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Abstract. Major solar eruptions (coronal mass ejections) aretion of 14C due to the 11 year solar cycle, leaves only a very
accompanied by massive ejections of protons. When thesweak signal in atmospherféCO, and in tree rings (Stuiver
charged particles head for the Earth through the interplaneand Braziunas, 1993). The sudden increases associated with
tary magnetic field with high flux and energy, a solar proton solar proton events can therefore certainly not be detected
event (SPE) is recorded. Strong SPEs, in which energetiin 14CO, or in tree rings, because the reservoilt$€0; is
protons penetrate the atmosphere in large numbers are rararge. However, befor&'C enters the oceans and biosphere
but do have chemical effects (Crutzen, 1975; Jackman et alas 1*COy, it resides in the atmosphere in the incompletely
1990, 2001). They also have nucleonic effects by which theyoxidized form of*CO. Thus although &*C atom instan-
can almost instantaneously increase the atmospheric produtaneously oxidizes t4*CO (Pandow et al., 1960; MacKay
tion of radio-nuclides, including*C (radiocarbon), but this et al., 1963) the second chemical conversion,
has never been demonstrated. We show, using satellite obser-
vations and modeling, that the 2nd most intensive set of SPE$*CO + OH — “CO, + H (1)
on record, that of August-December 1989, must have caused
detectable increases in atmosphéficO. This is confirmed  takes on the average some months. This rapid but not im-
by a sequence of peaks in the Baring Head (NZ) time semediate turnover leads to a small but measuraf®0 in-
ries of 14CO observations (Brenninkmeijer, 1993), probably ventory; there are only 5 to 28CO molecules in 1 cfhof
providing a unique indication of production ) (® by solar tropospheric air near the surface, (;ompareds]l(ﬁ)4 14C02
protons, thus demonstrating the use of SBPEO as an at- molecules. This then allows the actual detectiohf pro-
mospheric tracer. duction by SPEs, provided that observations of this ultra-low
level tracert*CO do exist.

Observations of*CO have been made because it is the
1 Introduction only natural atmospheric tracer available that can help to

better quantify a fundamental property of the troposphere,

The global annual, solar cycle averaged atmospheric profamely its OH (hydroxyl) based oxidative activity or its self-
duction of ~7 kg of 14C atoms vialN(n,p)14C by cosmic c!eansmg_capacny. With OH ra_dlcgls constltu_tlng the main
radiation (mainly from high energy protons) forms the ba- sink regcthn of“CO_, and knowing its production rate, and
sis for the widely applied radiocarbon dating (Libby, 1952). measuring its Ie_vels inthe at_mosphere, OH abundance can be
14C enters the biosphere 44O, through its assimilation mferrgd accgrdmg to equation (1) above (MVolz et al., 1981;
by photosynthetic plants, and when for any living organism Brenninkmeijer et al., 1992; Mak and Southon, 199&kel
the exchange ofC with the atmosphere ceases, the radio- €t @, 1999, 2000, 20026dkel and Brenninkmeijer, 2002).
carbon decay clock starts to tick. It is well known tR4C It is, however, in view of the rarity of SPEs, a coincidence
production has changed in the past, and that it varies with sothat the second most powerful set of SPEs ever recorded,
lar activity with a period of about 11 years. Yet, it has been occurred just a few months after the first systematic obser-

; 14 ;
shown that a 25% modulation (peak to peak) of the produc-Va“QnS of**CO had 'started on the planet. In the followmg
we first calculate using satellite data, the productiod“cf

Correspondence td?. Hckel during the fall 1989 SPEs. Next we calculate using a state of
(joeckel@mpch-mainz.mpg.de) the art atmospheric chemistry transport model the expected
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Fig. 1. Annual zonal mean galactic cosmic ray indudé@o pro- tical axis measures the fraction of the totACO production during

duction rate (GCR, shaded) and annual zonal mean solar protothe indicated time interval of the respective event.

event induced#CO production rate (SPE, contour lines). The unit

is 10-3molec g1 s~ normalized to a global average production

rate of 1 molec cm? s~1. The yield of14CO from 4C oxida-

tion is assumed to be 95%. The plotted zonal average tropopause

level between August and November is calculated from the NCEPbackground GCR (Lingenfelter, 1963) and the SPE produced

reanalysis data for 1993 according to the WMO definition. 14C, a 3-dimensional atmospheric transport and chemistry
model (see Appendix) is used to calculate the resulth@p
distribution (it is assumed that 95% H1C is instantaneously

temporal changes i*CO. Finally we analyze the Baring converted to!4CO, Pandow et al., 1960; MacKay et al.,

Head (NZ)'“CO record for signs of these SPEs. 1963). Essential is the spatial and temporal pattern of the
production of'*CO, its transport in the atmosphere and its
concurrent removal by OH. The zonally averaged enhance-

2 Model simulations of SPE produced atmospheric ment ratio of}*CO, given as the ratio (SPE+GCR)/GCR,

14co simulated for the lowest model layer (Fig. 3, left) shows that

_ ) ~ atmospherid“CO temporarily increases up to 22% several
About 50% of'4C production by cosmic rays takes place in months after the SPEs.

the stratosphere, whereas for solar protons, which have lower
energies, thé*C production maximum is shifted higherinto A distinct asymmetry between the two hemispheres is pre-
the stratosphere (Fig. 1). dicted by the model. The simulated downward transport of
The energy spectrum of the 3 main 1989 SPEs (Fig. 2 give$*CO at this time of the year is almost as twice as effec-
the pulse shape) was measured by instruments of GOES-fve in the northern hemisphere (NH) compared to the south-
(Geostationary Operational Environmental Satellite). For so-ern hemisphere (SH). Repeating the model simulation as-
lar protons the rigidity spectrum (momentum over charge)suming an 80% reduced cut-off rigidity, the resulting sig-
follows an exponential function with a characteristic rigidity nal shape of exces$'CO is similar, however with a max-
Po from 50 to 325 MV (Freier and Webber, 1963; Lingenfel- imum increase of 55%. The time lag between the largest
ter and Ramaty, 1970) and the tot4C production (Table 1)  SPE (No. 3 in Table 1) and maximum excé460 is depen-
is determined by’ and the flux/ (Sauer et al., 1990; Shea dent on the location as shown in Fig. 3 (right). The model
and Smart, 1992; Feynman et al., 1993). does not resolve the individual events (the 2 main events are
Because geomagnetic shielding might be weakened duringnly 3 weeks apart). One of the biggest challenges for con-
geomagnetic storms occurring coeval to the SP&S,pro-  temporary chemistry transport models (CTMs) and general
duction can be enhanced (Lingenfelter and Ramaty, 1970)circulation models (GCMs) is still the realistic simulation
Therefore Table 1 also includes estimates for an assumedf strength and phase of the stratosphere to troposphere ex-
80% reduction in the cut-off rigidity (the minimum rigidity a change (STE). In order to resolve the three peaks, a much
proton needs to reach a particular point in the atmospherehigher vertical resolution would be needed at least, and most
These estimates are considered as upper limits. Given botprobably also much improved advection algorithms.
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Table 1. Characteristic rigidityPg, flux 1. 3gmev Of protons with energy greater than 30 MeV, and estimated 40 production for
normal cut-off rigidity (10099 and an 80% reduced cut-off rigiditydbooe) of the 3 major SPEs in 1989. For comparison, the amount of
14C0o produced during the SPEs is also listed as fraction (in %) of the annual global GCR produced backffe@ifdormalized to 1
molec cnm2 s~ global average), both for normal cut-off rigidity’{ooes), and for the reduced cut-off rigidityfbgos).

Date Po I.30mev  Q100% Jf100% 020% Sf20%
MV  cm—2 molec cnm2  %/moleccnm2s™!  moleccnm?  %/molec cnm2 s™1
12 Aug.—07 Sept.  60.6 .33-10° 1..027-10° 3.3 2433.100 7.7
29 Sept—13Oct.  102.0 .42.10° 2513.106 8.0 6210-10°  19.7
19 Oct—09 Nov. 77.4 .25.10° 4.378.10° 13.9 1079-10  34.2
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Fig. 3. Left: Zonally averaged enhancement!dCO (zonal mean ratio of th¥'co mixing ratio calculated including SPEs to tco

GCR background) in the lowest model layer after the 3 SPEs, calculated with the 3-D model for normal cut-off rigidity. The peaks in the
lower panel are proportional to théco production of the respective SPEs. Right: Zonal average time lag between the largest SPE and the
maximum exces$*CO (solid line). The dashed lines indicate the maximum and the minimum predicted time lag at a given latitude.

3 Observations of SPE produced atmospheri¢*CO organic compounds, by processes such as biomass burning
or the oxidation of natural hydrocarbons in the atmosphere,
With the model predicting significant increases4€0, ex-  contribute somé*CO. This fraction can be estimated. Back-
perimental verification is based on the Baring Head (3%$,4 ground CO at southern mid-latitudes is 90 to 95% of bio-
174.9 E, New Zealand)*CO record. This record (Fig. 4) genic origin, as fossil fuel sources are sparse and little CO
commenced in June 1989 some months prior to the threés imported from the NH (Manning et al., 1997). However,
strong SPEs, and comprises the only observational data avaieven this small fraction from the NH contains a substan-
able for this period. tial fraction of biogenic CO. Assuming that the background
The question whethéf"CO increases have been observed CO defined by the lower envelope (Fig. 4) (clear air, non-
in the austral winter of 1989/90 will be answered by compar-pPolluted conditions at Baring Head) is 100% biogenic, then
ing this period to that one exactly one year later as referencd-52*CO molecules/cfSTP, at the most, are estimated to
(no SPEs). be of biogenic origin in the SH (late) summer when the CO
A potential complication is that a fraction of the atmo- mixing ratio bottoms out a1§40 nmol/mol. This increases
sphericl4CO inventory is not directly due to cosmic radia- © 2-47 molecules/c'Pmn spring (about 65nmol/mol CO).
tion, but originates fromt“C that has been recycled through Therefore, the fraction of biogeni*CO varies systemati-
the biosphere. All atmospheric CO produced from non-fossilcally between only 18% and 25%. Because the baseline CO
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Fig. 4. CO (upper) and*CO (lower) measurements at Baring Head solar cycle (scc).

(41.£ S, 174.9 E), New Zealand for the years 1989 to 1991. The
black solid line shows the result of the data smoothing, the red line

indicates the smoothed data corrected with respect to solar variatiowheren is the neutron count rate.is the time. and the in-
of the GCRCO background production rate using neutron count ' '

rates of the Mt. Wellington (42.925, 147.25 E) neutron monitor. . ;
The scatter in CO is the result of CO from local sources during §ponse time =3.5 months for atmospheri'(‘}CO to changes

. . 1
non background conditions. This CO is free4€0. Non clean air N the global source strength is used for deducing fi@o
conditions were included to not bias tHC record towards specific  Mixing ratio time dependencedkel et al., 2000). Th&¥CO

dex (smin) indicates solar minimum. Further, an average re-

meteorological conditions. values are therefore scaled by

12
mixing ratios at Baring Head (Fig. 4) for the consecutive c.(t) = Z wicy(t — i), 3)
(late) summer periods did not differ by more than 5%, bio- i=1

genic CO cannot have affected ob;er\lzéﬁolby more than  \yhere; counts the months backwardse = 0.14 is the es-
about 1%. Accordingly, no correction for biogerftCO in timated relative contribution of the current month's produc-
comparing the two consecutive years is necessary. tion rate,u; o exp(—i/7), andy" 2, w; — 1. After having
The*"CO time series (Fig. 4) is smoothed W'gh alow-pass corrected thé*CO record for modulation by solar activity,

convolution filter of the formf () = exp((~/T)?) using & and having shown that the effect of changes in total CO, via
time window7 =1 week in the frequency domain (by Fourier biogenicl4CO, are negligible, the remaining differences be-
transformation) after linear interpolation to obtain daily val- yyween the 2 consecutive years have only 2 possible causes.
ues (linear interpolation to daily values does not introducepne is that synoptic scale changes in atmospheric circula-
artificial oscillations, as long as no original data point is re- iy affect14CO levels. For instance. soon after the record
garded to be an “outlier”). Because during 1989 and 1990 S04 started in winter 1989, conditions of southerly air mass
lar activity was at its maximum (solar cycle 22) it can be ex- and southerly gales at the site were frequent in July and later

pected that the global averafCO background production  again in October, leading to elevat¥CO levels, manifest
did not vary significantly between the two years. To totally i, Fig. 5 as the first 2 clear peaks.

rule out effects related to changing solar activity, other than  yawever the three subsequent peaks (framed by the green
the SPEs, th&*CO data further are normalized to equal con- box in Fig. 5) occur 11%2, 89+2 and 1142 days after the
ditions (Fig. 4) of solar activity using neutron monitor data three SPESs, within the period for which the model predicts
of Mt. Wellington (42.92 S, 147.28 E, Tasmania) assuming  enhanced“CO. The observed relative peak height does cor-
that the relative changes in amplitude of neutron count raterespond to the strength of the SPEs in terms off@0 pro-

and of“C production during a solar cycle is the same. The 4ction rate. Moreover, the time lag between each SPE and

resulting scaling of the global source strength is the respective measured maximum excé€0 does corre-
n(t) spond to the characteristic rigidity of the events (Table 1).
cq(t) = (2)  With increasing characteristic rigidity the SPE indudé@o

nsmin
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prodqctlon reaches deeper into th.e atmosphere and it takelsable 2. ECMWEF reanalysis based subsidence durations between
less time to transport the excess signal to the surface. Thesge jisted pressure levels in days for the northern hemisphere (NH)
are strong indications that these 3 peaks observed are indeg@ld the southern hemisphere (SH). The values are averaged over
caused by the SPEs. Following these events, considerablgy to 9¢° latitude, and the months of August to November. For the
oscillations in the ratio between the consecutive years occuaverages of the years 1979 to 1993 the uncertainty is the standard
related to strong changes #iCO in February—June 1991, deviation according to the year-to-year variation as described in the
again related to meteorological conditions. Moreover thesdext. In addition, the respective subsidence times for the year 1989

peaks occur during the steep increasé4@80 during fall. ~ are listed.
The rapid building up of a strong north sodthCO latitudi-
nal gradient augments the impact of synoptic scale meteoro- Pressure [hPa] subsidence duration [days]
logical differences. SH NH

For testing the sensitivity of resolving the 3 peaks to the 1979-1993 1989 1979-1993 1989
sequence and distribution of actual data points, the analyses 30t 70 129639 140 17A53 222
were repeated with reduced data sets from which randomly 188201220 62&%12 gg 755112; gg
10% of the Qa'Fa points had begn omitted. All results obtglned 150 to 200 195 2 17 2343 o5
were very similar to the one using the comple_te se.t. T_h_|s test 50010 250 158 2 13 18+ 2 19
provides, however, no measure for the statistical significance 55q 1o 300 18+ 3 17 164 2 17

of the resulting signal, due to the limitations of the dataset.
Only a few data points are causing the derived signal, and no
data point is regarded to be an “outlier” in our analysis. More

data are simply not available. _ . respective averages for the year 1989. Frohthe average
_ Finally, the influence of “meteorological noise” on the de- gpsidence time between the levels listed in Table 2 has been
rived signal has been tested by smoothing the observed da@omputed A7 = Ap/w®).
with a longer time window off' =4 weeks. The result (in-  The year-to-year variation of this subsidence time is com-
cluding the correction for solar activity) is also shown in puted (error propagation) as standard deviatiogp =
Fig. 5 (purple line). Due to their short time scale, the three(Ap/w*z)%*, whereAp is the pressure interval, ang, is
individua] peaks are not Ionger rgsolved. However,' the 0b+he standard deviation af* from the 15-year average. Com-
served signal becomes very similar to the model simulated,tations for the two hemispheres of the extra-tropical aver-
signal for normal cut-off rigidity, whereas the oscillations age ofw* (i.e. of the strength of the Brewer-Dobson circu-
outside the time interval in question (i.e., outside the greengion) using ERA data give generally somewhat larger (tens
box in Fig. 5) are significantly reduced in amplitude. This ¢ %) values than found in similar studies. For thé as
is indeed an indication that the signals attributed to the SPEgi5e in this study, averaged as described above, an educated
are not caused by meteorological variations, in contrast to th%uess of its accuracy is 50%. More accurate vertical veloc-
other oscillations. ity data are presently not available. Assuming a time lag of
14 days for the air that just crossed the tropopause (Fig. 1)
4 to reach the surface (tropospheric vertical mixing time), the
4 Cross tropopause transport of SPE produced‘CO maximum observed exce¥4O at Baring Head induced by
the three SPEs should then originate from a pressure level be-
tween 95 hPa and 120 hPa, not considering the uncertainty in
! ) . . _%e subsidence velocity. With a 50% overestimate of the sub-
estimate is derived from the mean downward motion of Al sidence velocity, the respective levels are 55 hPa and 70 hPa.
he maximum of the SPE inducéCO production rate is

in the lower stratosphere at high latitudes using meteorologi-
cal data. This downward motion can be regarded as a part o xpected to be somewhat higher (see Fig. 1), at about 30 hPa,
however depending further on the characteristic rigidity of

the global stratospheric Brewer-Dobson circulation (Holton
The particular event and the cut-off rigidity. Furthermore, the

et al., 1995). We diagnosed the Transformed Eulerian Mea
(TEM) vertical velocityw™ (Peixoto and Oort, 1992), using {)roduction rate between 70 hPa and 100 hPa exhibits a signif-
cant contribution to the total SPE induc¥tCO production.

Because the timing of the transport of SPEEO from the

the 15 year (1979-1993) ECMWF reanalysis (ERA) data se
(Gibson et al., 1997). The TEM circulation is the Eulerian
mean circulation in which the part forced by eddy heat trans-

port is removed. For each of the 180 months of the ERA5  Conclusions

period, thew* in the lower stratosphere has been diagnosed

separately, with a latitudinal resolution of 2.5 degrees and aBased on GOES-7 satellite measurements of solar proton
the levels of 10, 30, 50, 70, 100, 150, 250 and 300 hPa. Thélux, we calculated the additional atmospheéfi€0O produc-
results applied in this study are 15-year August to Novembetion caused by the 3 major SPEs in 1989. During the SPE
averages over the regions poleward of 68long with the  periods of some days, the equivalent of 3.3% to 34.2% of
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the total annual GCR produced backgrodi@O (normal-  total amount of'*CO production is distributed (daily aver-
ized to 1 molec cm? s~1 global average production rate) has ages) according to the flux of protons with energy greater
been produced in the stratosphere, whereby the individuathan 30 MeV (Fig. 2). The model simulations were initial-
fraction depends on the specific event and the cut-off rigidity.ized with a global*CO distribution pre-calculated with the
The downward transport of this SPE produced ex¢é6© same model (2 year integration starting from zero mass mix-
was simulated with a 3D global chemistry transport modeling ratio) without SPEs. One model run including the 3 ma-
(CTM). For normal cut-off rigidity, the model predicts an in- jor SPEs (assuming normal cut-off rigidity) and one run with-
crease of up to 22% ih*CO at the surface (lowest model out SPEs simulate the effect of the SPEs. Model output was
layer) with a location dependent time lag of 80 to 160 daysarchived as 5-day averages.
after the SPEs. The corresponding peak increase at Baring
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