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Abstract. The extensive nuclear bomb testing of the fifties 1 Introduction

and sixties and the final tests in the seventies caused a

Strong36C| peak that has been observed in ice cores world-AAtmospheric nuclear bomb tests which started in the fifties
wide. The measured®Cl deposition fluxes in eight ice and continued until the late seventies put large amounts of ra-
cores (Dye3, Fiescherhorn, Grenzgletscher, Guliya, Huasdioactive material into the stratosphere. This anthropogenic
caran, North GRIP, Inylchek (Tien Shan) and Berkner Is- input largely exceeded the natural levels and caused distinct
land) were compared with an ECHAM5-HAM general circu- Peaks in deposition fluxes world-wide. These peaks can be
lation model simulation (1952-1972). We find a good agree-used to test stratospheric transport and residence times of
ment between the measured and the mod#iedifluxes as-  tracers {3Cs,%°sr) (Lal and Peters1967), also in combina-
Suming that the bomb test produced g|oﬁ%| input was tion with atmospheric general circulation modeﬂ%}ahfeld et
~80kg. The model simulation indicates that the fallout of al., 1999. They can also be used as tracers to study oceanic
the bomb test produce¥Cl is largest in the subtropics and Mixing (**C) and groundwater datingHi, 36Cl) (Schlosser
mid-latitudes due to the strong stratosphere-troposphere exet al, 1988 Davis et al, 200]). For the natural sources of
change. In Greenland tH8CI bomb signal is quite large >°Cl we refer toBlinov et al.(2000.

due to the relatively high precipitation rate. In Antarctica  The radionuclidé®Cl has also been excessively produced
the 36CI bomb peak is small but is visible even in the driest during the nuclear bomb tests which were conducted in the
areas. The model suggests that the large bomb tests in tHdcinity of oceans, such as the tests that took place on islands,
Northern Hemisphere are visible around the globe but theatolls or barges. The neutrons, released by the nuclear reac-
later (end of sixties and early seventies) smaller tests in théions, activate thé>Cl of the sea salt and produce tFRCI
Southern Hemisphere are much less visible in the Northerrisotope €Cl(n,y)3¢Cl). The amount of thé®Cl produced
Hemisphere. The question of how rapidly and to what extenty the tests exceeded the natural production by a factor of
the bomb produce&Cl is mixed between the hemispheres ~1000.

depends on the season of the bomb test. The model results The measured “bomb peak” 8%Cl in Greenland at Dye3

give an estimate of the amplitude of the bomb peak aroundsite has been published earlier Bymore et al.(1982 and
the globe. Synal et al(1990. Synal et al(1990 used an atmospheric

4-box model to simulate the fall-out pattern of the strato-
spheric3®Cl in Greenland. They succeeded in obtaining the
shape of the fall-out curve by assuming a stratospheric resi-
dence time of 2.80.3 years foP°ClI.
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Fig. 1. The location of the bomb tests, marked with crosses, which 3 100 | | i
e . [ |
produced®®Cl: Enewetak and Bikini atolls, Johnston and Christ- 5 -
mas Islands and Mururoa and Fangataufa atolls. The location of * .

the eight ice cores, marked with points, investigated in this study:
NGRIP and Dye3 in Greenland, Fiescherhorn and Grenzgletscher
in the Alps, Guliya and Tien Shan in Asia, Huasmain the Andes

and Berkner Island in Antarctica.
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Data from other ice cores exist in which tReCI con-  Fig. 2. The measured (above) and modeled (below) peakS@F
centrations were measured. These cores were drilled ii§€position fluxes at eight ice core sites. The vertical lines in the
the Guliya ice cap in the Himalayas, in Huasuain the Iowgr f|gur§ show the bomb test input ¥Cl according to Tapla.
Andes, in Fiescherhorn and Grenzgletscher in the Alps in;r:ael'é ;rl?rf’ Itlraléd(?ef)}’(])z\ilt\;lif)rt]t}leuigsength of the bomb test but is not to
Switzerland, in northern Greenland, the North GRIP ice core '
(NGRIP), a Kyrgyz ice core from the Inylchek glacier of the

Tien Shan mountains and an Antarctic core from the Berkner, .
Island. See Sec® for details and Figl for their location. Schotterer et al(19973, Grenzgletscher biichler et al.

The measured deposition fluxes®8€! in these locations are (2000, Guliya by Thompson et al(19953, Huascaan by

shown in Fig.2. All these fluxes show a very similar fall-out Thompson et ak19950, NGRIP byAndersen et ak2008;

. . : North Greenland Ice Core Project Membé2804 and In-
E?}ﬁéﬂ but show some differences regarding amplitude anc3j/Ichek (Tien Shan) bysreen et al(2004). Details of the ice

We utilize this data to study the deposition distribution of core from the Berkner Island have not been published earlier.

the bomb-produce#Cl with the atmospherc generalcicu- ¢ 2 ORI B P BENEE L e Y
lation model ECHAM5-HAM. The following questions are P y

addressed: 1) Are there differences in the amplitude of theOf ETH _Zunch/l:;Sl. we rgf_er to the references for details of
. . calculating the’Cl deposition fluxes.
peaks and are these related to the location of the ice core of

climatic conditions, such as the precipitation rate at the site? .Due to thellack of an independent time scale for Inylchek
2) Is the shift in the maxima of the peaks related to trans-(T'en Shan) ice core, a rough chronology has been devel-

port processes or rather to uncertainties in the dating of thé)_ped' The sharp forward slope of the bomb peak was as-

cores? and 3) How well does the model perform in reproduc_S|gned to the year 1954 when the first major explosions took

ing the stratospheric transport and stratosphere-troposphe&!ace' and a linear accgmulahon rate was assu_med.
exchange of6CI? The38Cl bomb peak in a couple of other locations has also

been measured at EAWAG and ETH/PSI: the Vostok snow pit
in Antarctica Delmas et al.2004 and the Kilimanjaro ice
2 Observed36Cl bomb peaks in ice cores core in Africa (Thompson et a].2002) (the 36CI profile is
available in the supporting online information). Both areas
Details of the drilling of the ice cores as well as other mea-are extremely dry. It was found that the shape of the bomb
sured parameters have been published earlier: Dye3 (includgeaks in these cores was very different from the cores shown
ing 36Cl) by Synal et al.(1990, Fiescherhorn glacier by in this work, which is why these results were not used for

Atmos. Chem. Phys., 9, 4145156 2009 www.atmos-chem-phys.net/9/4145/2009/



U. Heikkila et al.: Modeled and measured bomb peaf6i 4147

the analysis. The concentrations at Vostok and Kilimanjarolinear processes and physical parametrizations are solved on
reached the maximum some 10 years later than in the othem Gaussian grid. A complete description of the ECHAM5
cores and the fallout was much slower so that no real pealcCM is given inRoeckner et al(2003. The additional
could be observedDelmas et al(2004 explained this by  aerosol module HAM includes the microphysical processes,
sublimation of36Cl in the form of HCI in the firn which  the emission and deposition of aerosols, a sulfur chemistry
is still connected to the atmosphere. This is especially ascheme and the radiative property scheme of the aerosols
problem in ice cores with extremely low accumulation rate (Stier et al, 2005. We used present-day aerosol emissions
but ice cores at high accumulation areas should not be influfrom the AEROCOM emission inventory representative for
enced by it. Rothlisberger et al(2003 specified a value of the year 2000, described Dentener et al(200§. For this

0.1 mm/day (4 g/crilyr or 4 mm water equivalent (W.E.)/yr) study a middle-atmospheric model version with a horizontal
without a strong seasonality above which the effect of subli-resolution of T42 (2.&2.8 degrees) with 39 vertical levels
mation of gaseou®Cl should be negligible. Th&Cl depo-  up to 0.01 hPa~+80km) was used. The run was allowed
sition flux measured in the Berkner Island ice core seems tdo spin up for five years to 1et®Cl reach equilibrium and

be slightly influenced by this phenomenon because the maxthe years 1952-1972 were used for the analysis. The run
imum is reached some years later than in other cores andas forced with prescribed observational monthly mean sea
the fallout after the maximum is flatter and the flux has notsurface temperatures and sea ice cover obtained from the
reached the natural level in the end of the experiment (see thmternational model intercomparison AMIP2 proje@dates
measured flux in Fig2). The precipitation rate on Berkner 1992. We refer toHagemann et a(2006 for a detailed dis-
Island is quite low (0.20.3 mm/day) which is larger than the cussion on ECHAM5-HAM’s ability to reproduce observed
limit of 0.1 mm/day estimated bRothlisberger et al(2003 precipitation rates.

however the seasonality is large. The sublimation of the The natural production rates 8fCl were taken from the
gaseous®Cl in the Berkner Island core is not as severe asrevised production rate calculations bfasarik and Beer

in the Vostok and Kilimanjaro cores because a steep peak i61999. The profiles were interpolated as a function of lat-
visible. We include this core in our analysis keeping in mind itude and altitude using the monthly mean solar modulation
the sublimation effect. function ® reconstructed bysoskin et al(2005 and cor-

Table 2 shows the integrated total masses of the mea+ected for the local interstellar spectrum asSieinhilber et
sured ice core bomb peaks #Cl. The fallout slopes of al. (2008 for the years 1952-1972. However, the natural
36CI were estimated by line fitting on logarithmic scale. Ta- production of3¢Cl is much lower than the bomb produced
ble 2 shows the atmospheric residence times corresponding®Cl and is not of importance during the modeled years.
to these slopes. They vary between 3-5 years but some &CHAM5-HAM's ability to reproduce the observed concen-
them include large uncertainty because of the small numbetrations and deposition fluxes of two other cosmogenic ra-
of data points, such as the Guliya ice core record. The uncerdionuclides'®Be and’Be world-wide has been discussed at
tainty is probably in the order af 1 year. length inHeikkila et al.(20083.

The obtained residence times are overestimated in com- The geochemical behaviour 8fCl is somewhat differ-
parison with the actual atmospheric residence time¥of ent from that of!%Be or 'Be. Like these two radionuclides,
because of the additional bomb tests which regularly put new?®Cl can become attached to aerosols and be transported and
36Cl into the stratosphere flattening the fall-out cur8gnal  deposited with them. Howevet’Cl can also be present as
et al.(1990 estimated a residence time a£0.3 years from  HCI gas. How much of thé®Cl is in particulate or gaseous
the Dye3 data between 1960 and 1964, during which no newiorm is not very well understood and depends on the chemi-
tests took place. cal properties of the atmosphere. In the stratosphere we can

assume thé8Cl to be mostly gaseous as Hddfrle et al.
(1997, Sachsenhauser et’alT. Peter, personal communica-

3 Modeling of the 36Cl bomb peaks tion). In the troposphere, especially in the lower layers, the
situation is more complicated becal®®€l can be present
3.1 Model description and setup in both gaseous and particulate form. The deposition of the

gaseous®Cl is somewhat different than that of particulate
The model employed for this study was the ECHAM5-HAM 36C|, The gases have a higher diffusion constant which leads
general circulation model. ECHAMS is a fifth-generation to an increased dry deposition. Unfortunately the partitioning
atmospheric global circulation model (GCM) developed atbetween gaseous and particulate phase¥®Fis not well
the Max Planck Institute for Meteorology, Hamburg, evolv- understood and is probably also highly variable in space and
ing originally from the European Centre of Medium Range time (Lukasczyk 1994. Nevertheless, wet deposition is the
Weather Forecasts (ECWMF) spectral weather predictiordominant removal process both for gaseous and particulate
model. It solves the prognostic equations for vorticity, diver-
gence, surface pressure and temperature, expressed in termslsachsenhauser, H., Zerle, L., Beer, J., Masarik, J., and Nolte,
of spherical harmonics with a triangular truncation. Non- E.: Atmospheric transport of cosmogenic radionuclides, Wengen
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36CI. For this reason, and because the transport of gas an%i ble 1. Stratospheric bomb producac g inout f
particles is very similar, we treated dfiCl in the model as 20 - SA0SPheENcbomb produceti.tas used as an input for

. the model simulation. Locations of the bomb test sites: Enewe-
particulate and attached to aerosols. tak atoll (11.35 N, 162.35 E), Bikini atoll (11.30 N, 162.30 E),
Johnston island (17.28N, 169.4% W), Christmas island (2.0,
157.2% W), Mururoa atoll, (21.50S, 138.58 W), Fangataufa atoll
(22.13' S, 138.48 W). All tests carried out during one month are
summed up in this table.

3.2 Atmospheric bomb input of36Cl|

The first bomb tests that produced large amountsS®ef
started in 1952. They were carried out by the US at

the Enewetak (11.33N, 162.38 E) and Bikini (11.30N, Year Month location 36C] input*
165.30 E) atolls in the Pacific ocean. These tests took (kg)
place during the years 1952, 1954, 1956 and 1958. They
were followed by the U.S. tests on the Christmas (200 1952 10 Enewetak 21
157.25 W) and Johnston (17.38, 169.45 W) islands in 11 Enewetak !
1962. After the test ban treaty in 1963 some méf€l- 1954 3‘,2 ;E'r:}' 2320
producing tests carried out by France took place in 1968 4 Bikini 15
at Mururoa (21.50S, 138.58 W) and Fangataufa (22.15, 5 Bikini 45
138.4% W) atolls in 1968, 1970 and 1971. The locations of 1956 6 Bikini 3
the test sites are shown in Fi. 7 Enewetak 4
The details of the tests were obtained from 7 Bikini 20
http://www.iss.niiit.ru/ksenia/catait/index.htm and 1958 5 Bikini 3
http://www.radiochemistry.org/history/nukests/pdf/ S Enewetak 3
NuclearExplosionsCatalog.pdfThe tests were catalogued ° Enewetak 1
with respect to their type (balloon, shaft, air drop etc.) which 6 Bikini 2
influences the amount ot°Cl produced. Unfortunately g Eink?x\i'etak 152
not all details of the tests are known and therefore it is 7 Enewetak 5
very difficult to estimate the precise amount of produced 8 Johnston island 16
atmospheric®Cl. We included tests that took place in the 1962 4 Christmas island 1
vicinity of sea water, i.e. islands, atolls or barges and had 5 Christmas island 5
a yield larger than 200 kton, but not the air drop tests. The 6 Christmas island 30
contributions of tests on islands and atolls were probably 7 Johnston island 13
lower due to the attenuation of neutron flux by land mass, 10 Johnston island 5
but not negligible. We calculated the atmospheric input of 1968 7 Mururoa 1
36CI following earlier studiesElmore et al, 1982 Synal et 8 Fangataufa >
al.,, 1990 assuming that 210?° neutrons are produced by 9 Mururoa 3
. 1970 5 Mururoa 1
a megaton yield of TNT, that half of the neutrons enter the 5 Fangataufa 5
water and that 32% of those neutrons prodtf@ (Dyrssen 7 Mururoa >
and Nyman 1955 Machta 1963. In reality, this value 8 Mururoa 1
strongly depends on the actual setup of the bomb tests which 1971 6 Mururoa 2
is not known and is very variable. 8 Mururoa 3
Table 1 shows the date and location of the bomb tests as
well as the estimate®fCl produced. It can be seen that the Total ~310

total mass of bomb-producefiCl is over 300 kg, which is
much more than the 75-80 kg estimated HEiynore et al.
(1982 andSynal et al(1990 from the Dye3 ice core. Fewer
tests were taken into account in these earlier works and somesurves is comparable with the measured curves we assume
times the source of information used for the estimation wasthat the input function is reasonably well defined.

different in our study. In view of the many uncertainties re- The bomb tests producéfiC| from sea salt on the surface
lated to the tests we will use the measured data from differentevel but the mushroom cloud rose up to the stratosphere.
locations world-wide to check the shape and amplitude of thewe assumed that all bomb test producé@l reached the
input function. We carry out the simulation using the 310 kg stratosphere. Thé5Cl that stayed in the troposphere was
total input of36Cl from all tests on barges, atolls and islands washed out within a couple of weeks and therefore raised the
and then scale the input by comparing the amplitude of mod{luxes only locally and during a short period. For this reason
eled fall-out curves with the measured ones. This approaclit is of no interest for the simulation.

is not perfect but suits the purpose of this study. If the ampli-

tude of the bomb peaks and the fall-out slope of the modeled

* input not yet scaled
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Table 2. Global means of the measured and modeled accumulation rates (acc.) in water equivalent (the modeled precipitation rates include
the standard deviations of the modeled monthly mean values), integrated massestdl theaks and the atmospheric residence times
corresponding to the fallout slope estimated from the measured and the modeled fluxes. The values are calculated usingo@kispated
(~80kag).

Site location altitude acc. meas. acc. mod. massmeas. massmod. res.time meas. res. time mod.
units mm/day mm/day kg kg years years

Dye3 65 N, 48W 2480m 1.5 1.50.9 70 55 4.2 3.7
Fiescherhorn 46N, 8° E 3900m 4 2.31.1 75 120 3.6 4.0
Grenzgletscher 486\, 7°E 4200m 5 2.861.4 100 120 3.5 4.0

Guliya 3% N,83¥E 6710m 0.8 0.80.8 40 140 4.1 4.2

Huascaran 9S, 7P W 6050 m 3 3.&2.7 80 80 5.6 7.0

NGRIP 7% N,43¥W 2917m 0.5 0.50.3 34 28 3.4 3.7

Tien Shan 42N, 80°W 5000m 4 0.30.3 240 120 5.9 4.6

Berkner Island  79S, 47 W 900 m 0.4 0.3:0.3 14 10 - -

The height and radius of the mushroom cloud was calcu- It seems that the deposition flux measured at the Dye3 site
lated followingGlasstone and Dolaf1977) (their Fig. 2.16).  represents well the global mean deposition flux of the bomb
The cloud radius varied between 6 and 30 km depending oproduced®Cl, because the integrated mass-af0 kg agrees
the strength of the bomb but still the radius was smaller tharwith the assumed total input 6f80 kg calculated b¥Imore
the grid box size of the model. However, the cloud waset al.(1982 andSynal et al(1990 from the measuregfCl
initialized over 9 horizontal grid points and 4 vertical lev- flux in the Dye3 ice core.
els of the model and read in within two time steps to reduce
the extreme gradients of tR€CI concentrations between the 4.2 Measured and modeled®Cl deposition fluxes
neighbouring grid boxes. Only tests with a yield larger than
200 kton were considered for the simulation because thesEigure2 summarizes the modeled and measufil depo-

gave a cloud he|ght |arge enough to place the prodé%u sition flux peakS and F|g3 shows the individual sites. The
into the stratosphere. temporal resolution of the measured fluxes varies between

one and several years depending on the core. We show the
annual means of the modeled fluxes on a logarithmic scale

4 Results to be able to compare the fallout slopes of the curves. The
slope is a measure of the shape of the bomb produced input
4.1 The total mass of the bomb test produced®Cl function of 3Cl and the sinks. The agreement between the

measured and the modeled slopes in Fyand 3 and Ta-

Table 2 shows the total masses of the bomb test producedle 2, indicates that the shape of the input function is reason-
36Cl integrated from the measured and the modéfé@l de-  able. This means that the estimated amourf6f produced
position flux peaks. The masses were calculated assuminly the individual tests is reasonably defined regardless of the
that the peak in question was representative of the globamany uncertainties.
mean fallout rate in order to estimate the global total input The measured and modeled fluxes in Rigll show a very
of bomb produced®CI. The integration was performed try- similar declining trend with a maximum around 1955-1956.
ing to avoid the fact that the total mass of the peak mightOnly the measured peak at Huasmaexhibits a maximum
depend on one single data point which might be erroneous. earlier than this, around 1951-1952. A possible explanation

All modeled fluxes were consequently larger than the meais the high altitude location of the Huasaarsite & 6000 m).
sured fluxes. Thus we chose to scale the modeled input of he site could have experienced a strong intrusion of strato-
36CI down by a factor of 4, giving the best agreement be-spheric air shortly after the bomb test which the model does
tween the modeled and measured deposition fluxes worldnot reproduce. However this maximum is represented by
wide. All results presented in this manuscript are calculatedonly one data point with poor age control and should be in-
using the scaled input 6£80Kkg. It has to be kept in mind terpreted with care. It could also be related to an uncertain
that due to the loss of gaseotfCl in firn (see Sect?) the dating. The fact that the maximum of tREC| measured at
measured fluxes represent a lower limit. Because*ta$ Dye3 shows up a couple of years later than in the other cores
fluxes showed a steep leading edge of the bomb peak in als harder to explain. The Dye3 ice core is the best dated
data sets, we assume that the loss in these ice cores was ndgnnual resolution) meaning that the later occurrence of the
ligible. This is likely due to the relatively high accumulation maximum is probably related to some local scale processes
rate at all ice core sites. rather than to dating problems. Different transport paths of

www.atmos-chem-phys.net/9/4145/2009/ Atmos. Chem. Phys., 9, 4185-2009
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Fig. 3. Deposition fluxes oP8CI (atoms/n#/s) in the analyzed ice cores. The dots represent the measured values with their measurement
errors which are hardly visible on the logarithmic scale. The dashed narrow line shows the modeled monthly mean fluxes and the thick full
line the annual means of the modeled fluxes.

36Cl to polar regions cannot be the reason for the discrepancy Next we address the question how well the modeled fluxes
because thé®Cl measured in the NGRIP core exhibits the agree with measurements. FiglB@&ompares the modeled
maximum simultaneously with the tropical or mid-latitude 36CI deposition fluxes with the measured values in all ice
cores. The maximum is reached later at the Berkner Islandores. The dashed line shows the modeled monthly mean
site because of the resublimation of gasetfi@ from firn, values and the thick line the annual means. The dots depict
as discussed in Se@. the measured values with their measurement errors (mostly
The measured flux at the Guliya site is clearly lower thanbetween 5 and 20%) which are almost invisible on the loga-
those of the other mid-latitude cores. Because the measuretithmic scale.
36CI concentrations in ice were comparable in all ice cores

Generally the modeled fluxes agree quite well with the
including Guliya, the much lower fluxes can probably be ex- y ux g guite wet Wi

lained by th ite | lati te of 0.8 mm/day W measured fluxes. At all ice core sites except Guliya and to
plained by the quite low accumulation rate ot v.omm/day W. o gmajjer extent Tien Shan the model is able to capture the

E. compared with other sites. It has to be kept in mind that atcorrect level of the peaks reasonably well. At Dye3, the mea-

Guliya some of the snow might be lost due to strong winds SO%ured and modeled fluxes agree quite well except the fact that

that the measured snow accumulation rate represents rath%e maximum of the measured flux occurs later, as discussed

a lower limit. The escape of the gasedi€l in firn men- above. Fiescherhorn and Grenzgletscher are both located in

tioned earlier (see Sea) |s.n0t a probablg e>_<p|anat_|0n be_- the Swiss Alps and fall within the neighbouring grid boxes of
cause the snow accumulation rate at Guliya is relatively h|ghthe model. The measured fluxes are very similar in magni-

cqmp_ared with the critical value of 0.1 mm/day estimated bytude. The calculated total masses of the peaks differ by some
Rothlisberger et ak2003. 25%. At both locations the model somewhat overestimates
the measured fluxes.

Atmos. Chem. Phys., 9, 4145156 2009 www.atmos-chem-phys.net/9/4145/2009/
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Guliya is the only site where the model significantly over- 210* ‘ ‘
estimates the measured flux. This is probably a combination_ —e—Dye3
of loss of snow on the mountain due to winds and overes- & o Gromsgetacher
timation of the modeled deposition flux. The modeled pre- 2 510" | o Qulya
cipitation rate agrees very well with the one measured from £ /\ :"I\"Sr? lSPhan
the ice core and is also comparable with the range of 0.4—-3 45« [ /| | ——Berkner Island
0.7 mm/day for the years 1990-1991 givenThyompsonet  §
al. (19953. If however some snow was lost due to winds, %
the model would underestimate the actual precipitation rate. & 5000 |
A marked seasonal variability in ti€CI flux, as shown by 9 J B," \/-\@,&i
the thin dashed line in Fi@, reflects the strong influence of 0 / /;@/&\X’**\‘x\x—kf%/*\‘:ﬁ;%%;&\%
monsoon on the aredlijompson et al19953. It follows the 1950 1955 1960 1965 1970 1975
modeled precipitation rate which also varies more than at the year

other ice core sites (see the standard deviations in T)ble

Another difference to other sites is the very high altitude of Fig. 4. The modeled annual medfCl deposition fluxes
the Guliya site (6710 m) which cannot be resolved by the (atoms/ni/s) on a linear scale at the ice core sites.
model. Therefore the modeled precipitation rate at Guliya is

representative for lower altitudes. itation rates calculated from the snow accumulation of the

As mentioned before, th¥Cl flux measured in the Huas- o )
L . Alpine ice cores agree generally well with the values mea-
can ice core shows a maximum 2-3 years before the other . . ; : .
. ; . sured at a near-by high-altitude Alpine station Jungfraujoch
cores but this maximum is represented only by one dat

point. Otherwise the agreement between the measured an S T“.m"?'ay W.E.) leikkila Fflt al, 2008). The measgrgd
precipitation rate at Jungfraujoch represents a lower limit be-

modeled fluxes is good. The large seasonal variability ré-ause the collector is mounted on a ridge and some of the

flects the seasonal movement of the intertropical convergence : . . X
; S T sSnow is blown over it. A comparison of stable isotope data,
zone with a precipitation rate which is high in summer and

low in winter. a proxy for precipitation, from Jungfraujoch and Fiescher-

At NGRIP the agreement between the modeled and meagg(rjn Frzvsec":]lzrf:o\:i;(};ﬁgg!?érbsthnggb?gtwefhneJ:}ggg%‘gmh
sured flux is good and both fluxes exhibit a maximum at the ’ X

same time. The fluxes measured and modeled at NGRIP arrgmtes are shghtly lower than the ones caI_cu_Iated from the
L . show accumulation but the uncertainty is within a factor of 2
very low due to the low precipitation rate at the site and be-

: e X ; Iso th | ipitati I her i
cause little stratospheric air reaches these high latitudes. and also the modeled precipitation rate at Grenzgletscher is

At Tien Shan the model somewhat underestimates théargerthan _at Fiescherhorn, in agreement with the cal<_:u|ated
. . .~ . Tfates. At Tien Shan the model very largely underestimates
measured flux. The flux measured in this ice core is sig-

o ) o the precipitation rate calculated from the ice core (modeled
nificantly larger than at other sites which is also reflected by0 3 mm/day, measured 4 mm/day). The reason for this is un-
the total mass of the peak in Tat#le At Tien Shan the in- . kﬁown. The: ability of ECHAMS-HAM model to reproduce
crease from the natural level to the bomb produced level 'She observed precipitation rates world-wide has been largely

very sFeep and agrees best .Wlth the mod_eled increase. Th iscussed itHagemann et a(2006 and shows that the error
steep increase can be explained by the highest temporal res- . .

. . . on scales of a couple of hundred of kilometers is never larger
olution of the Tien Shan ice core and probably also by the

. . . . . . . than 100%. Comparison of the observed precipitation rates
mid-latitude location of the site, which can experience intru- : X .

. L from the CMAP observational reanalysis data seHayge-
sions of stratospheric air.

The agreement between the measured and modeled ﬂur)r(wan_n et aI(2_00© shows that also the observed precipitation
. : fate in the Tien Shan region is less than 1 mm/day when av-
at the Berkner Island site is relatively good regardless of

. o feraged over a larger region. No direct observations from this
the flattening of the measured curve due to sublimation o reqion exist. meaning that also the quality of the CMAP data
gaseouseCl from firn. This confirms that the sublimation <9 ’ 9 quatrty

; . . . n rongly on the algorithm rive the pre-
is not a serious problem in the Berkner Island ice core. Thedepe ds strongly on the algorithms used to derive the pre

: ipitation rates from satellite measuremeritiagemann et
flatter increase from the natural level to the bomb producedgl_’ 200§. We assume that the Inylchek glacier in the Tien

level is partly due to this phenomenon but more due to the : . . .
. : : Shan mountains experiences locally much higher precipita-
different transport paths to the Antarctic continent, reflected,. . . )
! ' tion than the surrounding valleys. It is known that in the
by the slower increase of the modeled flux (see #)g. mountains the local precipitation rate depends strongly on
The modeled precipitation rates shown in TaBlagree precip b gy

) ) .the origin of air masses and can vary locally. Such local ef-
quite well with those calculated from the snow accumulation . . o L
: ) e fects are impossible to resolve within the model grid size of
rates of the ice cores. No direct precipitation rate observa- )
. . . B} . a couple of hundred kilometers.
tions exist from the Guliya, Huasdar, Tien Shan or Berkner

Island sites nor from the two Alpine glaciers. The precip-
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6 ‘ ‘ ‘ 4.3 Latitudinal dependence of the bomb peaks ofCl
—e—Dye3 —=s— Huascaran fluxes

5 [ —&— Fiescherhorn ——NGRIP 1
—<— Grenzgletscher ~ —o—Tien Shan . . . .
ey e Bertoer lelan It is interesting to consider how the amplitude of i€l

] bomb peak depends on the location of the ice core and the
role of the local precipitation rate and latitude of the site.
1 We have animated the zonal and monthly méé@al con-
centrations which show the location of the bomb produced
] 36Cl input into the stratosphere and its mixing and transport
to the troposphere. Further animations illustrate the monthly

precipitation (mm/day)
w

i 2 \‘/ \ // \ - e 1 ~ ;
1 A\z,,,m\z P \/M\Z/m oy mean deposition ofCl globally as well as in Greenland and
0 ﬁ\‘cgi;,‘glz;gﬁ* ‘ P = Wa/ﬁﬁ Antarctica. The animations are provided as supplement for
1950 1955 1960 1965 1970 1975 this manuscript.

year Figure4 shows that the modeled bomb peaks are largest at
Guliya (35 N), Tien Shan (42N), Fiescherhorn and Gren-
Fig. 5. The modeled annual mean precipitation rates (mm/day watezgletscher (48N), located in the subtropics-midlatitudes
equivalent) at the ice core sites. where the stratosphere-troposphere air exchange is strongest
at the subtropical tropopause breaktolfon et al, 1995
Stohl et al, 2003. The large precipitation rates at the two
Swiss alpine sites probably also increase*#@ deposition
but not at Guliya or Tien Shan where the modeled precipita-
tion rate is quite low. At Dye3 the precipitation rate is quite
In order to compare the different ice cores with each otherhigh which leads to a rather large bomb peak although the
we show the modeled annual me3%Cl fluxes on a lin-  direct influence of stratospheric air is lower at®& The
ear scale (Fig4). The fluxes at all ice core sites exhibit modeled bomb peak at Huasaaris also low although the
a maximum between 1955 and 1960. At Guliya the maxi-modeled precipitation rate is the largest. The Husataite
mum occurs two years later than at other sites but reflectés located close to the equatof ) so that less stratospheric
the enormous seasonal variability so that the high values durair reaches the site than in the subtropics. The peak is lowest
ing 1957—-1959 are caused by one single month of very highat Berkner Island site (?%) because of the very low precip-
deposition. The fluxes at Fiescherhorn and Grenzgletscheitation rate and because little stratospheric air reaches high
behave in a very similar way and quickly drop down during latitudes.
1957 and 1958 after the peak of 1955-1956 and then rise The modeled global annual mean deposition flu¥&a!
again during 1959 and 1960. This drop seems to follow thesuggests (see the animated global deposition flux) that the
drop in the precipitation rate, shown in Fif. before new bomb peak is visible all around the globe, even in very dry
large test series started in 1958. The modeled bomb pea#ireas. This is confirmed by the observable, though low, bomb
at Huascaan and Berkner Island, the only southern hemi- peak measured and modeled at the Berkner Island site. Inde-
spheric sites, are somewhat different from the modeled peakpendent of thé®Cl concentration in the atmosphere the wet
in the Northern Hemisphere. The maximum at both sites isdeposition is always dominant90%) except in very dry ar-
reached in 1956, when the precipitation rate is similar to ear-€as (central Antarctica, Sahara, west of the African and South
lier years. This is about a year later than at the other sites anmerican continents) where the fraction of dry deposition
probably reflects the fact that the bomb tests took place in thean be above 50% at largest.
Northern Hemisphere and more time was required until the Figure6 illustrates the time evolution of the zonal and an-
36C| atoms reached the other hemisphere. The French atomual mear?®Cl deposition fluxes. The peaks are larger in
bomb tests starting 1968 at Mururoa and Fangataufa atollthe Northern Hemisphere in the fifties and sixties because
were the only tests performed in the Southern Hemispherethe bomb tests took place in the Northern Hemisphere and
These tests can clearly be seen as a maximum in the Huagiso, after the hemispheric mixing of the stratosphere, re-
caian and Berkner Island fluxes but are much less visibleflect the stronger stratosphere-troposphere exchange in the
in the northern hemispheric sites. These tests took place ilNorthern Hemisphere. Because of this the fluxes are conse-
the southern hemispheric winter months (May to Septemberjjuently lower by~20% in the Southern Hemisphere than in
during which the Brewer-Dobson circulation very efficiently the Northern Hemisphere. The peaks are larger in the South-
transports thé8Cl atoms towards the southern high latitudes ern Hemisphere following the French bomb tests there com-
so that not mucReCl reaches the Northern Hemisphere. The mencing in 1968. The maxima of the fluxes occur in the mid-
peak at Huascan occurs in 1968/1969 and slightly later at latitudes, between 30and 50 in both hemispheres reflect-
Berkner Island again reflecting the longer transport path taing the stratospheric origin of the bomb producé@l. In
Antarctica. the tropics there is another smaller maximum caused by the
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Fig. 6. The time evolution of the modeled annual zonal mé%@l deposition fluxes (above). The time evolution of the modeled annual
zonal meartSCl deposition fluxes averaged over 10-degree latitude bands (below).

extreme precipitation rates in the intertropical convergencethe repeated input 6Cl due to new tests but rather reflect
zone. The fluxes are lowest in the polar latitudes’B0P) the steepness of the slopes.

where the difference to the midlatitude fluxes is a factor of The slopes are very similar if calculated from the mod-
5-6. The Southern Hemisphere test peak starting in 1968 igled fluxes. The mean residence time’?&! at all ice core
well visible in the Southern Hemisphere fluxes and to somelocations is 3—4 years except at Huagea(5—6 years) and

extent in the Northern Hemisphere low latitudes. Tien Shan (5-6 years). The flatter fallout of tH€l fluxes
_ _ _ at Huascaan is due to the later southern hemispheric bomb
4.4 Stratospheric residence time of bomb produce#fCl tests which contribute more to the Southern Hemisphere

core. The modeled slope is even flatter (corresponding to

Most general circulation models overestimate the verticala residence time of 7 years) because the modeled increase in
transport of tracers, leading to an underestimation of stratothe deposition flux is larger than in the measured flux. This
spheric residence time and concentratioMalfowald et might indicate that the estimated input from the latest tests
al, 2002. Simulations of stratospheric tracers made with js slightly too large but because we have data from only two
ECHAM4/5-HAM also point to this problemT{mmreck et southern hemispheric ice cores it is too early to draw strong
al,, 1999 Heikkila et al, 20083. Therefore it is of impor-  conclusions. The residence time given by the fallout curve of
tance to investigate the extent the model underestimates thC| (3—4 years) is longer than the assumed stratospheric res-
stratospheric residence time3£1 and so the fallout pattern idence time of cosmogeni@Be or3¢Cl| of ~1 years (Sach-
in the 3°Cl deposition fluxes. senhauser et 3). because the slope is flattened by the re-

The average slopes of the fallout curves from the differ- peated tests which raise the deposition fluxes during the later
ent ice cores are shown in Talde except for the Berkner years. The stratospheric residence time can be estimated dur-
Island core because the fall-out pattern is unrealistically flating years when no additional tests took place. For example
due to the mobility of gaseo®Cl in firn. They have been in 1962—-1968 when no additional tests took place the slope
calculated as the slope of the logarithmic fallout curve but
we show the corresponding atmospheric residence time. The 1sachsenhauser, H., Zerle, L., Beer, J., Masarik, J., and Nolte,
fallout curves do not show the correct residence times due t@., Atmospheric transport of cosmogenic radionuclides, Wengen
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of the modeled fallout is a bit steeper than the measured fluxmodeled precipitation rate at Guliya agreed mostly well with
at least in the Dye3 core. This is caused by the overestimatethe precipitation rate calculated from the snow accumula-
downward transport of the model, mentioned above. Thetion rate of the core. The modeled flux at Guliya was very
residence time estimated from the modeled fluxes betweetarge due to the location of the Guliya site in the subtropics
1964 and 1968 varies between 1.3 and 1.7 years, which isvhere the stratosphere-troposphere exchange is largest. The
slightly shorter than the estimated residence time 603 Guliya site is also influenced by the monsoon which leads
years from the Dye3 core b8ynal et al.(1990 between to an extremely large seasonal variability in the precipitation
1960 and 1964 when no tests took place in their estimatednd therefore deposition 8fCl. The rather low measured
input function. The other measured fluxes are not optimal®éCl flux at Guliya might be explained by the fact that some
for the residence time estimation during these years becausgf the snow is lost due to strong winds in the Guliya plateau.
of their coarser temporal resolution. The NGRIP data has an At other drilling sites the agreement between the modeled
annual resolution but does not show a steeper drop-off ratand measured fluxes was quite good. In the Dye3 ice core the
during this period. The Tien Shan data has an even higheobserved maximum occured later than in the modeled flux
than annual resolution which makes it difficult to distinguish which is probably caused by some local scale processes be-
between a steeper drop-off rate or seasonal variability. cause the dating of the Dye3 core is reliable. $¢@! flux at
Another reason for the longer residence time of bomb pro-Huasca&n and Berkner Island, which are the only southern
duced36Cl compared with the~1 year estimated by Sach- hemispheric ice cores, clearly show the French bomb tests
senhauser et &l.is the very different input distribution of which took place in the end of the sixties and seventies in
natural and bomb produce§Cl. Whereas the cosmogenic the Southern Hemisphere. TRECI fluxes in the northern
36Cl is produced mostly at high latitudes due to geomag-hemispheric cores do not show these tests as clearly.
netic shielding of cosmic rays in the atmosphere, the bomb An animation of the®®Cl concentrations in the atmosphere
input takes place in the tropical stratosphere. Followingshows that the extent and speed of mixing between the hemi-
the Brewer-Dobson circulation the bomb produdé@l is  spheres depends on the season of the test>*Hgroduced
transported towards the high latitudes before it sinks and idy the tests in wintertime is more efficiently transported to-
transported to the troposphere in the subtropics where thwards the pole which leads to a weaker signal in the oppo-
stratosphere-troposphere exchange is most effickéoitgn site hemisphere. The animated world-wide deposition flux of
et al, 1995 Stohl et al, 2003. This leads to a longer strato- bomb produced®Cl shows that the fallout of bomb produced
spheric transport path than the cosmogéf@ whichis pro- ~ 36Cl is largest in the subtropics and midlatitudes where the
duced in the high latitude stratosphere. air exchange between the stratosphere and the troposphere is
strongest, but also in the tropics due to the high precipitation
rate. In Greenland the fallout is slightly smaller in amplitude
5 Summary and conclusions than in the mid-latitudes whereas in Antarctica the signal is
significantly smaller. In polar regions, both in Greenland and
The bomb test produced deposition peakidil, observed in  in Antarctica, the amplitude of the bomb peak depends on
ice cores world-wide was used to investigate the ability of thethe precipitation rate, which varies so much locally that the
ECHAM5-HAM general circulation model to simulate the quantification of the amplitude of the peak is very difficult.
stratospheric transport and residence timé&%ail. We mod-  The results indicate that the bomb peak should be clearly vis-
eled a 21-year period from the beginning of the atmospheridble everywhere on the Earth, even in the driest areas.
bomb tests in 1952 until 1972. All tests that produééal The fallout pattern, both modeled and measured, reveal a
took place in the tropics. Comparison of the ice céf€l very similar slope, which corresponds to a residence time in
deposition fluxes with the modeled deposition fluxes indi- the order of 3—4 years. This slope does not directly show
cate that the total input of bomb produc®Cl into the at-  the atmospheric residence time of the bomb proddéed
mosphere was-80kg, in agreement with previous studies. because of the repeated input¥€l into the stratosphere
There are differences in the amplitude of the bomb peaksaused by new tests, which flattened the fallout pattern of the
from different cores depending on their latitude as well asdeposition fluxes. The good agreement between the modeled
the precipitation rate at the drilling site. and the observed slopes indicates that the form of the input
The modeled fallout pattern of th€Cl deposition fluxes  function of the bomb produce¥iCl is reasonably well recon-
agrees generally well with the measured fluxes in the Dye3structed. The modeled stratospheric residence timé&aif
Fiescherhorn, Grenzgletscher, Huaéoamand NGRIP ice during a period when no new tests took place are 1.3-1.7
cores. At Tien Shan site the model somewhat underestiyears, which are slightly lower than the2 years estimated
mates the measured flux. In the case of the Guliya core thérom the Dye3 ice core. This means that although the middle
modeled flux was significantly larger than the measured flux.atmospheric version of ECHAM5-HAM somewhat overes-
There was a consequent offset of the modeled flux duringimates the stratosphere-troposphere exchange it still does a
the whole modeled period but the fallout pattern was veryreasonable job in simulating the transport and atmospheric
similar in both the modeled and the measured flux. Theresidence times of stratospheric tracers.
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