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Abstract. We test the proposal that the Sun’s magnetic ac-solar wind, is a significant factor (Tinsley and Deen, 1991,
tivity, communicated via the solar wind, provides a link be- Svensmark and Friis-Christensen, 1997; Soon et al., 2000;
tween solar variability and the Earth’s climate in the Antarc- Lockwood, 2001; Stamper et al., 1999). If this proves to be
tic troposphere. The strength of a geomagnetic storm is on¢he case, then there are, at present, three main contenders
indicator of the state of the solar wind; therefore, we use thefor the possible mechanism involved: first, Svensmark and
dates of 51 moderate to strong winter geomagnetic storms&riis-Christensen (1997) propose that the ionizing effect of
from the period 1961-1990 to conduct a series of superposedalactic cosmic rays influences climate-changing cloud for-
epoch analyses of the winter South Pole isobaric height andnation and cover, by increasing the number of cloud conden-
temperature, at pressures of between 100-500 mbar. Usingation nuclei (Svensmark and Friis-Christensen, 1997; Marsh
Student’st-test to compare the mean value of the pre- andand Svensmark, 2000). The Sun’s magnetic field modulates
post-storm data sets, we find no evidence to support the hythe flux of cosmic rays impinging on the Earth’s atmosphere,
pothesis that there is a statistically-significant correlation beforming a link between solar variability and climate vari-
tween the onset of a geomagnetic storm and changes in thability. A second theory is that the solar wind can modu-
isobaric temperature or height of the troposphere and lowetate the vertical atmospheric air-Earth current density on a
stratopshere over the South Pole during winter months. Thiwariety of time scales (Tinsley, 1996). The resulting elec-
concurs with a similar study of the variability of the tro- trical effects on cloud microphysics (electro-freezing) give
posphere and lower stratosphere over the South Pole (Lamise to changes in the dynamics of the atmosphere. Thirdly,
and Rodger, 2002) which uses drops in the level of observedirnold and Robinson (1998) postulate that the deposition,
galactic cosmic ray intensity, known as Forbush decreasegjue to geomagnetic activity, of energy via particle precipita-
as a proxy for solar magnetic activity instead of geomagneticdion and Joule heating into the lower thermosphere gives rise
storms. to changes in wind and temperature profiles there. These,
in turn, affect the reflection and absorption of planetary and
_gravity waves. They have demonstrated that solar-cycle vari-
ations in the temperature and winds of the lower thermo-
sphere can cause substantial variations in stratospheric tem-
peratures. Their model did not extend into the troposphere;
however, their work opens up the possibility that solar ac-
1 Introduction tivity on a variety of scales may affect the stratosphere and

I _ possibly the troposphere via this mechanism.
The variability of the Sun and of the Earth’s climate are well £ ¢ al. (2000 wudi q q
established, but the extent to which the two are closely linked =90r0Va €t al. (2000) use cases studies and superpose
epoch methods to analyse daily pressure, temperature and

is not clear. What is missing, at present, is a complete un-" . .
derstanding of the various physical mechanisms that conneé’tymd data above the Antarctic station Vostok (r&5

the Sun to the Earth’s climate. Many hypotheses concen-loag E). They conclude that their data provide evidence

trate on the link between the Sun’s output of electromagnetiﬁgﬁg vV\\/I:?rlnni:gd(i‘yél'):gL?ﬁg g?;fgiﬁi;;eoioélo;f:q b')ll'r?e?/ay_

radiation and the climate on Earth (e.g. Lean et al., 1995, . :
also suggest that Forbush decreases are associated with a re-

duction in atmospheric pressure at all altitudes below 20 km,
and a reconstruction of the whole wind system which occurs
Correspondence tayl. M. Lam (M.Lam@bas.ac.uk) between 0-5 days after the Forbush decrease. With a view to

Key words. Interplanetary physics (solar wind plasma; cos-
mic rays) — Atmospheric composition and structure (pres
sure, density and temperature)

White et al., 1997; Haigh, 1999), but there have been propos
als that the Sun’s magnetic activity, communicated via the
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Fig. 1. Superposed epoch analyses of the winter isobaric height and temperature, at pressures of 100 mbar, 200 mbar, 400 mbar and 500 mbe
with those for isobaric height in the left-hand column and those for isobaric temperature in the right-hand eotar@iris the start time
for each ofn geomagnetic storm events that meet the data selection criteria. The solid line in each plot represents the superposed epoch
analysis and the dashed lines have been placed a standard deviation above and below the resulting superposition. The title of each plot give

the pressure level, the number of events used in the superposition and, in bracketsstheatistic and its significance for the difference
between the mean values on days and+1.

finding the spatial extent of the Egorova et al. (2000) result,panying solar-proton events), as well as their own set of For-
Lam and Rodger (2002) conducted a similar study using win-bush decrease events, Lam and Rodger (2002) conclude that
ter tropospheric isobaric temperature and height data at théhere are no observable changes in isobaric temperature and
South Pole (0S), located 1000 km away from Vostok. Using height associated with Forbush decreases. Having discussed
both the Egorova et al. (2000) set of Forbush decrease eventhe Egorova et al. (2000) method with one of the authors, and
(including the distinction of those with and without accom- having investigated the Vostok data, Lam and Rodger (2002)
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consider that the difference between their results and thos&Ve identify the start of a storm as the time when the binned
of Egorova et al. (2000) are due to significant differences invalue of Dy, data first falls below-70 nT. If the D, indexm
method. half-days later is larger in magnitude by a factor of (1725)
Geomagnetic storms can be used as an indicator ofhen the first date is ignored and the later one is used. This
changes in magnetic solar activity, in a similar way to For- provides a consistent and objective way of choosing the time
bush decreases. Although Forbush decreases are often ref the beginning of a storm when a storm takes more than
lated to geomagnetic storms, we extend our original studyl2 h to reach its minimum value, and is especially useful for
(Lam and Rodger, 2002) by explicitly investigating whether identifying the start of very strong storms. If the storm am-
any correlation can be found between moderate to strong geplitude decays away during the next 5 days, then the date is
omagnetic storms and winter tropospheric isobaric temperaaccepted; however, if another significant minimum (of less
ture and height over the South Pole. An effect on climate isthan—70nT and at least half the size of the first minimum)
looked for without distinguishing between any of the three appears within this time, then the date is discarded. Also, if
mechanisms mentioned above. Geomagnetic storms are inthere is any significant storm activity in the 5 days leading up
tiated when there is an enhanced energy transfer from th#éo a storm date, then that date is discarded. Our results will
solar wind/interplanetary magnetic field (IMF) into the mag- be limited by the assumption (which we consider to be rea-
netosphere. Th®,, index is one well-accepted measure of sonable) that any reaction of the atmosphere to the presence
the resulting intensification of the ring current (Tsurutani et of a geomagnetic storm occurs within a period of 5 days. The
al., 1999). In the initial phase of a geomagnetic stofiy, 51 dates resulting from our analysis are presented in Table 1.
typically increases to tens of nT for an interval lasting be- Using the dates in Table 1, we conduct a superposed epoch
tween minutes and h. Thedy, can drop to below hundreds analysis of the winter isobaric height and temperature, at
of nT for up to several hours during the main phase followedpressures of 100 mbar, 200 mbar, 400 mbar and 500 mbar.
by a gradual return to normal over a period of a day to a weekWe discard events for which there is a gap in the data of more
(the recovery phase). than 48 h in the period of the analysis, which commences 10
days before the date of a geomagnetic storm and ends 10 days
after that date. The results are presented in Fig. 1, with those
2 Method and results for isobaric height in the left-hand column and those for iso-
baric temperature in the right-hand column. The solid line in
The aim of this study is to ascertain whether any signifi- each plot represents the superposed epoch analysis and the
cant response to geomagnetic storms can be seen in the temashed lines have been placed a standard deviation above and
perature or isobaric height of the atmosphere in the 12 kimbelow the resulting superposition. The title of each plot gives
or so above the South Pole. Our principal method is tothe pressure level, the number of events used in the superpo-
perform a superposed epoch analysis of the meteorologicaition and, in brackets, thestatistic and its significance for
data with the start date of the storm defined as day 0. Wehe difference between the mean values on daysand+1.
make use of upper air meteorological data from the National A very small difference between the means of the isobaric
Oceanic and Atmospheric Administration/Climate Monitor- height on days-1 and+1 of a superposed epoch study could
ing and Diagnostic Laboratory (NOAA/CMDL) observatory be significant if the number of data points is large. Con-
at South Pole, available at the ftp://ftp.cmdl.noaa/gov/metiversely, a difference may be large yet not significant if there
raobs/ website. The instruments used to measure the tempegire few data points. Student'gest uses the concept of “stan-
ature and pressure data are a platinum resistance probe addrd error” to measure the significance of a difference in the
a pressure transducer. We use data in the period 1961-199heans of two data sets. Typically the standard error is equal
As is the case for Egorova et al. (2000), only the meteorolog+o the sample’s standard deviation divided by the square root
ical data during May—September are used, in order to excludef the number of points in the sample. When two distribu-
the influence of direct solar radiation. tions are thought to have the same variance but possibly dif-
In order to get the best chance of seeing a response iferent means, then thestatistic for sample populations
our superposed epoch analysis of data, we use moderatndy, with meansx andYy, is computed by estimating the
to strong geomagnetic storms which appear at otherwisestandard error of the difference of means from the pooled
fairly quiet times. Our method selects storms which arevariance using the formula:
preceded by a period of non-storm activity and which pos- ¢ _ y
sess a well-defined onset and a steady, roughly monotonit = SE’
decay. The purpose of this is to ensure that any storm- ' . _ )
related effects on the South Pole meteorology appear iﬁ/vhere S.E is the standard error and is equal to:
a consistent fashion, as there may be a delay of greate§.E =
than one day between the storm onset and its effect in the — B N_1 _ M—1 _
atmosphere. We first place the houry;, index, avail- \/(N T MYy (i — 02+ 2izo (i~ y)z]’ (2)
able from the National Oceanic and Atmospheric Admin- N+M-=2
istration/National Geophysical Data Center (NOAA/NGDC) whereN andM are the number of points in the first and sec-
website at http:/www.ngdc.noaa.gov/, into 12-hourly bins. ond samples, respectively. The Student’s distribution proba-
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bility function (not given here), A(v), gives the probability
that two distributions with equal means wouldt generate
ar-statistic this large just by chance. Two means are consid-
ered to be significantly different if the Student’s distribution
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Table 1. Dates of 51 moderate to strong winter geomagnetic storms
in the period 1961-1990, as identified frdy; data

- . . o 28 Jul. 1961 15 Sep. 1963 23 Sep. 1963
probability function is greater than 0.99. The significance 27 May 1966 4 Sep. 1966 3 May 1967
level is equal to 1-Afjv); therefore, a small numerical value 26 May 1967 6Jun. 1967 21 Sep. 1967
of the significance (about 0.01 to 0.05) means that the ob- 29 Sep. 1967 8 Sep. 1968 15 May 1969
served difference is very significant. We use the IDL routine 30 Sep. 1969 29 May 1970 26 Jul. 1970
TM-test to compute Studentistest statistic and significance 17 Aug. 1970 18 Jun. 1972 14 Sep. 1972
using the data from days1 and+1, to determine if there 14 May 1973 6Jul. 1974 16 Sep. 1974
is a significant difference between the pre- and post-storm 3May 1976 10 May 1978 5Jul. 1978
means of the isobaric height (or temperature). We make the 28 Aug. 1978 30 Sep. 1978 30 Aug. 1979
assumption that the variance of the data sets on ddyand 19 Sep. 1979 26 May 1980 11 May 1981

. . 26 Jul. 1981 24 Aug. 1981 27 Sep. 1981

+1 are equal; the average percentage difference between the
. . 14 Jul. 1982 7 Aug. 1982 7 Sep. 1982
variances of the day-1 and day+1 data sets is 4% for the 14 Jun. 1983 8 Aug. 1983 5 Sep. 1984
8 cases presented in Fig. 1, which we deem to be accept- 12 Sep.. 1986 29 Jul 1987 26 Aug: 1987
able for use with the Studentistest. As the significance is 7May 1988 12 Sep. 1988 25 May 1989
never below 0.5 in value, we conclude that the onset of mod- 11 Jun. 1989 15Aug. 1989 29 Aug. 1989
erate to strong geomagnetic storms is not associated with a 27 Sep. 1989 13 Jun. 1990 29 Jul. 1990

statistically-significant change in the winter tropospheric iso-
baric temperature or height over the South Pole.

Figure 4 of Egorova et al. (2000) is a scatter plot which
compares the daily values of the winter temperature and presgifference between the daily value and the running-monthly-
sure over Vostok, with the temperature and pressure the daghean value, as a percentage of the running-monthly-mean
after a set of Forbush decrease events. It is a simple bujalue. The dashed lines have been placed a standard devi-
visually-striking plot and seems to present a clear indicationation above and below the mean. The numbers in brackets
that Forbush decreases are associated with a change in thgthin each plot give the-statistic and its significance for the
value of winter tropospheric temperature and pressure. Irjifference between the means of the complete winter data set
Fig. 2 of Lam and Rodger (2002), the South Pole winter tro-and the data set associated with geomagnetic storms. Again,
pospheric data are presented in an almost identical fashiofwe make the assumption that the variance of the two data
but show no indication of a correlation between the Lam andsets under comparison are equal (the average value of the
Rodger (2002) set of Forbush decrease events and noticeabffifference between the variances of the two data sets con-
changes in the values of upper air data. No statistical methocgerned for the 8 cases presented in Fig. 2 is 8%). There are
however, is used to confirm this result. no statistically-significant differences between the means of

To allow for a comparison with the studies of Egorova et the two data sets, indicating that we are again unable to find
al. (2000) and Lam and Rodger (2002), we also present oug correlation between the onset of moderate to strong geo-
data in the form of a scatter plot, but we increase the rigourmagnetic storms and changes in winter tropospheric isobaric
of the method by normalising the data first and conducting &emperature or height over the South Pole.

Student'st-test to compare the mean of all daily values with  \e have also conducted Studenttest to compare the

the mean of the values which occur the day after our set ofnean of all daily values with the mean of the storm-related
geomagnetic storms, that is, far = 1. We normalise the ygJyes forAr = (a) —2 days, (b)—1 day, (c) O days, (d)
data with the mean of the values commencing 15 days bes days, (e) 3 days and (f) 4 days, that is, we looked for a
fore a given data point and ending 15 days after it, whichsjgnificant correlation between the date of storm onsets and
we refer to as the running-monthly-mean for convenience.variabi“ty in the lower atmosphere every day in the range

In the plots on the left-hand side of Fig. 2, each spot repre+g 4 days after a storm onset. No plots are presented of these
sents the difference between the isobaric heighind the  results. Again, no statistically-significant differences were
running-monthly-mean isobaric heiglt,,, as a percentage found between the mean of the complete winter data set and
of the running-monthly-mean height for the day after a geo-the mean of the data set associated with geomagnetic storms.

magnetic stormAr = 1):
(h(At =1) — hy (At = 1))
hm (At = 1) ’

The results for isobaric temperature are presented in a simdsing superposed epoch analyses of upper air data around
ilar fashion in the right-hand column. The title of each plot the time of moderate to strong winter geomagnetic storms,
gives the pressure level and the number of storm dates (thand utilising Student’s-test to examine the difference be-
number of spots);, with good data. The solid line in each of tween the means of the superposition on dayisand+1,

the plots shows the mean (over all years of data used) of theve conclude that no statistically-significant correlation can

h(spoh = 100 (3) 3 Conclusions
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Fig. 2. South Pole winter meteorological data in the form of scatter plots, with those relating to isobaric height in the left-hand column and
to isobaric temperature in the right-hand column. The title of each plot gives the pressure level and the number of storm dates (number of
spots),n, with good data. The solid line shows the mean (over all years of data used) of the difference between the daily value and the
running-monthly-mean value, as a percentage of the running-monthly-mean value. The dashed lines have been placed a standard deviatio
above and below the mean. The numbers in brackets within each plot giv¢esiestatistic and its significance for the difference between

the means of the complete winter data set and the data set associated with geomagnetic storms.

be found between the occurrence of such geomagnetic stormes an indicator of solar variability, on the same tropospheric

and any variation in value of the isobaric temperature or iso-and lower stratospheric parameters over the South Pole (Lam
baric height of the troposphere and lower stratosphere oveand Rodger, 2002). In addition, our analysis suggests that the
the South Pole during winter months. This is in accord with mechanism proposed by Arnold and Robinson (1998) does
our previous study, which utilised winter Forbush decreaseshot vary lower stratospheric parameters over the South Pole
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in winter, even though there is a significant quasi-stationaryLean, J., Beer, J., and Bradley, R.: Reconstruction of solar irradi-
planetary wave activity in the mesosphere (Smith, 1997) dur- ance since 1610: implications for climate change, Geophys. Res.
ing the winter. One might not expect a contribution from  Lett, 22, 3195-3198, 1995.

gravity wave fluxes, which are probably low due to the lack Lockwood, M.: Long-term variat.ions. in the magnetic f.ields. of .the
of orographic features and severe weather systems over the ?“Cr_“ea:)”pdh;ze Qggosfggriéghzef 22%‘;‘;’ gggits and implications,
Antarctic in winter (King and Turner, 1997). Marsh, N. and Svensmark, H.: Cosmic rays, clouds and climate,
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