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During the 1988-1989 field season, we undertook the high-
resolution nitrate analysis of a snow sequence from Windless
Bight on the Ross Ice Shelf. A firn core was drilled by hand
to a depth of 21.7 meters. All analytical operations were per-
formed in a portable field laboratory at Williams Field located
7 kilometers from the drill site in Windless Bight. Sampling
was accomplished at the drill site. Cores and samples were
handled only with cleaned stainless steel implements. In all
cases, cores were trimmed to remove any possible contami-
nation from sides or ends. After trimming, 1.5-centimeter-thick
samples were cut sequentially from the core, and each sample
was immediately placed in a cleaned, numbered glass vial and
sealed with a polyethelene cap. All samples were transported
from the drill site to the laboratory on the day that they were
collected. They were kept frozen until approximately 1 hour
before analysis for nitrate by ultraviolet spectropho tome try.
Analyses were always completed within 24 hours of sampling
with an analytical precision of less than 2 percent for a mean
concentration of 16.28 ± 0.25 micrograms per liter. The results
of the study are shown in figure 1.

Data obtained show clear evidence that the snow sequence
contains a chemical record that includes a signal of ionization
from charged particles incident upon the upper atmosphere
of the Earth. The antarctic continent acts as a cold trap that

effectively freezes out this signal and retains it in the stratig-
raphy of the ice shelves and the continental ice sheet. The
signal that was measured results from the ionization of nitro-
gen and oxygen, the two primary constituents of the Earth's
atmosphere, which subsequently react to form oxides of ni-
trogen. A large portion of the nitrogen oxides produced are
ultimately oxidized to nitric acid and incorporated in snow
crystals together with nitrates from tropospheric sources that
also contribute to the general background. Based on uninter-
rupted, high-resolution sampling, variations in nitrate con-
centration were found to average about 53 percent (1 standard
deviation) of the mean concentration for the entire core. Short
pulses of high nitrate concentration were found to vary by up
to 11 standard deviations above the mean as shown in figure
7

The time series that resulted from a total of 1,393 individual
analyses, corresponding to 62 years and including more than
5 solar cycles, shows a statistically significant modulation of
the background signal that is clearly traceable to known solar
flares. Several anomalously large concentration peaks were
observed that have been dated and found to correlate with the
major solar proton events of August 1972, July 1946, and the
white-light flare of July 1928 (Feynman personal communica-
tion; Shea personal communication). The energy spectra of
most solar particle events are relatively soft and much of the
ionization that they cause occurs in the high-altitude atmos-
phere. The data we obtained from this investigation and pre-
vious studies (Laird 1983; Zeller et al. 1986) indicate that
significant ionization must also have occurred in the middle
and lower stratosphere in the case of these large solar-proton
events. The events that produced the strong nitrate peaks oc-
curred during months of total darkness when the polar vortex
had built up to produce rapid and efficient downward trans-
port.

For nitrate concentration peaks of intermediate size (peak
heights between 2 and 4 standard deviations above the mean),
only very-high-resolution studies of this type make it possible
to examine the time series in such detail that peaks of different
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Figure 1. Nitrate concentration at Windless Bight on the Ross Ice Shelf, Antarctica, from analyses performed on site. The X axis is proportional
to true depth below the surface and has not been adjusted for compaction. Several major solar flares are visible in the record as large
concentration peaks. The 1946 peak height shown In this figure corresponds to the resampled sequence shown in figure 2. Among the
most prominent are the 1972, 1946, and 1928 flare events. (rig-N I denotes micrograms of nitrogen per liter.)
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Figure 2. Resampling of the core through the interval of the 1946 and 1972 nitrate concentration peaks shows the level of reproducibility
of the nitrate signals. Solid and broken lines indicate the nitrate concentration values obtained by repeat sampling of the core. The mean
nitrate concentration and one standard deviation for the entire core is indicated on each graph. (1ig-N l denotes micrograms of nitrogen
per liter.)

origin can be separated. The configuration of such peaks can
be analyzed by determining shape parameters, specifically the
derivatives. They may provide useful information to differ-
entiate between peaks produced by smaller solar-proton events
and those derived from meteorological effects (Dreschhoff and
Zeller in press). This will be valuable in analyzing the high-
energy solar-proton event of April 1984 (Zeller et al. 1986),
which was at least one order of magnitude smaller in particle
flux than the events of 1972 and 1946. We have recently cal-
culated the ionization input from solar-flare energetic particles
into the south polar ionosphere for 1982-1985 using satellite
data (Armstrong et al. 1989). The record of charged particle
flux from the 1984 event shows that it not only produced ion-
ization in the lower stratosphere but also that this single event
actually dominated annual ionizaton all the way down to the
lower stratosphere as shown in figure 3.

Although several glaciological studies involving nitrate mea-
surements on cores from Antarctica exist, the data they provide
is inadequate for solar-activity investigations (Laird et al. 1988).

In most cases, the analyses are discontinuous with gaps of
many meters between samples, and the resolution is generally
low (Legrand and Delmas 1986; Kirchner and Delmas 1988).
In addition, some of these studies have been conducted on
old core segments that have been subjected to long-distance
shipment and storage periods of many years (Kirchner and
Delmas 1988) which can introduce significant variations from
the original nitrate concentrations present in freshly cut cores
(Grootes and Stuiver 1987).

This research was supported in part by National Science
Foundation grant DPP 87-15543 and U.S. Air Force Contract
AFOSR-88-0065.

References

Armstrong, T.P., C.M. Laird, D. Venkatesan, S. Krishnaswamy, and
T.J. Rosenberg. 1989. Solar and interplanetary energetic ions and

1989 REVIEW	 93



P.3.00	 3.00 -----

120

"-I

--------------------
20

polar radiowave absorption. Journal of Geophysical Research, 94, A4,
3,543-3,554.

Dreschhoff, CAM., and E.J. Zeller. In press. Evidence of individual
solar proton events in antarctic snow. Solar Physics.

Feynman, J. 1989. Personal communication.
Grootes, P.M., and M. Stuiver. 1987. Isotopic alteration of firn cores.

Antarctic Journal of the U.S., 22(5), 79.
Kirchner, S., and R.J. Delmas. 1988. A 1000 year glaciological study

at the South Pole. Annals of Glaciology, 10, 80-84.
Laird, C.M. 1983. Solar particle flux and nitrate in South Pole Snow.

In B.M. McCormac (Ed.), Weather and climate responses to solar vari-
ations. Boulder: Colorado Associated University Press.

Laird, CM., E.J. Zeller, and G.A.M. Dreschhoff. 1988. Comments on
"Relative contributions of troposphereic and stratosphereic sources
to nitrate in Antarctic snow," by M.R. Legrand and R.J. Delmas.
Tellus, 4013(3), 233-240.

Legrand, MR., and R.J. Delmas. 1986. Relative contributions of tro-
pospheric and stratospheric sources to nitrate in Antarctic snow.
Tellus, 38B(3), 236-249.

Shea, M. 1989. Personal communication.
Zeller, E.J., G.A.M. Dreschhoff, and C.M. Laird. 1986. Nitrate flux on

the Ross Ice Shelf, Antarctica, and its relation to solar cosmic rays.
Geophysical Research Letters, 13(12), 1,264-1,267.

	

1	 123

120

'I

'S	 S

3.00 -------------------- ----------3.00 ---------------20 '-""".I	 ....................,..•.•.
122

120

a

20
	-------------------------- 3.00 - - - - - - - - - - - - - - - - - -------3.00 - - - - -----------------------

	

243	 365

DAY OF 1984

LOG ION PAIRS/CUBIC CM-HR

(PROTONS ± ALPHAS)

Figure 3. Hourly averaged altitude-time contour plots of source ionization produced by interplanetary protons and alphas in the south polar
atmosphere for 1984. (KM denotes kilometer. CM denotes centimeter. HR denotes hour.)

E-

244

94	 ANTARCTIC JOURNAL


