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A 110,000-year history of change in continental biogenic
emissions and related atmospheric circulation inferred
from the Greenland Ice Sheet Project Ice Core

L. D. Meeker,! P. A. Mayewski,?2 M. S. Twickler, S. I. Whitlow

Climate Change Research Center, Institute for the Study of Earth, Oceans, and Space, University
of New Hampshire, Durham

D. Meese

Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire

Abstract. The 110,000-year record of ammonium concentrations from the
Greenland Ice Sheet Project 2 (GISP2) ice core provides the basis for an analysis
of terrestrial biological production and atmospheric circulation patterns involved
in the transport of biologically produced ammonium to the Greenland atmosphere.
The directly measured concentration series was selected for analysis, rather than
that of estimated ammonium flux, after a detailed analysis of the relationship among
ice core glaciochemical concentrations and a high-resolution simultaneous record of
snow accumulation from the GISP2 core. Analysis of the ammonium concentration
series shows that maxima in background levels of ammonium in the Greenland
atmosphere are strongly related to and synchronous with summer forcing associated
with the precessional cycle of insolation. Minima in background levels, on the other
hand, are delayed relative to minima in summer insolation at those times when
ice volume is significant. The duration of these delays are similar in magnitude
(~6000 years) to other paleoclimatic responses to changes in ice volume. Decadal
and centennial scale variation about background levels of ammonium concentration
exhibit two modes of behavior when compared to a record of polar atmospheric
circulation intensity. During warmer periods ammonium transport to Greenland is
similar to present patterns. Under coldest conditions the low levels of ammonium
transported to Greenland are the result of extreme southerly excursions of the
predominantly zonal polar circulation. The rapid transitions (=200 years) between

these two climatic conditions appear to be associated with a critical volume or

extent of the continental ice sheets.

1. Introduction

The reconstructed history of terrestrial biogenic pro-
duction and atmospheric circulation developed here is
based upon the ammonium component of the multivari-
ate glaciochemical record of concentrations of eight ma-
jor ions (calcium, potassium, magnesium, sodium, chlo-
ride, sulfate, nitrate, and ammonium) from the Green-
land Ice Sheet Project 2 (GISP2) ice core recovered
at Summit, Greenland (72.6°N, 38.5°W, 3200-m eleva-
tion). The GISP2 record from the present to 110,000

1Also at Department of Mathematics, University of New
Hampshire, Durham.

2 Also at Department of Earth Sciences, University of New
Hampshire, Durham.

Copyright 1997 by the American Geophysical Union.

Paper number 97JC01492.
0148-0227/97/97JC-01492$09.00

years ago (calendar years before 2000 A.D.) consists of
ion concentrations from 10,979 samples taken contin-
uously to a depth of 2796 m. The sampling protocol,
analytical methods, and dating procedures of the GISP2
core have been described in detail elsewhere [Mayewski
et al., 1986, 1987; Buck et al., 1992, Whitlow et al.,
1994; Sowers et al. 1993; Mayewski et al., this issue;
Meese et al., this issue].

This work joins two other recent studies of ammo-
nium concentrations in Greenland ice. Discontinuous
studies of ammonium concentrations deposited during
the most recent glacial/interglacial cycle have recently
been reported from the Renland ice core [Hansson,
1994] and the Greenland Ice Core Project (GRIP) ice
core [Fuhrer et al., 1996]. The Holocene component of
the Renland record consists of 55 samples dated1812-
1820 A.D. and the glacial /interglacial component, dated
from 10-145,000 years ago, was taken from the lower 19
m of the core and is, necessarily, at low resolution. The
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ammonium record presented by Fuhrer et al. [1996] is
the result of high-resolution continuous measurements
over the depth intervals 100-600, 1300-2060, and 2280-
3020 m corresponding to the time intervals 300-3000,
8000-25,000, and 40,000-100,000+ years ago, respec-
tively.

The primary sources of ammonium in the atmosphere
have recently been reviewed and the magnitudes of
their contributions estimated by Dentener and Crutzen
[1994]. The primary natural sources (nonanthropogenic)
of ammonium arise from biological emissions of am-
monia from plants, soils, and animals and the burn-
ing of biological material (forest and grass fires). Am-
monia is the major gaseous base for the atmospheric
neutralization of H,SO,; and HNOj3 and, under condi-
tions which generally prevail, once emitted to the at-
mosphere it is rapidly converted (in a matter of hours)
to NH¢HSO4 and (NH4)2HSO4 [Dentener and Crutzen,
1994; Legrand and Kirchner, 1990]. Once converted, the
resulting ammonium compounds have an atmospheric
lifetime of the order of days and can be transported rel-
atively long distances by atmospheric circulation pro-
cesses. As a consequence, background levels of NH, de-
posited in high-latitude glaciers, especially during the
preanthropogenic era, derive primarily from continen-
tal biological production with other poorly quantified
(and presumably smaller) sources from marine biolog-
ical emissions and decaying organic matter on rotting
pack ice [Dentener and Crutzen, 1994; Talbot et al.,
1992].

In addition to background levels due to these sources,
high-resolution records of ammonium concentrations
from ice cores generally include a number of unusu-
ally large “spikes” that originate through tropospheric
transport of the products of biomass burning and have
been used to reconstruct histories of such events [Fuhrer
et al., 1993, 1996; Whitlow et al., 1994; Legrand, et. al,
1992; Legrand and De Angelis, 1996;Dibb et al., 1996;
Taylor et al., 1996]. These events are short-lived (Dibb
et al., 1996] and their ice core signals are diminished as
the time span represented by the ice sample increases
with core depth [Whitlow et al., 1994; Fuhrer et al.,
1996]. As a consequence, studies of biomass burning
events are generally restricted to the Holocene period
and biannual, or higher, sampling resolution.

Here our focus is not on biomass burning events
nor subdecadal variation of the Holocene portion of
the GISP2 core (which will be discussed in detail else-
where); rather, we utilize two distinctive features of the
GISP2 record, continuous sampling and simultaneous
measurement of the eight major ions, to develop a con-
tinuous history of terrestrial biogenic production and
related atmospheric circulation patterns over the past
110,000 years. Our discussion will be based primar-
ily on two series derived from the original GISP2 NH,
series by application of spline-based, robust, low-pass
filters. Such filters are of advantage here as they are
insensitive to outliers and applicable to nonuniformly
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sampled time series [Meeker et al., 1995]. The original
NH, series was subjected to a low-tension filter tuned
to remove subdecadal variation and a high-tension fil-
ter tuned to remove suborbital scale variation. Figure 1
displays the original series and the low-tension output,
DB, and high-tension output, OB, representing decadal-
to-centennial and orbital scale variation in ammonium
concentrations, respectively. In addition to the two se-
ries, DB and OB, we will utilize a resampled version of
DB using uniform 50-year samples for those statistical
procedures requiring uniformly sampled time series.

The record of biological activity we develop below
complements those recently derived from time series of
methane concentrations from the GISP2 ice core [Chap-
pellaz et al., 1993; Brook et al., 1996]. Unlike methane,
the lifetime of ammonium in the atmosphere is too short
in comparison to atmospheric mixing times to generate
a hemispheric or global ammonium signal. As a conse-
quence of its short atmospheric lifetime, the amount of
ammonium scavenged from the atmosphere by precip-
itation at a particular site (e.g., Summit, Greenland)
is the result of contemporaneous production in source
areas (biological, anthropogenic, or other) and atmo-
spheric circulation patterns. Thus the decadal scale
variability of NH4 concentrations described by the DB
series represents a detailed view of paleobiological activ-
ity and atmospheric circulation not available from the
history of methane concentrations.

2. Ion Concentration and Flux

Two distinct procedures are common in the analysis
of time series of ice core chemical concentrations. The
first is based on the directly measured concentrations
(e.g., in parts per billion), while the second is based on
estimated chemical flux (e.g., in nanomoles per square
meter per year). Chemical fluxes to the ice have been
estimated by multiplying the sample concentrations by
estimates of the HyO flux (accumulation) obtained ei-
ther (1) by directly measuring annual layers in the ice
core and correcting for layer thinning by mathematical
models of ice dynamics [Meese et al. 1994a, 1994b] or,
(2) in the absence of measured annual layers, by us-
ing a previously derived empirical relationship between
H,0 accumulation and the stable isotope, 6180 series
[Dansgaard et al. 1993; Hansson, 1994].

While statistical analyses of concentrations or esti-
mated fluxes do, in general, yield qualitatively similar
results, they sometimes provide different quantitative
comparisons. For example, during very cold periods ac-
cumulation can be greatly reduced in both magnitude
and variation. As a consequence, changes in magnitude
within estimated flux series can be severely muted in
comparison to those in concentration series [Mayewski
et al., 1993; Fuhrer et al., 1996].

The rationale for the flux estimates is a simple model
[Davidson et al., 1989; Alley et al., 1995

fi = C(Wp; + D). (1)
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Figure 1. The Greenland Ice Sheet Project 2 (GISP2) record of ammonium concentrations
over the past 110,000 years: (top) Original samples (labeled “NH4”), (middle) a smoothed (low-
tension spline filter) version of the original series describing decadal and centennial scale variation
(referred to as DB in text), and (bottom) DB series (dashed) and a smoothed (high tension spline
filter) version of the original series describing orbital scale variation in ammonium concentrations

(referred to as OB in the text).

relating average flux f; of a given chemical species over
time interval ¢ to the average atmospheric concentra-
tion C; and average flux of H;O p; in terms of D and
W, the dry-deposition velocity and scavenging ratio, re-
spectively.

Equation (1) implies a similar relationship for the
concentration z; of the species in surface snow or ice

ft D

T P Ct(W + D ) (2)

If D is not zero (that is, if dry deposition makes a sig-

nificant contribution to the flux for the ion species), (2)

predicts an inverse relationship between concentration

values and H,O accumulation and implies that changes

in ice concentrations can be the result of changes in

accumulation, even under conditions of constant atmo-

spheric concentration C;. The estimation of chemical

flux, given measured concentration and estimated HoO
accumulation p; by

fi = 24y (3)

is intended to remove this dependency in order to ob-
tain an improved estimate of atmospheric concentra-
tions and thereby to provide a more accurate estimate
of changes in atmospheric concentration over time.
Flux calculations based on (3) have proven useful in
short term studies (i.e., single storm events) for which
an assumption of constant C; is reasonable and one is
certain that chemical deposition occurred at the same
time as the measured accumulation of HyO . How-
ever, the chemical concentrations derived from typical
ice core samples are, in general, the result of deposi-
tion over several precipitation events, several seasons,
or even several years. It is (2) which motivates the “Aux
correction” of (3) and it is not clear a priori that it is a
valid representation of physical reality when considered
over extended time periods. For this reason we con-
ducted an empirical study of the relationships among
soluble ion concentrations from the GISP2 ice core and
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Table 1. Joint Empirical Orthogonal Function (EOF) Analysis of
Original Chemistry Samples, 0-17,000 Years Ago

Eigenvector Components

Percent Variance Explained

Species EOF1 EOF2 EOF3 EOF4 EOF1 EOF2 EOF3 EOF4 Sum
Ca 096 -012 -0.08 0.06 914 1.4 0.6 04 938
K 089 -004 -0.15 0.09 79.8 0.1 2.2 04 831
Mg 0.97 -0.11 -0.07 0.05 94.6 1.3 0.4 0.2 96.6
Na 097 -0.10 -0.06 0.00 94.1 1.1 0.4 0.0 95.6
Cl 0.96 -0.07  -0.03 -0.02 92.4 0.6 0.1 0.0 93.1
S04 0.83 -0.09 0.04 0.26 68.6 0.8 0.2 70 76.5
NO3 0.58 0.56 0.58 0.10 33.6 31.1 33.3 1.0 99.0
NH,4 0.11 0.91 -0.39 0.04 1.3 83.0 15.2 0.2 99.6
H20 -080 -0.09 -0.06 0.56 64.1 0.9 0.3 31.56  96.7

Total * 68.9 13.4 5.9 46 92.7

*Values are percent of total variance explained.

estimates of HoO accumulation from the same core sam-
ples in order to test the viability of (2) in the context
of a multi-year sampling protocol.

To explore the relationships among eight chemical
series and H30O accumulation we used the 17,415-year
record of annual accumulation estimated from the GISP2
core by measured annual layers (using multiple annual
indicators) corrected for layer thinning [Meese et al.,
1994a, b]. This time series is the longest continuous and
directly measured history of annual accumulation avail-
able. The chemistry samples collected from the same
1867-m core section are based on 6293 time intervals
with an average duration of 2.8 years and standard de-
viation of 1.9 years. The record of annual accumulation
was resampled in order to estimate HoO accumulation
over the time intervals of the chemical samples and to
directly investigate the relationship between the accu-
mulation and chemical concentration records.

Equation 2 implies a simple inverse relationship be-
tween concentration and rate of accumulation which
could be estimated by a linear regression of species
concentration versus 1/p. This, however, can be mis-
leading. As time t varies over an extended period, the
atmospheric concentration C; can be expected to vary
with some of the same climate factors which influence a
variable accumulation rate p;. For this reason, a simple
regression would involve a confounding of climate ef-
fects which could obscure the true relationship between
the variables. In recognition of this possibility Alley et
al. [1995] performed their analyses over different time
intervals (Bolling-Allerod, Younger Dryas, and Prebo-
real) in order to compare atmospheric concentrations,
which were assumed to be essentially constant during
each period. Our goal, however, is to study these rela-
tionships in the presence of mutual variation induced by
change in common climate forcing factors and so we uti-
lize a standard tool of multivariate statistical analysis
for our investigation.

2.1. EOF Analysis: Ion Concentrations and
H,0 Accumulation

Table 1 summarizes the results of the empirical or-
thogonal function (EOF') analysis (see appendix) of the
nine-dimensional record of combined chemistry and ac-
cumulation.

The signs and magnitudes of the entries of the scaled
eigenvector in the first column of Table 1 (which define
the first EOF) show that each chemical species, except
ammonium, is strongly anti-correlated with accumula-
tion as predicted by (2). This is the dominant feature
of the first EOF which, alone, explains 69% of the total
variance of the multivariate record, 64% of the variance
in accumulation, and a large component of variance in
all the chemical species except ammonium. The sec-
ond and third EOFs are dominated by the two nitrogen
species, while the fourth explains most of the remain-
ing variance in accumulation and 7% of sulfate variance.
From this analysis it appears that the relationships be-
tween rate of HoO accumulation and chemical species
concentrations that we seek to understand are contained
in the first and fourth EQFs.

There are two obvious and competing interpretations
of Table 1. The first considers EOF1 as directly ex-
hibiting the effect of accumulation on the chemical
concentrations. Ion concentrations in the ice are re-
duced by dilution with increased HoO accumulation
and enhanced by concentration when H2O accumula-
tion decreases. From this perspective, accumulation
rate would be the dominant explanatory factor in the
multivariate data set and the corresponding time series
w1 (see A3), which describes the temporal evolution of
EOF1, would essentially be a rescaling of the accumula-
tion series. With this interpretation, EOF4 represents
an additional positive connection between accumulation
and sulfate concentration.

The second interpretation considers EOF1 as repre-
senting a strong climate factor influencing both chemi-
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cal concentrations and rate of accumulation. This view
implies that the joint influence factor creates environ-
ments in which chemical concentrations increase under
conditions in which accumulation is reduced and con-
versely. It also suggests (given (A4)) that, if the strong
negative correlation of some species and H2O accumu-
lation indicated by EOF1 is due to exogenous factors,
the influence of accumulation rate upon chemical con-
centrations in these series is primarily restricted to the
small positive influence on sulfate concentrations shown
in EOF4.

Fortunately, these two opposing interpretations can
be tested. Under the first interpretation, i.e., if varia-
tion in chemical concentrations is the result of variation
in accumulation, sample-to-sample variation in accumu-
lation should be strongly anticorrelated with sample-
to-sample variation in all the chemical species. That
is, a decrease in accumulation should induce a related
increase in concentration and vice versa. Under the sec-
ond interpretation, the dominant climate factor would
be expected to influence the time varying mean level
of ice accumulation but not, necessarily, the short term
variation represented by sample to sample differences.
Since these two alternatives depend upon the multivari-
ate relationships among the sample-to-sample first dif-
ferences of the concentrations and those of accumula-
tion, we can repeat our EOF analysis on the differenced
multivariate series.

2.2. EOF Analysis: First Differences of Ion
Concentrations and H,O Accumulation

Table 2 summarizes the results of EOF analysis of the
first differences of the combined multivariate chemistry
and accumulation record.

As shown in Table 2, the data strongly support the
second interpretation discussed above. These data fail
to show any significant relationship between short-term
variation in HoO accumulation and that of the concen-
tration of any chemical species. Evidently, any enhance-
ment or dilution of measured concentrations in the ice
by patterns of wet or dry deposition over the sample in-
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tervals, as is sometimes observed over short observation
periods, is minimized by the multiyear averaging of the
GISP2 samples.

From this analysis it is clear that the time series wy
associated with the fourth EOF shown in Table 1, which
is uncorrelated with the other EOFs of that analysis,
contributes new climate information not available from
the combined chemistry series. Figure 2 shows the accu-
mulation rate series and its first and fourth EOF com-
ponents. The results found from the EOF analysis of
first differences can be seen in Figure 2. The first EOF
clearly describes the overall level of accumulation, while
the fourth describes its short-term variation about the
time-varying mean. The climate process represented
by this new component is not clear. However, because
it is uncorrelated with all the chemical species which
together represent local to regional terrestrial, marine,
and biological sources, it is most likely recording local
influences on accumulation such as temperature or hu-
midity anomalies.

2.3. Regression Analysis of First Differenced
Series

In addition to the EOF analyses above, other tests of
(2) were performed. Equation (2) implies that

D
ZTiy1 — T = (Cqp1 — Ct) (W + —)

y23
~Cyp1D (pt+1 — pt)
Dt+1Pt

A.’L‘t

(4)

implying that if the dry deposition velocity D is not
zero, Az, is a function of 1/p, and/or Ap;/ps+1p:. Such
relationships were tested by estimating the coefficients
of the multiple regression model

1 A
A$t=A0+A1_+A2( Pt )+5t
Dt Pt+1D¢

for each ion species. The results (not shown) were con-
sistent with the earlier analyses. None of the regression

Table 2. Joint EOF Analysis of First Differences

Eigenvectors Percent Variance

Species EOF1 EOF2 EOF3 EOF1 EOF2 EOF3
ACa 0.83 -0.08 -0.03 69.3 0.7 0.1
AK 0.59 0.21 0.06 34.7 4.6 0.3
AMg 0.89 -0.15 -0.02 79.9 2.3 0.0
ANa 0.87 -0.15 0.02 75.1 2.2 0.0
ACI 0.78 -0.07 0.04 61.5 0.5 0.1
ASO, 0.51 -0.17 -0.01 26.3 2.8 0.0
ANO; 0.48 0.57 -0.03 22.9 32.9 0.1
ANH,4 0.09 0.86 0.03 0.8 74.4 0.1
AH,0 -0.02 -0.02 1.00 0.1 0.0 99.3

Total 41.2 13.4 11.1
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Figure 2. Time series describing the annual rate of
H,0 accumulation at Summit, Greenland, over the past
17,415 years estimated from the GISP2 ice core and its
first and fourth EOF components (see text).

models explained more than 1% of the variance in the
differenced ion series, and none of the estimates of A,
or A; was significantly different from zero.

2.4. Implications of Joint Chemistry and
Accumulation Investigations

The regression analysis and two preceding multivari-
ate EOF analyses of these series, the longest joint record
of accumulation and chemical concentrations presently
available, implies that if (2) is valid under the conditions
at Summit, Greenland, over the past 17,000 years:

1. dry deposition must be negligible in comparison to
wet deposition (a nonzero D for a given ion species
would imply a strong inverse correlation between
differenced accumulation and concentration series
for the species) and, consequently,

2. the chemical concentrations estimated from mul-
tiannual ice core samples are essentially propor-
tional to the average atmospheric concentrations
over those time periods, furthermore,

3. the strong connection between the concentration
of chemical species and H,O accumulation shown
in Table 1 is a consequence of a shared climate
forcing factor, rather than an intrinsic physical
connection.
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The EOF analysis also shows that flux estimates
formed by multiplication of accumulation and concen-
tration series will confound common climate forcing fac-
tors. This possibility is most important when harmonic
analysis is contemplated. If chemical concentrations
and accumulation are influenced by the same periodic
forcing, their multiplication will introduce products of
the common periodic components into the flux record.
This has the effect of complicating spectral analysis of
the flux estimate series by introducing low-order har-
monics and compound frequencies into what may have
been simple harmonic relationships in the original se-
ries.

"3. Ammonium Concentrations:

Relationship to Other Ions

The GISP2 glaciochemical series provide a high-resolu-
tion, continuous record of the chemical composition of
the atmosphere that includes over 95% of its soluble
ionic components. Climate factors influence the con-
centrations in polar ice of different ion groups (e.g., of
terrestrial dust, sea salt, volcanic, or biological origin)
through amplification or suppression of their generating
mechanisms, by shifting primary source areas, and/or
by altering their atmospheric transport from source to
site of deposition. As a consequence, interrelationships
among the concentrations of the glaciochemical species
provide a multifaceted and complex history of climate
change. The analytical process of EOF analysis (see
above and appendix) has proven a useful tool for inves-
tigating this history [Mayewski et al., 1993, 1994, this
issue]. Table 3 continues this process by summarizing
the EOF analysis of the complete GISP2 glaciochemical
record of ion concentrations (10,979 original samples)
from the present to 110,000 years ago.

The first, second, and third EOF components (see
(A2) represent 93.6% of the total variance in the eight
chemical concentration series. The first component ex-
plains almost all the variance in the nonnitrogen species
time series and 11% of that in the nitrate series. The
negative entry in the first column of Table 3 for am-
monium indicates that, in general, the concentration of
this species decreases as the concentrations of the oth-
ers increase and vice versa (see appendix). Considered
as proxies for atmospheric concentrations, the rescaled
time series of the first EOF (A3) describe a well-mixed,
obviously large scale, atmospheric circulation system in
which all components, except that of ammonium, in-
crease and decrease together in fixed proportions. The
time series (w; of (A2)) describing the dynamics of this
circulation system has been termed the polar circula-
tion index (PCI) [Mayewski et al., 1993, 1994, this is-
sue]. It represents 70% of the total joint variance in the
110,000-year-long record of the eight chemical species.
In general, the PCI increases during colder periods (sta-
dials) and decreases during warmer periods (Holocene
and interstadials) as the extent and magnitude of the
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Table 3. EOF Analysis,
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Original Chemistry Samples, 0-110,000 Years Ago

Eigenvectors Percent Variance

Species EOF1 EOF2 EOF3 EOF1 EOF2 EOF3 Sum
Ca 0.94 -0.05 -0.11 88.1 0.2 1.3 90.4
K 0.95 0.02 -0.10 90.4 0.1 0.9 91.4
Mg 0.98 -0.05 -0.09 95.4 0.3 0.8 96.7
Na 0.97 -0.04 -0.01 94.4 0.2 0.0 94.7
Cl 0.95 -0.02 0.02 90.3 0.1 0.0 90.4
SOy 0.93 0.04 0.01 86.7 0.2 0.0 99.0
NOs 0.33 0.78 0.53 11.2 60.8 27.7 99.7
NH4 -0.18 0.85 -0.49 34 72.1 24.3 99.8

Total 70.0 16.7 6.9 93.6

polar atmospheric circulation responds to the growth
and decrease of the great continental ice sheets.

The first EOF contribution to the variance of the sul-
fate series is the smallest of the nonnitrogen species.
The remainder of the sulfate variance (the largest of
any component not of EOF1-3) is associated with EOF5
(not shown) and the corresponding time series, ws
(see appendix), has been shown to provide a 110,000-
year-long record of explosive volcanism [Zielinsky et al.,
1996].

Table 3 shows that the nitrate concentration series is
alone in having significant components associated with
each of the first three EOFs. Nitrate concentrations in-
crease with the PCI and increase (decrease) with ammo-
nium increases associated with the second EOF (third
EOF). This three-part pattern is consistent with the
known multiple-source character of atmospheric nitro-
gen and the general complexity of its atmospheric chem-
istry. For these reasons we postpone a full discussion
of the complex interactions between the two nitrogen
species and restrict our discussion below to an analysis
of the ammonium series.

Ammonium, unlike the nonnitrogen species, has most
of its variance (96%) associated with the second and
third EOFs. The small negative loading of NH4 on
EOF1 implies a weak negative correlation with the PCI
(The correlation is —0.18, which is significant at the
0.05 level.). This negative relationship is to be ex-
pected. Ammonium concentrations have been shown
to be positively correlated with temperature [Langford
and Fehsenfeld, 1992] and to decrease during colder pe-
riods [Hansson, 1994; Fuhrer et al., 1996] when polar
circulation intensity and the PCI increase. Since am-
monium is derived primarily from continental biogenic
sources [Logan, 1983; Dentener and Crutzen, 1994], the
ammonium reaching central Greenland during most of
the pre-Holocene portion of the record would have had
its source region south of the northern hemisphere ice
sheet margins. Furthermore, since ammonium has a
relatively short residence time in the atmosphere, con-
centrations reaching Greenland during the pre-Holocene
were most probably derived from mid- to possibly low-
latitude continental source regions, which were charac-
terized by colder and drier climates [Chappellaz et al.,

1993] and decreased biogenic activity during times of
PCI expansion.

This is fully consistent with the negative loading
of ammonium on the PCI. We expect intrusions into
Greenland by southerly air masses to be less frequent
and to contain lower concentrations of ammonium dur-
ing times of advancing ice sheets and increasing extent
and intensity of polar circulation (increased PCI). Dur-
ing the Holocene and presumably the warmest inter-
stadials (periods of reduced ice sheet extent) we should
expect the dominance of the polar circulation to dimin-
ish, high-latitude continental biogenic source regions to
increase in importance, intrusion into the Greenland at-
mosphere by air masses rich in ammonium to be more
frequent, and enhanced mixing of air masses having dif-
ferent chemical signatures as a result of different trans-
port histories. EOQF analyses performed on portions of
the GISP2 Holocene record (e.g., Table 1) or the longer
interstadials are, in general, supportive of this expecta-
tion. During such periods, ammonium and nitrate con-
centrations show significant variation on several EOF's
and strong associations with several other ion species.

It is important to note that the major components
of the ammonium series are described by EOFs 2 and
3, which are statistically uncorrelated with the PCI.
As a consequence, the ammonium concentrations in the
GISP2 core do not simply record a passive response to
the dynamics underlying the PCI. On the contrary, the
biological sources of ammonium create an active compo-
nent that responds to different forcing factors than the
PCI or, at least, responds to the same factors through
independent mechanisms. Therefore, unlike the glacio-
chemical series originating from terrestrial dust or ma-
rine sea salt, 96% of the variation in the complex pat-
tern of increase and decrease in ammonium concentra-
tions during the past 110,000 years is not explained by
the PCIL.

4. Orbital Scale Variation in Biological
Production

Background levels of ammonium described by the
high-tension spline series OB of Figure 1 vary from a
maximum of 11.5 ppb at =12,000 years ago midway
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Figure 3. Comparisons between the orbital scale background levels of ammonium (OB) from
the GISP2 ice core (solid curve) and area-weighted northern hemisphere summer insolation (20°N
to 80°N) (dashed curve). (a) OB series in parts per billion and summer insolation in watts per
square meter. (b) Estimated spectra of the ammonium concentration series (solid curve) and the

area-weighted summer insolation (dashed curve).

through the Younger Dryas cold event (YD) to a mini-
mum of 2.3 ppb at =62,000 years ago in marine isotope
stage 4 (MIS 4), a time period noted for extensive ice
sheet expanse |[Ruddiman and McIntyre, 1979; Ruddi-
man et al., 1980]. The OB shows relative maxima at
=100,000 and 80,000 years ago, preceding its minimum
for the 100,000-year record in MIS 4, and varies = 5
ppb for the period 55,000 to 20,000 years ago, during
which the final expansion of the Laurentide Ice Sheet
took place. Following its maximum during the YD, the
OB shows a diminishing rate of decrease during the
Holocene, followed by a more rapid drop to its 1985
value of 4.7 ppb.

The decrease during the most recent 9000 years has
been attributed to a decrease in temperature in high
latitude source areas [Fuhrer et al., 1996]. Given the
known influence of temperature on ammonia emissions
this is reasonable. However, since background OB lev-
els were above current values during a 30,000 year inter-
val when ice-covered much of the high latitudes, factors
other than temperature may be more important.

4.1. Summer Insolation and OB Maxima

Figure 3 compares the OB series with monthly aver-
age, area-weighted, northern hemisphere (NH) summer
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insolation (May, June, July from 20N to 80N, [Berger,
1978]). There is one-to-one correspondence between the
three major peaks in the two series. The final and two
earliest insolation maxima, which occur at times of NH
summer perihelion, are clearly paired with maxima in
OB. The final and best dated peak of the ammonium
background series is coincident with the most recent
NH summer perihelion. Because the differences in time
between the first two insolation and OB peaks (2600
and 4500 years) are each less than the estimated GISP2
dating errors at that depth, they may be considered
synchronous.

The effects of the lesser maxima in summer inso-
lation are not as strongly evident in the OB series.
The reduced levels of insolation represented by these
peaks occurred during a time when the Laurentide Ice
Sheet was expanding to its final southerly extent and
driving the polar atmospheric circulation to its max-
imum intensity and expansion [Mayewski et al., this
issue]. During this same period the Atlantic polar front
was pivoting from its interglacial orientation north-
northeasterly from Newfoundland to an easterly direc-
tion at =~43°N latitude, inducing a shift from meridional
to zonal oceanic and atmospheric circulation [Ruddi-
man and Mclntyre, 1977]. The combined effect of these
events would have limited ammonium concentrations
in the Greenland atmosphere by forcing its terrestrial
biological sources to the south, far beyond the ice mar-
gins, and restricting transport of ammonium-rich air
masses from those more distant sources to Greenland.
The more southerly position and predominantly zonal
nature of polar circulation would have reduced the in-
terglacial pattern of meridional circulation in the high
latitudes and shifted the zone in which the mixing of
polar and mid- to low-latitude air masses could take
place as far south as the ~43°N position of the Atlantic
polar front. Thus, during this time period, ammonium
concentrations in the Greenland atmosphere were di-
minished not only by reduced biological forcing of the
lesser (obliquity modulated) precessional peaks in sum-
mer insolation, but also by the southerly shift in source
areas and changes in atmospheric circulation associated
with the growth of the continental ice sheets.

4.2. OB Minima

Three prominent minima in OB levels appear to be
linked to minima in summer insolation (Figure 3). The
first, at ~95,000 years ago, is coincident (within GISP2
dating accuracy) to a minimum in insolation, but the
following OB minima (/62,000 and ~19,000 years ago)
lag the corresponding insolation minima by 9700 and
3500 years, respectively, which, at those depth levels,
cannot be assigned to dating inaccuracy.

The insolation minimum at 70,000 years ago oc-
curs near the transition between MIS 4 and 5 (shown in
Figure 4) and is considered an important factor in the
rapid expansion of the Laurentide Ice Sheet during the
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following 10,000 years [Ruddiman and McIntyre, 1979).
This rapid expansion appears to have been the result of
the juxtaposition of a cold continent and a warm ocean
whose temperature decrease lagged ice sheet growth by
4000 to 5000 years [Ruddiman and Mclntyre, 1979).
This situation created strong thermal gradients that di-
rected cyclonic storm tracks from lower latitudes toward
regions of ice sheet growth [Ruddiman, et al., 1980].
This same circulation pattern would continue the trans-
port of ammonium from source areas gradually moving
to the south in advance of the growing ice sheets.

This analysis suggests that the MIS 4 minimum in
OB is a lagged response to the preceding insolation min-
imum induced by a ~6000-year lag in ice sheet response
[Mayewski et al., this issue] influencing the biogenic
source area and a similar 4000-5000 year lag in ocean
cooling acting to maintain a meridional pattern of at-
mospheric circulation. The continued expansion of the
Laurentide Ice Sheet over the following ~5000 years and
the concomitant rotation of the Atlantic polar front to-
ward the equator following ocean cooling amplified the
effects of the absolute minimum (over the past 110,000
years) in summer insolation to create the absolute min-
imum in OB at 62,000 years ago.

The shortened delay in OB response to the insolation
minimum at ~20,000 years ago is to be expected, given
that the level of insolation is higher and the continen-
tal ice sheets are receding rather than growing. The
combined effects of the precession cycle, i.e., increasing
summer insolation and shorter colder winters, created
an environment in which biogenic production appears
to have been rapidly reestablished in the newly ice free
areas.

4.3. The Holocene

Background ammonium concentrations show a con-
tinuing decrease during the Holocene; however, unlike
the pattern following earlier maxima in insolation, the
rate of decrease varied markedly during the period (Fig-
ures 1 and 3). The background ammonium concentra-
tions described by OB decreased at an approximate rate
of 0.6 ppb per 1000 years following the two maxima at
80,000 and 100,000 years ago, yielding a decline which
paralleled that of the summer insolation (Figure 3a).
However, following the maximum at 12,000 years ago,
ammonium concentrations described an initial rapid de-
cline of ~0.7 ppb per 1000 years, which slowly moder-
ated to form a “plateau” of ~8 ppb at 6000 years ago.
Concentrations were maintained near that level until
4000 years ago, when the rate of decrease gradually in-
creased until reaching its present rate of 0.9 ppb per
1000 years. Several factors, undoubtedly, were respon-
sible for this behavior.

As evidenced by sea level records (see discussion in
Mayewski et al. [this issue], extensive ice sheets existed
during the peaks in OB at 80,000- and 100,000-years
ago. The continuing presence of substantial ice sheets
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in high latitudes may have provided a degree of forcing
that acted to amplify the cooling and antibiogenic in-
fluence of the decline in NH summer insolation and the
corresponding increase in winter insolation and temper-
ature. Expansion of the high-latitude ice sheets in re-
sponse to decreased summer melting and increased win-
ter precipitation could have combined with decreased
summer biogenic forcing to create a steady decline in
biological production of ammonium. In addition, these
factors would increasingly restrict atmospheric trans-
port of ammonium-rich air masses to Greenland (see
above). The general retreat of the ice sheets preced-
ing and following the insolation maximum at 12,000
years ago would create a much different biogenic re-
sponse to decreasing insolation during the early and
mid-Holocene.

The early Holocene is a time in which biogenic pro-
duction and ammonium transport to Greenland were
subject to two competing influences. Decreasing sum-
mer insolation acted to shorten the growing season and
decrease biological production, especially in the high
latitudes. However, on the other hand, the continuing
northerly retreat of the ice margins opened additional
biological source areas, provided the summer moisture
required by the plant communities, and altered atmo-
spheric circulation patterns by reducing the intensity of
the predominately polar circulation and inducing more
meridional transport of air masses from warmer, more
productive areas to the south. Each of these factors
would tend to increase ammonium concentrations in the
Greenland atmosphere.

The pattern of ammonium concentrations described
by the OB during the Holocene is typical of a non-linear
response to two such competing influences. Initially,
in this instance the negative forcing (decreasing sum-
mer insolation) dominates and concentrations decrease
while the positive forcing (melting ice sheet) continues
to increase to a point where approximate equilibrium
is established. The equilibrium is maintained until the
positive forcing can no longer increase to the extent
required to balance the continued influence of the neg-
ative forcing and a new period of enhanced decline is
initiated. In this instance, sharp decline occurs because
the positive factor does not simply fail to increase at
the rate needed to balance declining summer insolation
but actually stops increasing with the final melting of
the Laurentide Ice Sheet. It is during the period of
approximate balance between the two forcing factors
that they combine to create temperatures in the mid-
to high-latitudes reaching their Holocene maximum.

This analysis shows that the background ammonium
concentration during the Holocene records the biogenic
response to the complex environmental conditions (tem-
perature, hydrology, etc.) created by orbitally induced
decline in summer insolation and the melting of the rem-
nant(s) of the Laurentide Ice Sheet. The influence of
declining summer insolation and the orbitally related
increase in winter insolation and duration during this
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period is, perhaps, the explanation for the observed in-
crease in the “length fraction of winter concentrations”
noted by Fuhrer et al. [1996, p.4154] during recent
times.

4.4. Spectral Analysis

As is to be expected from the preceding discussion,
spectral analysis [Bloomfield, 1976] of the uniformly re-
sampled ammonium series shows strong spectral peaks
in the Milankovitch frequency bands whose relative
strength matches those of the summer insolation series
(Figure 3b). The dominant peak at a periodicity of
23,100 years is obviously of precessional origin. Un-
like the spectrum of reconstructed ocean temperatures
[Ruddiman and McIntyre, 1981] the ammonium concen-
tration series shows a strong obliquity band periodicity
of 38,100 years, which is somewhat shifted from the
41,600-year period of the obliquity peak in the theo-
retical insolation series. The presence of the obliquity
influence in the ammonium series reflects the negative
influence of the advancing Laurentide ice sheet and ex-
panded PCI on biogenic production, factors which ap-
parently were not a major influence on ocean temper-
atures during this period. It is likely that the indi-
rect, lagged, and nonlinear respouse of biogenic produc-
tion to obliquity scale forcing acting through ice sheet
growth and decay underlies the difference in estimated
periodicity.

4.5. Summary: Orbital Scale Variation in
Biological Production

Maxima in long-term levels of the biogenically pro-
duced ammonium concentrations from the GISP2 ice
core occur at times of major maxima in summer insola-
tion. This basic relationship is modified by the effects
of growing or retreating ice sheets on source areas and
atmospheric circulation patterns. In particular, these
relationships cause minima in biogenic production and
alterations in atmospheric transport processes to lag be-
hind minima in summer insolation.

5. Decadal and Centennial Scale
Variation in Biological Production

The OB series discussed above does not reflect changes
in ammonium concentrations on scales less than a mil-
lennium. The low-tension spline series, DB, on the
other hand, records changes in ammonium source ar-
eas, source strength, and atmospheric circulation pat-
terns and intensity that persist for only a few decades
or centuries. The identification of the most probable
of these mechanisms associated with any particular fea-
ture in the DB record can be, of course, a difficult prob-
lem. Nevertheless, the multivariate GISP2 record and
its summary by the PCI, in particular, provide consid-
erable guidance in the task.

The DB series represents variation about the orbital
scale record of biogenic production described by the
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Figure 4. Comparison of decadal and centennial scale variation in ammonium concentrations
(DB) with similar scale variation in the polar circulation index (PCI) series (see text). (a) Plot
of area-weighted summer insolation (solid curve) and correlation curve of Figure 4b lagged 5250
years (dashed curve), (b) Plot of windowed correlation between ammonium and PCI residuals
based on overlapping windows of 4500 year duration stepped 250 years. Prominent zero crossings
of the correlation series were used to define intervals A through E. (c) PCI series and the high-
tension spline smoothing used to define the residuals used in windowed correlation of Figure

4b.

OB (Figure 1). From Figure 1 (lower) it is clear that
factors operating on decadal to centennial scales cre-
ate sustained deviations from the background level of
production predicted by orbital scale forcing. There is
a prominent decrease occurring at 85,000 years ago
that interrupted a general increase in ammonium lev-
els induced by the precession cycle. The decrease is
associated with a rapid increase in the PCI (Figure 4c
and Mayewski et al. [this issue]) indicative of a shift to
colder climate and stronger atmospheric circulation in
the higher latitudes. Such an inverse relationship be-

tween these two series is consistent with the EOF anal-
ysis summarized in Table 3. That is, when the most re-
cent 110,000 years of the GISP2 record are considered,
increases in the PCI are associated with decreases in
ammonium concentrations. This relationship, however,
is not strictly observed when shorter time intervals are
involved. For example, as previously noted by Fuhrer et
al. [1996], ammonium concentrations show the opposite
behavior, i.e., increasing during colder periods and de-
clining during warmer periods, in the interval 28,000 to
20,000 years ago around the glacial maximum. Several
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possible mechanisms that could explain this observa-
tion were suggested, including a possible change in de-
position efficiency during the coldest periods, but little
conclusive evidence was available. Clearly, it is impor-
tant to study the duration and frequency of events in
which ammonium concentrations are “in phase” or “out
of phase” with the polar circulation.

5.1. Windowed Correlation Analysis

Using the 50-year resampled GISP2 record, we con-
ducted a correlation analysis of the PCI and DB series
in order to compare and investigate the extent of the
two climatic modes associated with the different pat-
terns of ammonium deposition discussed above. Corre-
lations between the deviations of the DB series from its
orbital scale background (OB) and the deviations of the
PCI series from the high-tension spline shown in Figure
4c were calculated using overlapping windows of 4500
years, stepped at 250 year intervals. The window length
was chosen in order to get good resolution of behavior
on the scale of the Dansgaard/Oeschger (D/O) events
(=1500 year periodicity, [Mayewski et al., this issue].

The result of this analysis is shown in Figure 4b. Two
basic patterns of behavior between the two residual se-
ries are apparent. Correlation values (positive or nega-
tive) well in excess of the 95% level of significance oc-
cur over well-defined time intervals. Through MIS 5,
the early part of MIS 3, and the Holocene the series are
negatively correlated. During most of MIS 4, MIS 2,
and the latter part of MIS 3 the correlations are posi-
tive. Transitions between the two types of behavior are
definite and abrupt and were used to define five inter-
vals shown in Figure 4 (denoted A through E). Detailed
comparisons between the two residual series in intervals
B through E are shown in Figure 5.

5.1.1. Negative correlations: “Warm” inter-
vals C and E. Investigation of intervals C and E
suggests climate conditions were much like Holocene
conditions in which colder events are associated with
decreases in ammonium concentrations and vice versa.
The scale of the deviations (especially toward cool con-
ditions) were much larger than those occurring in the
Holocene, but the biological response was fairly consis-
tent. This suggests a general pattern of Holocene-like
atmospheric circulation during warm modes involving
active biogenic production in the ice-free areas, frequent
occurrence of meridional circulation patterns, and mix-
ing of air masses of polar and mid- to low-latitude ori-
gin during the biologically productive summer seasons.
During the cooler portions of intervals C and E, biolog-
ical production, especially in the high latitudes, would
be reduced and circulation about the polar cell would
increase in intensity, creating a more zonal flow, thereby
altering average storm tracks and decreasing the fre-
quency of sustained meridional flow. As a consequence,
there would be decreased transport of air masses from
southern regions to Greenland and, consequently, de-
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creased transport of ammonium from southerly source
regions.

The out of phase behavior of the two series is ob-
vious in interval C (Figure 5). Interval E (represent-
ing nearly 40,000 years) does not show such a con-
sistent pattern. However, the cold event at ~85,000
years ago (see Figures 4c and 5) provides an interest-
ing example. Biological production was increasing from
its minimum associated with the low in summer inso-
lation at ~95,000 years ago when the abrupt transi-
tion into cooler conditions recorded by the PCI record
(Figure 4c) essentially returned ammonium transport
to Greenland to its previous minimum level. For some
1600 years, ammonium levels were reduced by atmo-
spheric circulation patterns and cooler temperatures in
northern source areas. Presumably, however, increasing
summer insolation stimulated ammonium production in
southerly regions, which, however, rarely reached Sum-
mit, Greenland, because of the reduction in meridional
flow. Finally, the PCI records a weakening in polar cir-
culation and, after an initial “false start,” warm-mode
circulation patterns prevail and high levels of ammo-
nium are again transported to central Greenland. This
situation generally continued until the prominent cold
period shown in the PCI record near the MIS 4-MIS 5
boundary.

5.1.2. Positive correlation: “Cold” intervals B
and D. Intervals B and D include the coldest portions
of the 110,000-year record. As suggested by the analysis
of the GRIP NHy4 record, the period 28,000 to 20,000
years ago is one of strong positive correlation [Fuhrer, et
al., 1996]. The positive correlation increases, following
its abrupt switch from negative values in MIS 3, and
reaches a consistent 95% level of significance =240,000
years ago. This period includes the D/O rapid change
events and the Heinrich events [Bond et al., 1992], pe-
riods of massive discharge of icebergs into the North
Atlantic. Interval D follows the MIS 5-MIS 4 transition
and contains a period in which ice volume has been
estimated to have reached 75 to 90% of its MIS 2 maxi-
mum, and snow and ice fields extended to at least 50°N
latitude over eastern Canada [Ruddiman and McIntyre,
1979].

The reason for the generally low background levels of
ammonium in the Greenland atmosphere during these
intervals is easily understood from the previous discus-
sion of factors influencing the OB series. These same
forcing agents make it extremely unlikely that increases
in ammonium concentrations during the coldest por-
tions of these cold periods is the result of an increase in
source strength. Rather, the probable origin of syn-
chronous increases in ammonium concentrations and
the PCI during intervals B and D is an increase in the
frequency of expansion of polar circulation into south-
ern regions that were sufficiently far from the ice sheet
margins to support significant biogenic activity. Such
expansions of ammonium-poor air masses from polar re-
gions into biologically producing areas would have pro-
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Figure 5. Comparison of deviations about orbital scale background levels of ammonium con-
centrations and the PCI over intervals (top) B-C and (bottom) D-E. Intervals B and D record
approximately synchronous behavior and yield positive windowed correlations, while intervals C
and E record, primarily, asynchronous behavior and negative windowed correlations.

vided efficient incorporation and transport of ammo-
nium [Langford and Fehsenfeld, 1992).

In addition to an expansion of the polar cell and in-
tensification of polar circulation, decreasing tempera-
ture also enhances cyclonic activity in the margins of the
cell. Each of these responses increases the possibility of
entrainment of southerly air masses in a predominantly
northern circulation system, creating a small but mea-
surable increase in Greenland’s atmospheric concentra-
tion of ammonium during colder periods of the record.
This explanation is consistent with the observed varia-
tion of +2 ppb of ammonium during the D/O events.
Evidently, the “warm” parts of the D/O cycles are too
short to allow significant biological production within
the reduced “capture zone” of the polar circulation.

As a consequence, ammonium concentrations drop to
a level determined by the reduced rate of capture of air
masses from biologically productive regions and only in-
crease again following the abrupt shifts into the “cold”
parts of the cycles.

5.1.3. Interval A: Younger Dryas and Holo-
cene. The transition to negative correlations between
ammonium and PCI residuals during the Bolling-Allerod
warming at the MIS 2-MIS 1 boundary is consistent
with the discussion above. However, the sharp return
to positive values during the Younger Dryas cold pe-
riod is not. Despite the cooling that accompanied the
YD event, it was a time of strong biological production
as the biota in the newly ice free regions responded to
increasing summer insolation. Therefore, while the YD
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appears to be the most recent in a long sequence of
abrupt cooling events in the PCI record [Mayewski et
al., this issue], its inhibiting effect on biogenic produc-
tion was minimized by its occurrence during the time
of NH summer perihelion. This is in contrast to the de-
crease in biological production during the cold event at
85,000 years ago, discussed above, which occurred at an
earlier stage of the precession cycle. As a consequence
of these factors, the return to positive correlation be-
tween ammonium and PCI residuals during the YD does
not imply the atmospheric circulation pattern common
during intervals B and D. Following the YD the warm
negatively correlated circulation mode returned and has
continued to the present.

5.1.4. Timing of transition between circula-
tion modes. As remarked above, transitions between
positive and negative correlation intervals are definite
and abrupt (within 250-500 years) indicating a brief pe-
riod of transition between the two modes of atmospheric
circulation contained in the interval pairs B and D and
C and E. In order to investigate the timing of these
transitional events, we conducted a lagged correlation
analysis between the windowed correlation series and
the summer insolation series. This analysis yielded a
highly significant negative correlation with a minimum
of —0.43 at a lag of —5,250 years. Fig. 4a displays a
plot of summer insolation and the correlation series of
Fig. 4b plotted with this time delay.

The E-D and D-C transitions, in particular, appear
to be lagged responses to changes in summer insolation.
This delay in atmospheric response is, most likely, as-
sociated with the growth of the Laurentide Ice Sheet
during this time period. This is consistent with the
finding that ocean cooling lagged some 3000 to 5000
years behind ice growth during MIS 4 and MIS 5 [Rud-
diman and McIntyre, 1979] and the estimated 5000 to
7000 year lag in the PCI response to latitudinal summer
and winter variation in insolation [Mayewski et al., this
issue].

The fact that the transitions at the E-D, the D-C, and
the C-B boundaries occur 5000 years after the passage
of summer insolation levels below, above, and below,
respectively, their 110,000-year average suggests that
there is a minimum ice sheet extent required to sustain
the cold circulation mode. After 5000 years of below
average summer and above average winter insolation
the critical ice volume (or extent) is attained and the
circulation pattern changes from warm to cold mode
in a matter of a few centuries or less. The return to
the warm mode occurs when, after some 5000 years
of “ice melting” conditions, the ice sheet again returns
to subcritical size. The record of estimated sea level
[Mayewski, et al., this issue] indicates that the critical
ice volume is associated with a lowering of sea level of
=50 m.

If this explanation is valid, then the anomalous na-
ture of the YD circulation mentioned previously be-
comes clear. The melting of the Laurentide Ice Sheet
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beyond the critical 50 m equivalent volume induced the
atmospheric B-A transition into the warm circulation
pattern. The subsequent cooling associated with the
YD expanded the polar cell, strengthened the polar cir-
culation, and created an atypical positive correlation
between the PCI and the insolation-induced strength-
ening of biogenic production.

5.2, Summary: Decadal and Centennial Scale
Variations

This analysis has identified two climatic modes of
short-term variation in atmospheric circulation and bi-
ological production which prevailed for periods compa-
rable to, but not always contemporaneous with, the ma-
rine isotope stages.

Intervals E, C, and A (Fig. 4) represent a Holocene-
like warm mode in which biogenic activity in the ice-
free latitudes and meridional circulation patterns are
modulated by short term (centennial scale) coolings and
warmings so as to create asynchronous behavior in the
ammonium concentration and PCI series. Intervals D
and B represent a cold mode, similar to conditions pre-
vailing during the glacial maximum, in which biogenic
activity is restricted to regions far to the south of the
average range of the predominantly zonal polar circu-
lation, creating normally low concentrations of ammo-
nium in the northern atmosphere. Ammonium concen-
trations increase in concert with PCI expansion into and
increased cyclonic activity within the biologically pro-
ductive areas to the south. Centennial scale transitions
between these two climatic modes appear to be strongly
linked to ice sheet growth and retreat past some critical
threshold of ice volume or extent.

6. Summary

Our discussion of the 110,000-year history of atmo-
spheric circulation and biological production has been
based on the ammonium concentration record from the
GISP2 ice core. The directly measured concentration
series was selected for analysis, rather than that of esti-
mated ammonium flux, after a detailed analysis of the
relationship among glaciochemical concentrations and
a high-resolution simultaneous record of snow accumu-
lation from the GISP2 core. Our analysis of the am-
monium concentration record shows that maxima in
background levels of ammonium in the Greenland at-
mosphere are strongly related to and synchronous with
summer forcing associated with the precessional cycle of
insolation. Minima in background levels, on the other
hand, are delayed relative to minima in summer inso-
lation at those times when ice volume is significant.
The durations of these delays are similar in magnitude
to those of other paleoclimatic variates associated with
changes in ice volume.

Decadal and centennial scale variation about back-
ground levels of ammonium concentration exhibit two
modes of behavior when compared to the record of po-
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lar circulation intensity. Transitions between these two
climatic conditions appear to be related also to patterns
in ice sheet growth and retreat responding to changes
in insolation levels.

Appendix: Empirical Orthogonal
Functions

Empirical orthogonal function {EOF) analysis, a time
series modification of principle-component analysis of
multivariate statistics [Krzanowski, 1988] is used to an-
alyze the covariance structure of multivariate time series
[Peizoto and Ooort, 1992]. Such a multivariate series of
dimension m with N observations forms a matrix X of
dimension m x N. The m x m sample correlation ma-
trix R is calculated by first standardizing each row x;
of X by subtracting its sample mean m; and dividing
by its sample standard deviation s; to construct the
m X N matrix of standardized variates Y then forming
R = YYT/(N —1). R, being symmetric and positive
definite, has positive eigenvalues and orthogonal eigen-
vectors, which, when arranged in the order of decreasing
eigenvalue magnitudes, form a new basis of coordinates
that is most efficient in explaining the covariance struc-
ture of the multivariate series. If V is the m x m matrix
having these orthonormal eigenvectors as its columns,
Y can be factored into a product

Y=VW (A1)

with W an m x N matrix having orthogonal rows. This
factorization can be written as a sum of m x N matrices
of rank 1
Y =viw +...+v™w, (A2)

formed by the product of m x 1 and 1 x N matrices v*
and w;. Here v* is the ith column of V and w; is the
ith row of W. Each matrix of this sum represents m
time series (its rows) which are “parallel,” in that each
is a multiple of the common w;.

If v; ; denotes the jth component of v*, rescaling the
jth row of Y leads to a representation of the jth series
X,

(A3)

xX; =mj; + Sj(vl,jwl +...+ vm,jwm).

It is common for most x; to be well-represented (in
the sense of explained variance) by only the first few
terms of (A3), and if this is true for all rows j, the
m series can be approximated by, for example, k series
Wi,...., Wi using (A3). This can be an effective reduc-
tion in dimension, and if the factors viw, can be as-
sociated with known processes, they provide increased
understanding of the information content of the multi-
variate series. Clearly, from (A3), if v,, and v;, have
the same sign, the ith components in the representation
of the two series x; and x,, increase together, while if
they have opposite signs, one increases while the other
decreases. In fact, if the scaling of (A2) is changed so
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that the rows of W are mutually orthonormal, the sam-
ple correlation of x; and x, is given by

(Ul,jvl,n + ...+ Um,j'”m,n
N-1 '

The tabulated summaries of EOF analyses included
in the text uses this scaling and shows eigenvectors as
vi/y/N —1 in order that the products of two entries
from the same column can be directly interpreted as the
contribution to the corresponding two chemical species’
correlation associated with that EOF.

corr(X;,Xp) =

(A4)
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