulates the correct order of magnitude of the observations but

the strong seasonality observed is not reproduced. A similar though less pronounced

effect is observed in Antarctica.

Seasonal 7Be deposition fluxes measured in Germany [Thomas Steinkopff, German

Weather Service, private communication], Switzerland [Heikkilä et al., 2008a], United

States [McNeary and Baskaran, 2003] and Japan [Igarashi et al., 1998] are shown in

Figure 6.4. The observed seasonal fluxes were averaged over the measurement period,

which was usually not the same as the modeled period. At the European and Japanese

stations the data cover several years, at Detroit only 18 months, leading to a larger

monthly variability. The error bars are standard deviations of the monthly averages. In

the case of Detroit the measurement errors are given (< 5%). To validate the modeled

10Be deposition fluxes, we compare them with the fluxes measured during a Greenlandic

traverse [Stanzick, 1996] from central to northern Greenland. Shallow cores from different
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Figure 6.3: Seasonal cycles of 7Be measured (full line) in surface air (mBq/m3STP)

at selected stations worldwide compared with the modeled (dashed line) concentrations.

The error bars show the standard deviations of the monthly averages of the different

years (8–30 years depending on the station).

latitudes cover periods ranging from medieval times to the mid 1990’s (Figure 6.5). Only

those fluxes are used which cover the period from 1980 to 1994 and which coincide with the

calculated period. The modeled 10Be deposition flux was averaged over the Greenlandic

longitudes. The agreement between the measured and modeled fluxes is generally good.

The observed variability of up to a factor of 1.5 is probably due to the different longitudes

at which the cores were taken during the traverse. Since these longitudinal changes are

of sub–grid scale the model cannot resolve them. The modeled fluxes are approximately

30 % higher than the observed fluxes, being well within the accepted uncertainty of a

factor of two.

6.3.2 Altitude profiles

In Figure 6.6 the modeled 10Be and 7Be concentrations in air are compared with obser-

vations from aircraft measurements [Dibb et al., 1997; Jordan et al., 2003; Winiger et

al., 1976] from the troposphere and lower stratosphere (altitudes between 0 and 14 km).
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Figure 6.4: 7Be seasonal deposition fluxes modeled (dashed line) and observed (full line)

in Germany, Switzerland, U.S. and Japan. The error bars show the standard deviations of

the annual averages, except at Detroit, where the measurement errors (<5%) are shown.

The observational data covers several years, except at Detroit (18 months).
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All observations are from the northern hemisphere, representing different longitudes and

time periods. Because of their instantaneous character, the observations represent spe-

cific meteorological conditions and lie within a wide range. Therefore we compare them

with modeled zonal mean values of four different latitude bands (30–40◦N, 40–50◦N, 50–

60◦N and 60–70◦N) corresponding to the observations. If the modeled zonal mean values

lie between the range of the observations, we consider the agreement between the mod-

eled and measured concentrations to be good. In the stratosphere, the concentrations
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Figure 6.6: Zonal mean modeled 7Be (left) and 10Be (right) concentrations in air against

altitude for different latitude bands, compared with observations.

are mostly lower at low latitudes and increase towards the poles in concordance with the

latitudinal dependence of the 10Be and 7Be production rates. In the troposphere this

structure disappears due to tropospheric transport and precipitation. The variability in

the observational data is high, especially at 10–11 km, depending on whether the sam-

ples were taken in the stratosphere or in the troposphere, and also on the temporal and

longitudinal differences of the observations. The modeled concentrations tend to be on

the low side of the observations, especially in the case of 10Be. Too low concentrations

in the stratosphere indicate that in the model the tracers are transported downwards
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too rapidly and therefore cannot accumulate enough. 7Be is less affected by this process

than 10Be because of its short half–life compared with the stratospheric residence times.

A too strong STE seems to be a common problem of many GCMs, including ECHAM5

and is likely to be associated with too coarse vertical resolution [Timmreck et al., 1999].

6.4 Comparison between the Maunder Minimum (MM) and

the Present Day (PD)

Table 6.1 shows the global budgets of 10Be and 7Be for the MM and PD simulations. The

radionuclide production rate was higher by 32% during MM compared with PD. This

leads to a corresponding increase of the 10Be deposition by 32%. In contrast, the 7Be

deposition increases by only 20% and the decay by 40%. This means that a larger part of

7Be decays than is deposited, which is due to the longer stratospheric residence time. The

ratio of dry to total deposition remains constant. During a period of lower solar activity

the contribution of low energy particles to the 10Be production is higher [Masarik and

Beer, 1999]. These particles contribute mostly to the production in the upper atmosphere,

which leads to an increased stratospheric fraction of the radionuclide production during

MM compared with PD. Figure 6.7 illustrates the 10Be production change in percent

between the MM and PD. The change is largest in the upper atmosphere at high latitudes.

This prolongs the atmospheric residence times and increases the burdens by 58% (10Be)

and 45% (7Be). The change in the tropospheric burdens of the radionuclides is similar

to the deposition change, and the tropospheric residence times remain constant. The

fact that the tropospheric residence times are equal in MM and in PD indicates that

transport and deposition processes did not change significantly. The ratio of dry to total

deposition remains constant.

6.4.1 Comparison with ice cores

We compare the modeled 10Be concentrations in ice, the deposition fluxes and the pre-

cipitation rates with measurements from the two Greenlandic ice cores, Dye3 and Mil-
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Table 6.1: 10Be and 7Be global averages in Maunder Minimum (MM) and in present

day (PD), and change.

7Be 1705–1709 1986–1990 Change MM–PD

Production rate 0.330 g/d 0.252 g/d 31%

Production stratos. / tropos. 1.8 1.5

Wet deposition 0.130 g/d 0.109 g/d 20%

Wet deposition / Dry deposition 92 % / 8 % 93% / 7%

Decay 0.188 g/d 0.134 g/d 40%

Wet deposition / Decay 43% / 57% 47 % / 53 %

Dry deposition 0.010 g/d 0.008 g/d

Burden total 14.5 g 10.3 g 41%

Burden stratos. 11.9 g 8.2 g 45%

Burden tropos. 2.5 g 2.1 g 19 %

Residence time tropospheric 18 d 18 d

Residence time total atmosphere 104 d 88 d 18 %

10Be 1705–1709 1986–1990 Change MM–PD

Production rate 0.246 g/d 0.186 g/d 32%

Production stratos. / tropos. 1.4 1.1

Wet deposition 0.220 g/d 0.169 g/d 32%

Wet deposition / Dry deposition 92 % / 8 % 92% / 8%

Dry deposition 0.019 g/d 0.014 g/d

Burden total 42.0 g 27.2 g 54%

Burden stratos. 37.4 g 23.6 g 58%

Burden tropos. 4.6 g 3.6 g 29%

Residence time tropospheric 19 d 20 d

Residence time total atmosphere 171 d 146 d 17 %
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Figure 6.7: The production change of 10Be in percent between the Maunder Minimum

and the present day (MM–PD).

cent, and two Antarctic ones, the South Pole and Dome Concordia. The comparison of

measured and modeled average precipitation rates, 10Be concentrations and fluxes are

summarized in Table 6.2. The precipitation rates are modern values calculated from

the accumulation rates measured in the ice cores. The 10Be concentrations are averaged

over the period of 1705–1709. The measured fluxes are derived from the measured 10Be

concentrations using the modern precipitation rate. In southern and central Greenland

the modeled 10Be concentration in rain during the MM (1.4·104 atoms/g) agrees fairly

well with the observed concentration (∼1.7·104 atoms/g). At Milcent the modeled pre-

cipitation rate (0.8 mm/day water equivalent (W. E.)) is lower than the observed one

(1.4 mm/day W. E.). The 10Be flux is also lower than the observed one, but the 10Be

concentration in precipitation is correct. If we average over the neighboring grid boxes,

the precipitation rate is closer to the observed one (1.0 mm/day W. E.), but the 10Be

concentration remains the same. At the Dye3 station the model reproduces the observed

precipitation rate well (both 1.4 mm/day W. E.). The 10Be concentration in precipitation

(1.2·104 atoms/g) also agrees well with the observation (1.5·104 atoms/g).

In Antarctica, the precipitation rates are generally lower than in Greenland, leading
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Table 6.2: The precipitation rates, given in mm/day Water Equivalent (W. E.), are

present day values. The 10Be concentrations and fluxes are averaged over the period

of 1705–1709 AD. Measured 10Be fluxes are estimated from the concentrations with the

modern day precipitation rate and are only approximations.

Measurement Model

Core precip. rate 10Be conc. 10Be flux precip. rate 10Be conc. 10Be flux

(mm/day) (1E4 at./g) (at./m2/s) (mm/day) (1E4 at./g) (at./m2/s)

Greenland:

Milcent, 2410 m asl 1.4 ∼1.7 (∼270) 0.8 1.4 160

70.2◦N, 44.4◦W

Dye 3, 2480 m asl 1.4 ∼1.5 (∼240) 1.4 1.2 190

65.2◦N, 48.8◦W

Antarctica:

South Pole, 2800 m asl 0.1 ∼4 (∼46) 0.2 2.2 61

90◦S

Dome C, 3240 m asl <0.1 6–7 (∼77) 0.2 1.1 40

75.1◦S, 123.2◦E
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to higher 10Be concentrations in precipitation. ECHAM5–HAM is capable of simulat-

ing the lower precipitation rates in Antarctica, although the precipitation rates at the

Antarctic sites are still 2–3 times too high. This leads to a dilution resulting in lower

modeled 10Be concentrations in precipitation. Therefore, we also compare the deposition

fluxes. The observed deposition fluxes in Table 6.2 are approximated using the modern

day precipitation rate because the precipitation rate during the MM is not known. The

modeled 10Be deposition fluxes agree within a factor of 2 with the observed fluxes, indi-

cating that the uncertainty is mainly related to an incorrect precipitation rate rather than

to transport to the Antarctic continent. This is also confirmed by the good agreement

of the modeled 7Be surface air concentrations with the measured data from air filters at

the South Pole (see Figure 6.3).

The precipitation rate modeled at Dome Concordia is approximately 2–3 times too

high, leading to a 10Be concentration, which is approximately 6 times too low. The mod-

eled flux is comparable with the observed flux. If we corrected the precipitation rate by

a factor of 3, the 10Be concentrations would still be too low but within a factor of 2 of

the observed value. At the South Pole, the modeled precipitation rate agrees slightly

better with the observation than at Dome Concordia, and is twice as high. The 10Be

concentration is about a factor of 2 too low and agrees much better with the observa-

tions than at Dome Concordia. A correction of the precipitation rate by a factor of 2

would lead to an agreement with the measured 10Be concentration. We conclude that

ECHAM5–HAM simulates the 10Be concentrations in Greenland very well, in contrast

to Antarctica, where the very low precipitation rates complicate the correct modeling of

the concentrations.

6.4.2 Change in deposition of 10Be

Figure 6.8 shows the 10Be deposition fluxes during MM and PD, and the change between

the two periods. The distribution of the fluxes is strongly determined by the precipitation

rate. The deposition is high in the intertropical convection zone where the precipitation
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is high, and low in the polar regions with low precipitation. The maximum deposition

occurs in the mid–latitudes as a result of high precipitation in the midlatitude storm

tracks. Moreover, the injections of stratospheric air with high 10Be and 7Be content

in the subtropics increase the deposition fluxes broadening the maximum towards these

latitudes. Generally the deposition distribution of both 10Be and 7Be (not shown) is

very similar, but the 10Be deposition has a larger variability because its changes are

not damped by radioactive decay. Figure 6.8 also shows the change in 10Be deposition

between MM and PD, in absolute and relative units. The absolute change is largest

in the subtropics and small in the polar regions. In general, the relative changes are

highest in the mid–latitudes and in the convection zone. The deviations from the average

production–induced change of 32% are within ∼8%. The fact that the production change

dominates the variability is an important result because it contradicts the claim that

weather–related changes mask the production signal [Lal, 1987]. On the other hand,

these changes can explain the observed discrepancies between 10Be records from different

sites (Figure 6.1).

Figures 6.9 and 6.10 show the 10Be deposition changes in Greenland and in Antarc-

tica. The absolute deposition change is largest in southern Greenland and decreases

towards the pole. The relative change in Greenland seems to follow the topography and

is largest at the highest point of Greenland. Both sites, Milcent (2410 m asl) and Dye3

(2480 m asl), have the same altitude. The model results reveal similar deposition changes

between MM and PD for both sites. In Antarctica, the modeled 10Be concentrations do

not agree as well with the observations as in Greenland, but the model uncertainty may

be similar for both runs. In Antarctica the change, both absolute and relative, seems

to be larger in eastern Antarctica, where Dome Concordia is located, than at the South

Pole. This suggests that the change at Dome Concordia was larger than at the South

Pole although the accumulation rate at Dome Concordia is smaller. This finding seems

to be in agreement with the observed maxima (Figure 6.1) during the MM.
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Figure 6.8: 10Be zonal mean deposition flux during Maunder Minimum and Present

Day, and the change in absolute (atoms/m2/s, upper panel) and in relative (%, lower

panel) units. The zonal mean deposition change is 32±8%. Polewards of 80◦ the relative

difference is higher than this because the deposition fluxes are extremely low in these

areas (see upper panel).
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Figure 6.9: The change of modeled 10Be deposition between Maunder Minimum and

Present Day in Greenland in absolute (atoms/m2/s, left) and relative (%, right) units

6.4.3 Changes in STE between the Maunder Minimum and the Present Day

using 10Be/7Be

To study possible changes in STE between MM and PD, we investigate the 10Be/7Be

ratio. At the time of production the global mean ratio is 0.5, but it grows exponentially

with time as 7Be decays. In the stratosphere high ratios are observed because of the

long residence time which allows 7Be to decay, raising the ratio. In the troposphere the

ratios remain closer to 0.5 because the tropospheric residence time is short compared

with the half–life of 7Be. Therefore, large 10Be/7Be ratios in the troposphere point to

an intrusion of stratospheric air into the troposphere. As the net mass downward flux

from the stratosphere shows a distinct seasonal cycle with a maximum in spring in the

northern hemisphere and in midwinter in the southern hemisphere [Stohl et al., 2003], we

expect larger 10Be/7Be ratios during these seasons. The upper panel of Figure 6.11 shows

the zonally averaged seasonal 10Be/7Be ratios calculated from the deposition fluxes.

The slightly higher level of 10Be/7Be ratios during MM is caused by a longer strato-

spheric residence times of 7Be and 10Be compared with PD, caused by a higher fraction

of stratospheric production. Because the increase is similar in all latitudes, it is probably
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Figure 6.10: The change of modeled 10Be deposition between Maunder Minimum and

Present Day in Antarctica in absolute (left) and relative (right) units.

not caused by changes in STE, which has a latitudinal dependence. Instead, because the

stratospheric downward fluxes are strongest in the subtropics, changes in 10Be/7Be ratios

at these latitudes could be attributed to STE changes. The lower panel of Figure 6.11

shows the relative seasonal change in the 10Be/7Be ratio. The largest change takes place

during spring in the northern hemisphere at mid– and low latitudes. During the summer

months in both hemispheres the ratios are higher than during the winter months proba-

bly because of a lower precipitation rate, which increases the tropospheric residence time.

During the southern hemispheric fall the ratio has a mid– and low latitude maximum,

but it is much less pronounced than in the northern hemisphere. These results point

to a stronger STE in the northern hemisphere during the colder climate of MM. In the

southern hemisphere the changes were probably not significant.
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6.5 Summary and conclusions

The cosmogenic radionuclides 10Be (half–life 1.5·106 years) and 7Be (half–life 53.2 days)

have been modeled during the Maunder Minimum (MM) and the present day (PD) cli-

mate with the ECHAM5–HAM general circulation model. We concentrated on changes

which can influence the 10Be concentrations measured in ice cores such as enhanced ra-

dionuclide production, possible changes in the stratosphere–troposphere exchange (STE),

and in the local precipitation rate at the measurement sites. We also investigated to what

extent climate changes during a period of low solar activity mask the production signal

in the measured 10Be concentrations in ice cores.

The lower solar activity during the MM raises the mean global production rate of

10Be and 7Be by 32%. Moreover, the production becomes stronger in the upper atmo-

sphere, raising the ratio of stratospheric to total production. This leads to longer at-

mospheric residence times and higher stratospheric burdens of the radionuclides. Higher

stratospheric burdens cause a higher radionuclide content in the downward fluxes from

the stratosphere. This causes higher deposition fluxes during MM in the subtropics, but

in the polar regions the effect is small.

While the total 10Be deposition increases by 32%, directly reflecting the increase

in production rate, the 7Be deposition increases only by 20% because a larger part of

7Be decays due to longer atmospheric residence times. The zonal mean 10Be deposition

change deviates locally only by ∼8% from the mean increase of 32%. The ∼8% varia-

tion represents the climate signal, which is caused by changes in precipitation rate and

tropospheric transport. It is small compared to the production change. Therefore, the

common assumption made so far when reconstructing the solar activity, namely that the

10Be measured in ice is proportional to the total production rate, seems reasonable.

The ECHAM5–HAM simulates the 10Be fluxes and concentrations in ice at Green-

landic sites fairly well. In Antarctica the model has some difficulties in reproducing the

very low level of precipitation which leads to an underestimation of the 10Be concentra-

tions in ice. In Greenland the absolute deposition change between MM and PD seems
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to depend on the topography with a north–south gradient and with the largest values in

the south of Greenland. The relative difference is largest at high altitudes. The model

results suggest a similar deposition change between MM and PD at Dye3 and Milcent.

In Antarctica the modeled deposition changes remain generally small, especially in dry

areas. The model results suggest that the change was larger at Dome Concordia than at

the South Pole.

Finally, the 10Be/7Be ratio is generally higher due to a longer stratospheric residence

time during the MM. This longer residence time is primarily the result of a change in the

structure of stratospheric to tropospheric production between MM and PD and not in

the STE. However, during spring in the northern hemisphere a large increase in the ratio

between the 20◦N and 40◦N is observed, which probably can be attributed to a stronger

STE during the MM. In the southern hemisphere no such strong change was observed.

These findings compare generally well with the results of Field et al., [2006]. They

investigated the separate contribution of different production or climate related factors

which influence the deposition fluxes of 10Be in polar regions. Because the present ex-

periment combines both production and climate change our results cannot be compared

quantitatively with the results of Field et al., [2006]. However, their major conclusions

that the 10Be response to climate should not be neglected when inferring production

changes and that the production variability inferred from polar 10Be fluxes might overes-

timate the global production variability are in good agreement with our results. We find

that although the climate induced changes of the 10Be fluxes are considerably smaller than

the production induced changes, they cannot be neglected. Due to these climate–induced

fluctuations the variability of polar 10Be fluxes is probably larger than the variability of

the global production rate.

Both the model experiment as well as the good agreement between 10Be in ice cores

and 14C in tree rings point to a dominant production signal which confirms the suitability

of 10Be for reconstructing the solar activity. Modeling the atmospheric transport improves

the interpretation of 10Be in ice cores in terms of production effects and helps to make

full use of cosmogenic radionuclides. At the same time atmospheric 10Be and 7Be data
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provide a tool to study atmospheric transport processes such as the STE, and to validate

GCMs.
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7 Model runs: 2) 10Be measured in a GRIP snow pit

and modeled using the ECHAM5–HAM general

circulation model

Authors: U. Heikkilä, J. Beer, J. Jouzel, J. Feichter and P. W. Kubik

Geophysical Research Letters, doi:10.1029/2007GL033067, in press.

Abstract

10Be measured in a Greenland Ice Core Project (GRIP) snow pit (1986–1990)

with a seasonal resolution is compared with the ECHAM5–HAM GCM run. The

mean modeled 10Be concentration in ice (1.0·104 atoms/g) agrees well with the mea-

sured value (1.2·104 atoms/g). The measured 10Be deposition flux (88 atoms/m2/s)

also agrees well with the modeled flux (69 atoms/m2/s) and the measured precipi-

tation rate (0.67 mm/day) agrees with the modeled rate (0.61 mm/day). The mean

surface temperature of –31◦C estimated from δ18O is lower than the temperature

measured at a near–by weather station (–29◦C) and the modeled temperature (–

26◦C). During the 5–year period the concentrations and deposition fluxes, both

measured and modeled, show a decreasing trend consistent with the increase in

the solar activity. The variability of the measured and modeled concentrations

and deposition fluxes is very similar suggesting that the variability is linked to a

variability in production rather than the local meteorology.

7.1 Introduction

Cosmogenic radionuclides, whose production is modulated by solar activity, provide an

excellent tool to study past solar changes. 10Be, archived in ice cores, is widely used to

reconstruct solar activity during the Holocene [McCracken et al., 2004; Muscheler et al.,

2007; Vonmoos et al., 2006]. Such reconstructions depend strongly on the assumption

that 10Be measured at one specific drilling site reflects the global 10Be production rate.

However, it has been argued that changes in weather conditions at the drilling site can
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affect the measured 10Be, substantially lowering the signal to noise ratio of 10Be [e. g.

Lal, 1987].

While low–pass filtering of 10Be records helps to reduce weather–induced fluctua-

tions, long–term changes in transport to or precipitation rates in the polar regions can

have an impact on the measured 10Be. To study transport effects on 10Be fluxes in the

past atmospheric general circulation models (GCMs) have been used [Field et al., 2006;

Heikkilä et al., 2008b]. However, it is difficult to validate these model results because

observational data are scarce. Also, because the temporal resolution of most 10Be records

is on the order of years, the model results cannot be fully tested.

During the drilling of the Greenland Ice Core Project (GRIP) ice core at Summit,

central Greenland (71.1◦N, 39.5◦W, 3210m a.s.l.), a 5–m deep snow pit was dug. This

pit is ideally suited for comparing modeled and measured 10Be. The resolution obtained

(∼2 months) even allows comparison of modeled temperature and precipitation with the

measured proxy δ18O.

This study had two main goals. The first of these was to investigate how well a

GCM can reproduce the seasonal and annual variability of 10Be measured in Greenland.

If a GCM is able to simulate properly the 10Be concentrations in precipitation under

present–day conditions, it can be applied to earlier periods with greater confidence. The

second goal was to test whether the solar signal can be detected in the modeled and

measured 10Be concentrations over a short period of time. To answer this question, we

compared variations in the measured and modeled 10Be concentrations in precipitation

and deposition fluxes with variations in the 10Be production signal.

7.2 Methods

7.2.1 Digging and measurement

The GRIP pit was dug in direct proximity to the main GRIP drill site at Summit. It was

approximately 5 meters deep. The firn of the pit was divided into 50 samples of 10 cm,

corresponding to a resolution of ∼2 months. 10Be was measured in Zurich at Accelerator
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Mass Sprectrometry facility of ETH/PSI.

δ18O was measured by mass spectrometry at LSCE Saclay with the accuracy of 0.5%

and 0.05%. In polar regions concentrations in precipitation of this isotope, influenced

by fractionation processes occurring between the oceanic source of water vapor and the

precipitation at the measurement site, are closely linked with the temperature prevailing

during snow formation and thus to the temperature at the measurement site. It shows

well marked seasonal cycles with high values in summer and can be used to date the

successive snow layers as long as seasonal variations are not smoothed out by diffusion

of water vapor in firn. Therefore, δ18O profiles can be used to estimate past temperature

changes even at seasonal level.

7.2.2 Model description and setup

The model employed for this study was the ECHAM5-HAM general circulation model.

ECHAM5 is a fifth–generation model [Roeckner et al., 2003] developed at the Max Planck

Institute for Meteorology from the weather prediction model of the European Centre for

Medium–Range Weather Forecasts (ECMWF), which incorporates the additional aerosol

module HAM [Stier et al., 2005]. This model has already been used to simulate the

production, atmospheric transport and deposition, both wet and dry (contributes less

than 10% in Greenland), of 10Be on a global scale [Heikkilä et al., 2008b; Land and

Feichter, 2003].

For this run a model version with 31 vertical levels extending up to 10 hPa (∼ 30

km), was used. The horizontal resolution employed was roughly 2.8◦ x 2.8◦. This run was

forced with prescribed observational sea surface temperatures and sea ice cover obtained

from the international model intercomparison AMIP2 project. The production of 10Be is

a function of latitude and altitude and also varies temporally with varying solar activity

and geomagnetic field intensity. The latter can be considered as constant during the

5–year period considered within this study. For the model input the 10Be production was

interpolated to the correct latitude, altitude and solar activity parameter Φ using the
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10Be production function calculated by Masarik and Beer, [1999]. The Φ values, with

monthly resolution, were taken from http://jag.cami.jccbi.gov/cariprofile.asp. Validation

of the model with worldwide observations of 7Be indicated that this production rate leads

to somewhat low deposition fluxes [Heikkilä et al., 2008b]. Since the deposition flux is

determined by the global production rate, this indicates that the source strength might

be underestimated. The production rate was therefore increased by 50% consistently

from earlier model experiments. The model run was allowed to spin up for 5 yr, and the

following 5 yr, from 1986 to 1990, were used for the analysis.

7.3 Results

7.3.1 Proxies δ18O and deuterium

The ice from the pit was dated by interpreting the maxima and minima of δ18O as winter

and summer, respectively, and linearly interpolating the months in between. The errors

are on the order of ±1 month.

δ18O measured in ice cores is used as an indirect proxy for reconstructing the past

temperature and precipitation rate during periods for which there are no direct observa-

tions. It is therefore of great interest to use the high resolution data from the snow pit to

compare the temperatures and precipitation rates estimated from the δ18O proxy with di-

rect instrumental and modeled data. The temperature estimated from the measured δ18O

along with the modeled surface temperature for Summit, is shown in Figure 7.1 together

with the temperature measured at the near–by weather station Cathy (72.3◦N, 38.0◦W,

3210 m asl) in Greenland (available from http://amrc.ssec.wisc.edu/greenlandstations.html).

The weather station data is available from May, 1987. Comparison of the modeled and

estimated temperature with the temperature measured at the Cathy weather station

shows that during winter the temperature estimated from δ18O agrees well with the

measured temperature but is slightly low during summer. The modeled temperature

generally agrees well with the measured temperature but is ∼2◦C higher during the win-

ter of 1987/1988 and the summers of 1988 and 1989. During the winter of 1989/1990
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Figure 7.1: Comparison of the modeled surface temperature at Summit, Greenland,

with the temperature measured at the near–by weather station in Greenland, and with

the surface temperature estimated from the δ18O data.

the modeled temperature is significantly (∼5◦C) too high. The main reason for higher

modeled temperatures is that the grid size of the model is too large to resolve the alti-

tude of Summit, the highest point of Greenland. The average temperatures are –32◦C

(estimated from δ18O) and –27◦C (modeled) for this 5–year period.

The average (May 1987 till December 1990) temperature measured at the weather

station is –29◦C and lies between the modeled temperature (–26◦C) and the temperature

estimated from the δ18O (–31◦C) for the same period. The generally good agreement

between the estimated temperature from the δ18O and the measured temperature gives

confidence for using this proxy for long–term reconstructions of the temperature.

The precipitation rate was calculated directly from the thickness of the sample layer

using the measured density of the samples, but because of dating uncertainties we will
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Figure 7.2: The annual mean precipitation rate at Summit, Greenland: (i) measured;

(ii) estimated from the measured δ18O; and (iii) modeled.
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consider only annual means here. Figure 7.2 illustrates the comparison of mean annual

measured precipitation rate with modeled precipitation rate and the estimated precip-

itation rate derived from the δ18O data. Interestingly, the modeled precipitation rate

reproduces the year–to–year variability in the measured data very well, but the overall

mean value of the modeled precipitation rate is up to 10% too low. However, these dif-

ferences are negligible when considering the uncertainties of the measured precipitation

rate. The precipitation rate estimated from the δ18O data does not show the same an-

nual variability but the order of magnitude is comparable with both the modeled and

measured precipitation rates. The indirect proxy δ18O is not well suited for short–term

changes because of the complicated character of the fractionation processes which deter-

mine its magnitude. The average rates are 0.67 mm/day water equivalent (W. E.), 0.61

mm/day W. E. and 0.52 mm/day W. E. for the measured, modeled and estimated rates,

respectively.

7.4 Measured and modeled 10Be concentrations in precipitation

The 10Be concentrations measured in the firn, together with the simulated 10Be concen-

trations in precipitation are shown in Figure 7.3. As the temporal resolution of the 10Be

measurements is coarser than that of the model, a 5–month running mean filter was

applied to the monthly mean modeled concentrations. The overall agreement between

the measured and modeled 10Be concentrations is good, with even the seasonal structure

being reproduced during most years. In 1986, the modeled concentrations are lower than

the measured concentrations. In 1989, the measured 10Be concentration peaks during the

second half of the year, whereas the modeled 10Be concentration peaks in the summer

months, as it does during the other years. This shift is probably not caused by a shift in

the dating, because the surface temperature shows no shift (Figure 7.1). The differences

are likely to be caused by local sub–scale processes which the model cannot resolve.

The mean measured and modeled concentrations in precipitation, deposition fluxes

and precipitation rates are shown in Table 7.1. The modeled concentration in precipi-
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Figure 7.3: Comparison of measured 10Be concentrations in precipitation from the GRIP

snow pit (solid line) with the measurement errors, with the monthly mean modeled 10Be

concentrations in precipitation filtered with a 5–month running mean filter (dashed line).

Table 7.1: Mean 10Be concentrations in precipitation and deposition fluxes and accu-

mulation rates measured and modeled from 1986 to 1990.

measured modeled

10Be concentration 1.2 1.0 104 atoms/g

Accumulation rate 0.67 (0.52∗) 0.61 mm/day W.E.

10Be deposition flux 88 (74∗) 69 atoms/m2/s

∗estimated from δ18O as in Johnsen, [1995].
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tation (1.0·104 atoms/g) agrees well with the measured concentration (1.2·104 atoms/g).

Using the accumulation rate of the firn we calculate an average 10Be flux of 88 atoms/m2/s.

If we use the precipitation rate estimated from the δ18O data, a slightly lower flux (74

atoms/m2/s) is obtained. The modeled flux is 25% lower than the observed flux, 69

atoms/m2/s.

To investigate how well the 10Be concentrations in the ice reflect solar activity we

compared the 10Be trends. Figure 7.4 shows the 10Be concentrations in precipitation and

deposition fluxes in relative units together with Φ and the global 10Be production rate.

Annual means are used to describe the typical temporal resolution within an ice core (>

1 year), thus filtering out any seasonal variability. The correlation coefficients between

the annual mean 10Be concentration, measured and modeled, and the global production

rate are 0.91 and 0.58, respectively, for the 5 data points. Between the 10Be deposition

flux and global production rate the correlation coefficients are 0.88 and 0.79 suggesting

that a strong correlation exists.

The fact that the variability of the 10Be concentration in firn mirrors that of the

10Be deposition flux suggests that this variability is not related to variability in the local

precipitation rate. This is consistent with an earlier finding that during the past 800 years

at Milcent, Greenland, the ice accumulation rate remained relatively constant [Beer et

al., 1988]. The ”long–term” decreasing trend in both the concentration and flux of 10Be

follows a simultaneous increasing (decreasing) trend in Φ (global production rate). Thus,

although local effects may raise the noise level, they do not raise it enough to mask the

production signal. This finding also emphasizes the importance of taking into account the

solar modulation of the 10Be production in modeling studies. Neglecting the decreasing

trend in the monthly 10Be production would have resulted in substantial worsening of

the agreement between the modeled and measured 10Be.
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7.5 Summary and conclusions

10Be in a shallow GRIP ice snow pit from Summit, Greenland, covering the period of 1986

to 1990 was measured with a resolution of 2 months and the resulting data were analyzed

with respect to solar modulation of the 10Be production rate. A simulation with the

ECHAM5–HAM general circulation model (GCM) reveals a very good agreement between

the measured 10Be concentrations in precipitation (1.2·104 atoms/g) and the modeled

10Be concentrations in precipitation (1.0·104 atoms/g). The modeled precipitation rate

at Summit (0.61 mm/day W. E.) also agrees well with the measured accumulation rate

(0.67 mm/day W. E.). The modeled 10Be deposition flux (69 atoms/m2/s) is slightly

lower than the measured value (88 atoms/m2/s).

The measured and modeled 10Be both exhibit a higher variability than the solar

activity parameter Φ and the global 10Be production rate. This indicates that local

weather effects do have an impact on the measured 10Be concentrations in precipitation.

However, variability in the modeled 10Be concentration is very similar to that of the

modeled 10Be deposition flux indicating that the 10Be variability observed was not a

result of variability in the precipitation rate. This is in accordance with earlier studies.

Moreover, a clear decreasing trend, following the increase in the solar activity during the

5–year period analyzed is visible. In the case of much longer 10Be records in ice cores, a

low–pass filter can be applied to improve the signal–to–noise ratio.

The successful simulation of contemporary 10Be concentrations in Greenlandic ice

using the ECHAM5-HAM GCM provides confidence that this model is also capable of

simulating 10Be for past climatic conditions. GCMs therefore prove to be useful tools in

interpreting 10Be in ice cores not only in terms of changes in the 10Be production rate

but also in terms of atmospheric transport and deposition processes.
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8 Final remarks and outlook

The application of GCM runs to study the relationship between production and meteo-

rology induced changes of cosmogenic radionuclide concentrations measured in ice cores

and its dependence on the location of the drilling site looks very promising. The advan-

tages are twofold. The interpretation of 10Be records from polar ice can be improved, and

at the same time the comparison of modeled and observed radionuclide concentrations

offer a tool to validate the physical processes of the model.

The studies performed within this work show that 10Be is suitable for solar activity

reconstructions. While the local weather conditions do increase the variability of the

production signal, this ”climatic noise” was proven to be significantly smaller than the

production variability even during a period of very large climate change, the Maunder

Minimum.

Independent evidence that the local meteorology at the measurement site does not

distort the solar signal in the 10Be record comes from the comparison between 10Be and

14C. These radionuclides are produced in a very similar way but influenced differently

by the climate. Their very similar temporal variability has already been shown [Beer et

al., 1988a, 1994] indicating that the climate influence on their measured concentrations is

small. Yet, time and again doubts are raised in the scientific community on the usefulness

of 10Be for solar activity reconstructions. E. g. Foukal et al. [2006] state that 14C shows

solar activity changes but 10Be does not. The authors correctly state that the use of

10Be is complicated by possible climate influences, but seem unaware of the fact that the

climate influences the atmospheric 14C concentrations as well.

Modeling helps to reduce the uncertainty of the solar activity reconstructions by

separating the climate signal from the production signal. While simulating certain at-

mospheric processes with the GCMs still includes some uncertainty the results obtained

within this work do not seem to depend on the model. The results of this work agree

quantitatively with another recent model study, which used a completely different cli-

mate model [Field et al., 2006]. Both studies point to an enlarged variability due to local
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meteorology in the polar 10Be records, but also that the climatic variability is generally

consistently smaller than the production variability.

A few issues were raised within this work which need more investigation in the future:

• The production rate of the radionuclides simulated by Masarik and Beer [1999] is

probably up to 50% too low. An increase of 50% used in the studies of this work

lead to a good agreement between the observed and modeled deposition fluxes and

surface air concentrations. In their recent calculations Masarik and Beer [submit-

ted] corrected the production rate for spallation reactions by increasing it by ∼13%,

pointing in the same direction.

• The model reproduces the observed radionuclide concentrations and fluxes world-

wide fairly well. The agreement in Greenland is fairly good. In Antarctica the

model has difficulties reproducing the very low precipitation rate but the transport

to the Antarctic continent seems to be reasonable.

• Tropospheric tracers which are emitted from the Earth’s surface are highly insensi-

tive to changes in scavenging. Concentrations of tracers with stratospheric origin,

instead, can vary by several factors if the scavenging is too effective or ineffective

by some percentage. Therefore, the combination of 7Be and 210Pb offers an unique

tool to test the scavenging.

• The middle atmospheric version of the model (MAECHAM5) should be used when

modeling long–lived stratospheric tracers, such as 10Be. Due to its short half–

life, for 7Be the standard version is sufficient. To correctly model stratospheric

concentrations and the stratospheric–tropospheric exchange the vertical resolution

over the tropopause should be even finer than the L39.

The promising first results obtained during the first studies offer new possibilities

for interesting and important future work. Dividing 10Be production in different latitude

bands and stratospheric and tropospheric fractions makes it possible to trace back the
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origin of 10Be deposited in Greenland. The contribution of 10Be produced in different

parts of the atmosphere can be quantified in deposition as a function of latitude and its

sensitivity to climatic changes can be studied. This information can be used to calculate

the exact global production rate from the measured 10Be concentrations in ice cores and

to substantially improve the solar activity reconstructions.

Another possibility to study the latitudinal dependence of radionuclide transport

and deposition is to model the nuclear test induced bomb peak of 36Cl. In this way the

deposition of a tracer with a purely stratospheric origin can be studied. Data measured

at different latitudes are available in the Radioactive Tracers Group at EAWAG, which

can be used for comparison. On the other hand, this data can be used to validate the

downward transport from the stratosphere depending on the vertical resolution of the

model.
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