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STATEMENT OF PURPOSE
Pacific Climate (PACLIM) Workshops

In 1984, a workshop was held on “Climatic Variability of the Eastern North
Pacific and Western North America”. From it has emerged an annual series
of workshops held at the Asilomar Conference Center, Monterey Peninsula,
California. These annual meetings, which involve 80-100 participants, have
come to be known as PACLIM (Pacific Climate) Workshops, reflecting broad
interests in the climatologies associated with the Pacific Ocean and western
Americas in both the northern and southern hemispheres. Participants have
included atmospheric scientists, hydrologists, glaciologists,
oceanographers, limnologists, and both marine and terrestrial biologists. A
major goal of PACLIM is to provide a forum for exploring the insights and
perspectives of each of these many disciplines and for understanding the
critical linkages between them.

PACLIM arose from growing concern about climate variability and its societal
and ecological impacts. Storm frequency, snowpack, droughts and floods,
agricultural production, water supply, glacial advances, stream chemistry,
sea surface temperature, salmon catch, lake ecosystems, and wildlife
habitat are among the many aspects of climate and climatic impacts
addressed by PACLIM Workshops. Workshops also address broad concerns
about the impact of possible climate change over the next century. From
observed changes in the historical record, the conclusion is evident that
climate change would have large societal impacts through effects on global
ecology, hydrology, geology, and oceanography.

Our ability to predict climate, climate variability, and climate change
critically depends on an understanding of global processes. Human impacts
are primarily terrestrial in nature, but the major forcing processes are
atmospheric and oceanic in origin and transferred through geologic and
biologic systems. Our understanding of the global climate system and its
relationship to ecosystems in the Eastern Pacific area arises from regional
study of its components in the Pacific Ocean and western Americas, where
ocean/atmosphere coupling is strongly expressed. Empirical evidence
suggests that large-scale climatic fluctuations force large-scale ecosystem
response in the California Current and in a very different system, the North
Pacific central gyre. With such diverse meteorologic phenomena as the El
Nifio-Southern Oscillation and shifts in the Aleutian Low and North Pacific
High, the Eastern Pacific has tremendous global influences and particularly
strong effects on North America. In the western United States, where rainfall
is primarily a cool-season phenomenon, year-to-year changes in the activity
and tracking of North Pacific winter storms have substantial influence on
the hydrological balance. This region is rich in climatic records, both
instrumental and proxy. Recent research efforts are beginning to focus on
better paleoclimatic reconstructions that will put present-day climatic
variability in context and allow better anticipation of future variations and
changes.

b



The PACLIM Workshops address the problem of defining regional coupling
of multifold elements, as organized by global phenomena. Because climate
expresses itself throughout the natural system, our activity has been, from
the beginning, multidisciplinary in scope. The specialized knowledge from
different disciplines has brought together climatic records and process
measurements to synthesize an understanding of the complete system. Our
interdisciplinary group uses diverse time series, measured both directly and
through proxy indicators, to study past climatic conditions and current
processes in this region. Characterizing and linking the geosphere,
biosphere, and hydrosphere in this region provides a scientific analogue
and, hence, a basis for understanding similar linkages in other regions, as
well as for anticipating the response to future climate variations. Our
emphasis in PACLIM is to study the interrelationships among diverse data.
To understand these interactive phenomena, we incorporate studies that
consider a broad range of topics both physical and biological, time scales
from months to millennia, and space scales from single sites to the entire
globe. :

An overview of the PACLIM Workshops was published in the December 30, 1986, issue of EOS.
Proceedings of PACLIM Workshops are published annually by the -
California Department of Water Resources as Technical Reports of the
Interagency Ecological Program for the Sacramento-San Joaquin Estuary.
A multi-disciplinary collection of research papers, spawned at least partially by interactions in the
initial PACLIM Workshops, was published as AGU Geophysical Monograph 55 (Peterson, ed., 1989).




Introduction

Caroline M. Isaacs

Nearly 100 participants attended the eleventh annual PACLIM workshop
at the Asilomar Conference Center in Pacific Grove, California, on April 19-
99, 1994. A one-day theme session of ten 45-minute talks was followed
by sessions of 20-minute presentations. In addition, 19 presenters gave
1- to 2-minute introductions to their posters, which were displayed
throughout the meeting.

The theme session focused on high-resolution paleoclimate studies,
emphasizing records of the last few thousand years, encompassing a
pan-Pacific scope, and presenting innovative approaches to analyzing
time series. Included were presentations of high-resolution proxy records
constructed from tree rings, coral bands, and marine varves. Also dis-
cussed were evaluations of solar influences by bispectral analysis,
the intriguing connection between climate and volcanism, models of
interdecadal climate variability, and potential methods of identifying
deterministic chaos in the climate system.

In the first paper of the volume, Edward Cook et al present tree-ring
records from Tasmania now extending back to 800 BC. Analysis of their
warm-season temperature reconstruction indicates that interdecadal
variability over the last 3000 years has strong expressions at frequencies
with mean periods of 31, 57, 77, and 200 years. Based on singular
spectrum analysis, trends from these long-term frequencies are esti-
mated to account for 51% of the anomalous warming in progress over
Tasmania for the last 30 years. By extrapolating these low frequency
components into the future, the authors forecast a natural cooling trend
for the next 30 years, which could mask detection of greenhouse warming
in the region.

In the next paper, Vera Markgraf et al evaluate the relative importance of
temperature and precipitation to major paleoenvironmental changes by
comparing pollen and stable isotope ratios in peat in a South American
core from Tierra del Fuego spanning the last 14,000 years. Major paleo-
environmental changes at 12700, 9000, 5000, and 4000 YBP (years
before present) are concluded to reflect precipitation changes, mainly
related to the position and intensity of extratropical stormtracks. High
paleoenvironmental variability in late glacial and latest Holocene times,
on the other hand, are identified with temperature variability.

David Rea and Libby Prueher review evidence of the link between volcan-
ism and climatic cooling, first noted by Benjamin Franklin following the
Laki, Iceland, eruption in 1783. Global cooling lasting 2-5 years and
glacial advances lagged 10-15 years after an eruption are well docu-
mented, but longer-term links between volcanism and climate have
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generally been regarded as speculative. The authors present new evi-
dence from Ocean Drilling Program Leg 145 to the subarctic Pacific of the
synchroneity between the abrupt increase in volcanism and the sudden
onset of northern hemisphere glaciation at 2.6 Ma (million years ago).
Although the requisite changes in atmospheric circulation and COs can
be explained by other causes (eg, uplift of the Tibetan and American
plateaus), the authors point out that the abruptness of glacial onset
indicates a threshold phenomenon and suggest that the sudden increase
in massive volcanism could have been the critical trigger.

Thomas Stocker examines decadal to century time-scale variability in the
climate system, pointing out that high-resolution proxy records exhibit
significant power on this scale. Climate modeling has traditionally been
based on the concept that observed fluctuations derive from forcings on
the same scale, but this paper suggests that fluctuations may be linked
to interactions within and between components of the climate system,
principally the ocean and atmosphere. Recent models and mechanisms
are reviewed. Although concluding that such studies are still in their
infancy, the paper discusses new insights into the role of the ocean, the
influence of atmosphere-ocean exchange, and the dynamics of marginal
seas on internal variability of the climate system.

Nonlinear time series analysis is the focus of Terri Hagelberg and Julie
Cole’s paper, which examines the relationship between solar forcing and
climate change on ENSO (El Nifio/Southern Oscillation) scales. Using
bispectral and cross-bispectral analysis, the authors compare the annual
sunspot cycle 1700-present with instrumental records of sea surface
temperature from the central and eastern tropical Pacific, coral proxy
data from Indonesia and the Galapagos, and tree-ring proxy data from
North American Tree Ring Indices. Results show nonlinear coupling
between the 6-year ENSO cycle and 11-year solar cycle that is statisti-
cally significant (0.80 level) for at least the past several centuries.

In the next paper, Bruce Stewart suggests that deterministic chaos offers
a new paradigm for understanding irregular fluctuations and discusses
methods that can test whether paleoclimate proxy data are consistent
with a deterministic interpretation. A basic question is whether climate
(as contrasted to weather) has a dynamical structure; that is to say, is
the evolution of climate governed by dynamical laws that, given the
present state expressed in terms of annual or seasonal means, determine
future conditions? Methods of analysis are illustrated with time series of
oxygen isotope ratios from the Quelccaya ice cores 1476-1984 and
temperature reconstructions from Fennoscandian trees AD 500-1980.

Gregory Wiles et al present the first summer temperature reconstructions
from tree-ring chronologies at coastal sites along the Gulf of Alaska and
Pacific Northwest. Using both tree-ring widths and maximum latewood
density in their analysis by principal components regression techniques
and prewhitening to remove persistence in the series, the reconstruction
of summer temperatures shows warming in the 1820s and cooling in the
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1810s, 1860s, and 1890s for the Gulf of Alaska and cool intervals in the
early 1800s and 1880s for the Pacific Northwest. The authors also
suggest that ring-width chronologies may provide information on winter
temperature and pressure changes in the region.

Turning to paleoclimate data for Mexico, Sarah Diaz et al present a
pioneering effort to use tree rings to extend instrumental records of
aridity in the Sierra de la Laguna Mountains at the southern tip of the
Baja California peninsula. Comparison of instrumental and dendrochro-
nology data show that tree-ring width closely correlates with aridity and
precipitation but is insignificantly related to temperature. Aridity vari-
ations are especially well-reflected in the proxy data at an interdecadal
scale. Using a model derived from the period of overlap in the two data
sets, they reconstruct aridity for the past two centuries from tree-ring
width. Results show: (1) a period of high variability 1810-1890 with
generally high aridity interrupted by very low aridity during the mid-
1840s, (2) a stable period of intermediate aridity 1900 to the mid-1950s;
and (3) a highly variable recent period, with maximum aridity in the early
1970s and minimum aridity in the mid-1960s and mid-1980s.

South American hydrology is the focus of the paper by Thomas Piechota
et al, who examine the spatial distribution of streamflow response to
ENSO events. Using harmonic analysis, these authors identify four
coherent regions of strong hydrologic response. In two of these regions
(south-central Chile and north-central Chile), anomalously high stream-
flow occurs during El Nifio events. In the other two regions (Guyana and
Panama), by contrast, anomalously low streamflow occurs during El Nifio
events. The authors demonstrate quantified probability distributions for
precipitation associated with El Nifio and La Nifia years at specific
stations within each region.

Also focusing on El Nino events is Arndt Schimmelmann et al’s
paleo-reconstruction for the Santa Barbara Basin during 1841-1941,
which encompasses the end of the “Little Ice Age”. They propose four
proxy criteria from the varved sediment record for their reconstructions
and compare these with instrumental and historical evidence, concluding
that strong El Nifo events did not occur during 1841-1870, that three or
more events occurred in the short period 1870-1891, perhaps one in
1913, perhaps another in 1926/27, and finally the well-known event of
1941/42. Historical accounts of weather and storms are detailed for
1844-1891, including discussion of weather associated with the eruption
of Krakatoa in 1883.

Amy Weinheimer and Daniel Cayan also examined proxy records in
varved sediment from the Santa Barbara Basin, focusing on radiolarian
assemblages and radiolarian flux rates. For the period 1954-1986,
no major assemblage changes were detected, but comparison with
instrumental records shows intriguing correlations between radiolarian
flux rates and regional California sea surface temperature. High flux
rates reflect diminished upwelling and are associated with a positive

3
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Pacific/North American circulation pattern, characterized by a strong
North Pacific subtropical High, deep Aleutian Low, and strong high over
western Canada-Pacific Northwest.

Examining proxy data in the more distant geologic past, Eileen Hemphill-
Haley discusses evidence for more vigorous coastal upwelling and
enhanced diatom productivity along the northern California margin
25,000-40,000 YPB. Two cores from the Russian River and Point Arena
area are compared with cores from Ocean Drilling Program Site 893A in
the Santa Barbara Basin. Changes in mass accumulation rates of organic
carbon and total diatoms, as well as contrasting trends between groups
within the diatom assemblages, support the idea that upwelling and
diatom productivity decreased simultaneously in both areas at the onset
of glacial Stage 2, circa 28,000 YBP.

An even longer paleoclimate view is provided by Thomas Moutoux and
Owen Davis for the Great Salt Lake region in the northeastern Great
Basin. From lacustrine cores spanning the last 8 million years, these
authors reconstruct paleotemperatures and paleoprecipitation by com-
paring paleo pollen assemblages with contemporary assemblages based
on a square cord distance dissimilarity function. The most notable result
is identification of a widespread and sudden change about 700,000 YBP
to a cooler and moister climate, with mean annual temperature estimated
as 2°C or more lower than today and precipitation frequently double
modern values. Prior to this change, temperatures in the area averaged
1-3°C higher and precipitation 50-100 mm lower than today.

Thor Karlstrom considers evidence of a 139-year climatic cycle, a reso-
nance of maximum tidal force cycles of 3366, 1112, and 556 years. Using
a method based on half-cycle smoothing positioned on cycle turning
points, the author analyzes dendroclimatic records to conclude that the
139-year cycle is real and regionally robust, reflecting alternations of
warm/dry and cool/wet climatic conditions. The method is also illus-
trated by time series analysis of Egyptian cultural history, sunspot
cycle-length, solar tides, tree-ring isotopes, and pollen records.

The next several papers examine climate variability from instrumental
records. In the first of these papers, Cary Mock addresses the hetero-
geneous spatial patterns of seasonal precipitation regimes in the United
States west of the Mississippi. To elucidate the scale of various controls,
maps of intermonthly precipitation trends are constructed from a dense
network of stations including high-elevation sites. While large-scale
climate controls (polar jet stream, Pacific subtropical high, subtropical
ridge) are important over much of the region, the smaller-scale controls
characteristic of mountainous regions (physiography, thermal troughs)
contribute significantly to the overall spatial variation of seasonal
precipitation maxima. Results have application to forecasting seasonal pre-
cipitation anomalies and refining general circulation and high-resolution
mesoscale climate models.
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Predicting rainfall in the Sierra Nevada Mountain watersheds of California
one to two months in advance is the focus of the next paper. Stephen Holets
presents an analog model used by Pacific Gas and Electric Company to
provide the rainfall outlook, which is based on empirically matching
monthly average polar-front jet stream positions in the eastern and
central North Pacific with historical jet stream positions. Also discussed
are the mean wintertime polar-front jet stream in the northern hemi-
sphere as a whole, and the roles of mountain ranges and land-ocean
thermal contrasts in determining its overall structure.

Maurice Roos queries “Has the California Drought Returned?” After
6 years of drought during 1987-1992, the 1993 water year ended the
California drought with about 150% of average precipitation and good
carryover reservoir capacity. The 1994 water year, however, was again
dry, placing California in a “drought watch” mode. The paper distin-
guishes between hydrological drought and meteorological drought and
details consequences for water delivery of current conditions.

A longer view of California hydrology is presented by Lisa Wells and
Michelle Goman, who report preliminary results on the history of vari-
ations in relative salinity and inundation frequency in tidal marsh
sediments of the upper San Francisco estuary over the last 7000 years.
Several short-period events have been recognized, including an extreme
flood at about 0.5 ka (thousand years ago), several extreme droughts at
about 3.0 ka, and increased tidal inundation at about 4.5 ka and 2.2 ka.
These preliminary data suggest that both drought and salinity intrusion
occurred in the Sacramento/San Joaquin drainage basin even during
periods that were generally characterized by much higher freshwater
discharge than today.

The sole paper in this volume on large-storm events deals with Cyclone Kina,
which struck the Fiji Islands in 1993, causing more than $100 million in
damage. Richard Casey et al report on an ecological transect made
6 months before the cyclone and contrast the reef condition with results
from another transect made a few days after the cyclone. One major
impact has been the invasion of opportunistic algae in the inner reef flat.
The authors estimate that the reef will take several years — and perhaps
up to 30 years — to recover to pre-cyclone conditions.

The final paper in the volume deals with statistical and graphic capabili-
ties of the Macintosh computer, with special application to exploring and
illustrating climate datasets (both models and observations). Stanley
Grotch discusses recent advances in networking that now permit rapid
transfer of large datasets and reviews — from a strictly personal viewpoint
— several sophisticated data analysis and graphics packages that are
available for the Macintosh. Included in the discussion are basic statis-
tical tools, “linked plots” that highlight selected data, 3-dimensional
plots, scripts and macros, interactive graphics, animation, and desktop
movie-making. Recommended software sources are also listed.






Inter-Decadal Climate Variability in the
Southern Hemisphere: Evidence from Tasmanian
Tree Rings over the Past Three Millennia

Edward R. Cook, Brendan M. Buckley, and Rosanne D. D’Arrigo

ABSTRACT: The characterization of inter-decadal climate variability in the Southern Hemisphere
is severely constrained by the shortness of the instrumental climate records. To help relieve this
constraint, we have developed and analyzed a reconstruction of warm-season (November-April)
temperatures from Tasmanian tree rings that now extends back to 800 BC. A detailed analysis of
this reconstruction in the time and frequency domains indicates that much of the inter-decadal
variability is principally confined to four frequency bands with mean periods of 31, 57, 77, and
200 years. These oscillations are stable and robust with respect to the progressive development
and extension of the tree-ring reconstruction back in time. They account for about 12% of the
overall variance in annual temperature estimates and 41% of the inter-decadal variance (ie, periods
>10 years). Using singular spectrum analysis, we estimate the overall inter-decadal temperature
signal contributed by these four oscillations and compare its recent behavior to an anomalous
warming that has been in progress over Tasmania since about 1965. We find that 51% of the mean
anomalous warming can be accounted for by these oscillations. Prediction error filtering is also
used to forecast the inter-decadal temperature signal 30 years into the future. In so doing, we show
how a future greenhouse warming signal over Tasmania could be masked by these natural
oscillations unless they are taken into account.

Introduction

Characterization of inter-decadal climate variability worldwide is con-
strained by the shortness of the instrumental climate records. This
problem is especially acute in the Southern Hemisphere, where such
records rarely exceed 100 years in length (Barry 1978). In Tasmania,
tree-ring width variations of old-growth Huon pines (Lagarostrobos fran-
klini)) provide a means of extending instrumental temperature records
back thousands of years. We analyZe one such reconstruction of warm-
season (November-April) temperatures for Tasmania, which now extends
back to 800 BC. As will be shown, there is strong statistical evidence in
the time and frequency domains for inter-decadal and century-scale
variability of an oscillatory nature. This behavior is stable and robust with
respect to the progressive development and extension of the tree-ring
reconstruction back in time. Thus, we believe the oscillatory behavior in
the series is not a statistical artifact. Rather, it reflects the true dynamics
of the ocean/atmosphere system in this sector of the Southern Hemi-
sphere.

In:

C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Tree-Ring Chronology Development

Tree-ring data used in the temperature reconstruction were collected
from a disjunct stand of sub-alpine Huon pine at an elevation of 950
meters on Mount Read, in western Tasmania (F igure 1). The site is called
“Lake Johnston” after a small cirque lake about 50-100 meters below the
stand. The Huon pine stand is composed of two discrete, adjacent units:
one made up solely of living trees and a second area of standing dead
trees killed by a fire in 1961. All of the sub-fossil wood used to extend the
reconstruction back in time came from the zone of fire-killed trees. Actual
wood collections were made over a period of 4 years, with the living trees
sampled first. This produced a tree-ring chronology spanning AD 779-
1988 (Cook et al 1992). Subsequently, standing dead trees were sampled
from the fire-killed zone, followed by remnant logs and stumps. The
sub-fossil tree rings were exactly cross-dated in time with the living-tree
chronology to extend the chronology back in time. Total overlap between
the living tree and sub-fossil wood chronologies is 952 years.
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Figure 1. MAP SHOWING TASMANIA AND THE LAKE JOHNSTON TREE-RING SITE
IN RELATION TO AUSTRALIA AND NEW ZEALAND

The raw tree-ring measurement series were standardized (Fritts 1976)
using very conservative detrending to preserve as much low-frequency
variance as possible in the data. In the newest, longest version of the
chronology, which now extends back to 800 BC, only linear and negative
exponential growth trends were removed from the individual segments.
The final site chronologies thus produced for climatic reconstruction
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were mean-value functions of all cross-dated and standardized segments
available at the time, averaged across years using the biweight robust
mean to discount the influence of outliers.

Temperature Reconstructions

The warm-season temperature reconstruction analyzed here was devel-
oped in three discrete stages, representing the progressive addition of
newly available tree-ring data to the reconstruction and the extension of
that series farther back in time. These stages of development are shown
in Figure 2. The first reconstruction covers AD 900-1989 and is described
in Cook et al (1991, 1992). The second reconstruction covers 300 BC-AD
1989 and is described in Cook et al (in press). The third reconstruction,
which will be analyzed here, covers 800 BC-AD 1991. So, in three
independent stages, the length of the warm-season temperature recon-
struction was increased from 1089 to 2290 and, finally, to 2792 years.

These progressive extensions also meant the addition of a lot of new
tree-ring data throughout the record. Figure 2(d) shows the changing
tree-ring sample size over time for each of the three reconstructions.
From AD 900 to the present, most of the samples came from living trees.
Prior to that date, the tree-ring specimens came from sub-fossil logs and
in situ stumps at the site. Although the tree-ring samples added to the
reconstruction are not spatially independent of those used initially by
Cook et al (1991,1992) (ie, they all came from the same general location
above Lake Johnston), they do represent many new trees sampled
independently of the living trees. -

Spectral analysis (Jenkins and Watts 1968; Marple 1987) of the three
series in Figure 2 has revealed the presence of oscillatory behavior that
has apparently persisted over the past 2792 years. Cook et al (1992)
presented both classical Blackman-Tukey and maximum entropy spectra
of the shortest record and noted the apparent presence of statistically
significant (a priori 0<0.05) peaks with periods around 30, 56, 80, and
180 years. It was speculated that these peaks could have been generated
by internal dynamics of the coupled atmosphere/ocean/cryosphere sys-
tem (sensu Stocker and Mysak 1992). However, given the a posteriori
nature of the spectral analysis, those results had to remain purely
speculative. With the extension of the record back to 300 BC, which
doubled the original series length, it was possible to test for the longer-
term presence of those oscillatory modes and possibly validate their
existence. In so doing, Cook et al (in press) found that the spectral peaks
noted earlier were still present in the longer reconstruction, even when
the series was split into two quasi-independent halves and analyzed
separately. In this case, the mean periods for the full reconstruction were
31, 56, 79, and 204 years. With this positive result, Cook et al (in press)
proceeded to characterize the time/domain behavior of these oscillations
using singular spectrum analysis (Vautard and Ghil 1989). The extracted
wave forms obtained by SSA revealed that these signals were indeed

9
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present throughout the reconstruction and possessed significant ampli-
tude modulation. With the addition of more tree-ring series to the
reconstruction and its extension back to 800 BC (Figure 2), we will again
make the case for the probable existence of these oscillatory modes and
characterize them using SSA.

A. AD 900-1989 (Cook et al., 1992)
16 | | il
15
14 T I
) B. 300 BC-AD 1989 (Cook et al., in press)
S 6 N A W N B A | B WO .
m y
o
=
= 15
<
0@
o
E 14 L I I l I 1’ I } f |
=
C. 800 BC-AD 1991 (This study)
16 [ | I |
| | | i I | i | ; LU 1 | |
15 '\|" i; ll. 1y I_“._lw i PR | ¥ it 11|,‘ il q’:ﬁ" vl ‘l.‘ui
‘ ‘ x
14 | . | | ] ',
| D. Reconstruction Sample Sizes
w
w30
s y 1
< 15 I | .-'—'_'_L\-'_‘—\ Al ;’r
on i R e e o i
L ,_"_..L|,lJ —_’u_'_,_l'l_l— L
.l'_’_‘_‘-
0 ' i L 1 L 1 L 1 L L L 1 1 1 1 1 1 I 1 1
=500 0 500 1000 1500 2000
YEAR

Figure 2. THREE TEMPERATURE RECONSTRUCTIONS USED TO DOCUMENT THE OSCILLATORY BEHAVIOR IN
WARM-SEASON TASMANIAN TEMPERATURES
The charige in tree-ring sample size is shown to indicate the degree to which new information was added to each successive reconstruction.
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Figure 3 shows the power spectra of the three reconstructions developed
to date. Each has been computed using identical Blackman-Tukey
procedures. The spectral estimates are only shown over frequencies from
0 to 1/10 years, because that is the bandwidth of interest here. Rel=vant
statistics of the power spectra are provided in the figure (ie, lags, de rees
of freedom, bandwidth). The a priori 95% confidence limits are based o
a first-order Markov null continuum model (Gilman ef al 103} Tt +
arguable that the a priori limits are, in fact, correct for tesung t'

in Figure 3 (b-c) because the four spectral peaks being tested were s
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Figure 3. BLACKMAN-TUKEY POWER SPECTRA OF THE THREE RECONSTRUCTIONS SHOWN IN FIGURE 2.

The 95% confidence limits are based on a first-order Markov null continuum model.
The spectra are only shown over the frequency range 0 to 0.10.

11



Inter-Decadal Climate Variability in Southern Hemisphere:

in advance. However, the lack of complete independence of the times
series analyzed here weakens that argument somewhat.

These spectra basically re-affirm the probable existence of the oscillatory
modes reported by Cook et al (1992, in press). Each indicates the
presence of spectral peaks with periods around 31, 56, 80, and 200 years,
although their contributed variances do vary somewhat. In contrast,
there is little indication of consistent spectral peaks in the frequency
range of 1/28 to 1/10 years that exceed the 95% limits. This suggests
that any indicated quasi-periodic behavior in that broad band is either
transient or spurious.

Singular Spectrum Analysis

12

We now take a more detailed look at the oscillations in the Tasmania
temperature reconstruction using SSA. The series used for this purpose
is that shown in Figure 2(c), which extends back to 800 BC. Singular
spectrum analysis is an elegant, data-adaptive method of extracting
signals from noise in a time series (Vautard and Ghil 1989; Vautard et al
1992). It is based on applying principal components analysis to the
autocovariance matrix of the time series. Following Vautard et al (1992),
we used unbiased estimates of autocovariance for this purpose. The
result is a set of eigenvalues (or “singular values”) and eigenvectors (or
“empirical orthogonal functions”) that express particular modes of behav-
ior in the series over time. In particular, periodic behavior is expressed in
the eigenvalue trace as a degenerate pair of nearly equal eigenvalues. The
corresponding EOFs will behave as even and odd functions, with the
latter being in quadrature with the former. When applied to the original
time series to extract the oscillatory wave form (or “reconstructed compo-
nents”; Vautard et al 1992), the even and odd EOFs act as digital
band-pass filters with data-derived frequency response functions. This is
one of the principal strengths of singular spectrum analysis, because it
does not impose a potentially incorrect band-limited model on the series
as might be the case using classical digital filtering techniques. On the
other hand, the reconstructed components produced by SSA might not
be physically interpretable beyond a phenomenological level and could,
in fact, be transient or totally spurious. The oscillations being investi-
gated here do not appear to be either transient or spurious. However,
their physical meanings are still somewhat elusive.

Like all methods of spectral analysis, there is an element of subjectivity
and even artwork in applying singular spectrum analysis to noisy time
series. Two matters are of particular interest. One is determining the
dimension of the signal subspace; ie, the number of “true” signals in the
time series. Given the link between singular spectrum analysis and
principal components analysis, this is equivalent to determining the
number of significant eigenvalues in the autocovariance matrix. Monte
carlo techniques could be used for this purpose using one of the methods
described in Preisendorfer et al (1981) if nothing is known about the
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signal subspace dimension. Such is not the case here. A related problem,
which does not normally exist in PCA, is selecting the optimum embed-
ding dimension for extracting the signals of interest; ie, the number of
lags used to estimate the autocovariance matrix. Here, the link between
SSA and classical Blackman-Tukey spectral analysis is apparent, because
the chosen lag window ultimately determines the resolution and stability
of spectral estimates in either case.

In our problem here, the number of “true” signals has been defined by
previous analyses (Cook et al 1992; in press). This means we should
expect four pairs of eigenvalues to express the oscillatory behavior
associated with the 31-, 56-, 80-, and 200-year modes. In addition, these
four periodic components consistently account for most of the band-
limited variance in the spectrum at wave-lengths longer than 10 years.
Thus, they should be associated with the first eight eigenvalues of the
autocovariance matrix if the analysis is restricted to inter-decadal or
longer wave-lengths. This is the expected dimension of our signal sub-
space. The choice of embedding dimension can have an effect on this
expectation, however. If it is too small, there will not be sufficient
resolution to cleanly separate the oscillatory modes into separate EOF
pairs. In this case, the variance associated with the four modes may be
condensed into fewer than eight eigenvalues. Conversely, too many lags
can lead to something akin to peak splitting, which may cause the
variance to be distributed over more than eight eigenvalues.

Because there is no theory for determining the optimum embedding
dimension, a form of “window closing” (sensu Jenkins and Watts 1968)
is usually applied in SSA to search for a range of embedding dimensions
where the results do not change very much (Vautard and Ghil 1989;
 Vautard et al 1992). We have used this window closing procedure here,
but have adapted it to the individual oscillations, which range from 31 to
200 years. In each case, five embedding dimensions (M) were investigated.
For the 200-year oscillation, M ranged from 300-500 at 50-lag intervals.
For the closely spaced 56- and 80-year oscillations, M ranged from
200-400 also at 50-lag intervals. For the 31-year oscillation, M ranged
from 100-200 at 25 lag intervals. Prior to each window closing exercise,
we filtered the temperature reconstruction to eliminate higher-frequency
variance not associated with the oscillations being modeled. Pre-filtering
eliminated some leakage problems apparent in the EOFs, which would
have degraded their performance as band-pass filters. However, the
EOFs estimated after pre-fiitering were always applied to the original,
unfiltered reconstruction when estimating the reconstructed components.

Figure 4 shows the reconstructed components using the procedures
described above. Component periods were determined by spectral
analysis and differ only slightly from the earlier estimates (77 vs 80 and
57 vs 56 years). Rather than present one reconstructed component per
oscillation as the “best” estimate, we have chosen to overlay all five in
each case for comparison. In general, the estimated reconstructed

13
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components are not sensitive to the choice of embedding dimen-
sion. The biggest differences tend to be during periods of reduced
amplitude; ie, when the signal-to-noise ratio was lowest. In every case,
the reconstructed components show distinct amplitude modulation with
a typical range of near zero to 0.1°C. In some cases, the modulation
envelope is somewhat regular, the 77-year reconstructed component
being the best example. The 31-year reconstructed component also has
a tendency for asymmetric, non-linear amplitude modulation, with the
rise taking longer than the fall.
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Figure 4. WAVEFORMS OF THE TEMPERATURE OSCILLATIONS EXTRACTED BY SINGULAR SPECTRUM ANALYSIS
Five waveforms per period were estimated and overlaid to indicate the degree to which the chosen embedding dimension affected reslts.
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There is no obvious “best” embedding dimension for selecting the 31-,
57-, 77-, and 200-year reconstructed components to produce a compos-
ite temperature signal that expresses the cumulative effect of these
inter-decadal oscillations through time. For this reason, we generated all
possible combinations of 4-wave form aggregates using the five estimates
per oscillation. This resulted in 5% or 625 aggregates. We then took the
median aggregate as the best estimate of the inter-decadal temperature
signal based on the four oscillations. In addition, we used the 2.5 and
97.5 percentiles of the 625 aggregates to generate approximate 95%
confidence limits around the median series. These results are shown in
Figure 5. From these plots, it is clear that the variance due to the choice
of embedding dimensions is quite small relative to the amplitude of the
median signal.
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Figure 5. MEDIAN AGGREGATE WAVEFORM (solid curve) DERIVED FROM ALL POSSIBLE 4-WAVEFORM AGGREGATES
AVAILABLE FROM FIGURE 4.

The 2.5 and 97.5 percentile limits (dashed curves) from the suite of all possible aggregates are provided as
approximate 95% confidence limits.

None of individual oscillations accounts for more than 2 or 3% of the total
variance in the original temperature reconstruction, but individual
oscillations are much more important when viewed in the context of
inter-decadal climate variability alone. Figure 6 shows scatter plots of the
median aggregate signal versus the original unfiltered reconstruction and
the series after being low-pass filtered to eliminate all variance at periods
less than 10 years. The median aggregate has a correlation of 0.35 with
the original series; ie, it accounts for 12% of the total variance. In
contrast, the correlation with the low-pass-filtered series is 0.64, which
amounts to 41% of the inter-decadal variance. Thus, in the context of
inter-decadal climate variability over Tasmania, these oscillations must
be considered highly important contributors.
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Figure 6. SCATTERPLOTS OF THE MEDIATE AGGREGATE VERSUS THE UNFILTERED AND LOW-PASS FILTERED
TEMPERATURE RECONSTRUCTIONS.
Correlations are indicated in the upper righthand corners of the plots.

Temperature Oscillations and Recent Warming over Tasmania

16

It is instructive now to see how much these oscillations have contributed
to recent anomalous warming over Tasmania that was documented
by Cook et al (1991, 1992). In the AD 900-1989 reconstruction, the
1965-1989 interval was found to be the warmest 25-year period in the
1089-year record. Only when the reconstruction was extended back
more than 2000 years was a warmer 25-year period found. In the longest
reconstruction, the two warmest 25-year periods are 387-363 BC
(0.35+0.046°C) and 1967-1991 (0.33+0.055°C). So while not unique, the
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most recent warming is still a rare event that exceeds the long-term mean
by 6 standard errors.

With regard to the temperature oscillations being studied here, an
obvious question is: “Can they explain the recent warming over Tasma-
nia?” If not, then it could be argued that the climate system is in a new,
radiatively altered state due to the buildup of greenhouse gases in the
20th century. Returning to Figure 5, it appears that the oscillations can
explain much of the anomalous temperature variability seen in the
original reconstruction. The two warmest periods in the median aggre-
gate are the same as before, with peak anomalies of 0.27°C in 376 BC
and 0.25°C in 1982.

Figure 7 shows the outer portion of this temperature signal with its 95%
limits superimposed on the low-pass filtered reconstruction. The latter
highlights the general inter-decadal temperature fluctuations, including
the recent warming. For ease of examination, these series are only shown
since 1800. It is clear from these plots that the temperature oscillations
can cumulatively explain a large fraction of the overall warming since
1967. In terms of mean anomalies, the low-pass-filtered series averages
0.35+0.015°C for 1967-1991, while the mean of the median aggregate is
0.18+0.014°C. So, about 51% of the anomalous warmth can be attrib-
uted to the temperature oscillations. This occurred because the individ-
ual oscillation anomalies were relatively large, positive, and in phase at
this time by chance. However, this comparison may be slightly biased
because the 1967-1991 period was used in estimating the EOFs, making
the comparison in Figure 7 analogous to results of a fitting exercise. If
these data were not used, it is possible that the resulting EOFs would not
produce reconstructed components that predict the warming as well.
This possibility will be investigated, but it is unlikely to make a large
difference. Even withholding all of the 20th century data from estimates
of the autocovariances and EOFs would only amount to reducing the
series by 3.3% of its total length.
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Figure 7. MEDIAN AGGREGATE WAVEFORM SINCE 1800, WITH ITS APPROXIMATE 95% CONFIDENCE LIMITS
COMPARED TO THE LOW-PASS FILTERED SERIES
Note the degree to which the aggregate explains much of the inter-decadal warming in the reconstruction since 1965.
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Given that the oscillations apparently explain over half of the mean
anomalous warming, the median aggregate still systematically under-
estimates the magnitude of change indicated by the inter-decadal fluc-
tuations. While it is tempting to speculate that greenhouse forcing could
be responsible for this residual anomalous warming, systematic under-
and over-estimates of inter-decadal temperature change by the median
aggregate are as large or larger for similar duration periods in the past.
Clearly, there are additional contributors to inter-decadal temperature
change over Tasmania, but none seem to be as systematically and
persistently effective over the past three millennia as those investigated
here.

Implications for Detecting a Greenhouse Warming

18

The inter-decadal temperature oscillations over Tasmania have the
potential to either mimic or mask expected temperature trends due to
greenhouse warming. This potential is clearly indicated in Figure 7,
where the oscillations collectively explain 51% of the recent anomalous
warming. Yet, a closer examination of the median aggregate indicates
that it may now be on a down-turn, while the overall inter-decadal
temperature trend is stable or rising slightly. Does this mean a divergence
is underway that could be reflecting the emergence of greenhouse warming
from the natural background variability? It is impossible to say at this time.
However, it is possible to describe a reasonable scenario in which the
masking effect of the oscillatory modes is factored from expectations of a
hypothetical future temperature regime to reveal anomalous warming,

Consider the scenario in which the temperature increase over Tasmania
occurred as an abrupt change of state. This is plausible, given the rather
rapid and persistent temperature increase that occurred shortly after
1965 in both the instrumental record and the reconstruction (Cook et al
1992). Next, suppose this change of state is maintained for the next
30 years (ie, no further warming occurs), while at the same time the
inter-decadal oscillations continue to operate as they have for the last
three millennia. A stable mean maintained over the next 30 years would
seem to argue against greenhouse forcing because a warming trend is the
first-order (albeit non-unique) expectation, at least on a hemispheric
basis. However, maintaining a stable mean would actually require a
warming trend from other sources, like greenhouse forcing, to offset a
continuing decline by the oscillations in the future.

To see how this might work, the median aggregate was forecast 30 years
into the future using a moderate-length prediction error filter estimated
by the maximum entropy method (Ulrych and Clayton 1976). The result-
ing inter-decadal 30-year forecast is shown in Figure 8, along with a
simple climatology forecast based on the 1967-1991 mean. The inter-
decadal forecast is not sensitive to the prediction error filter length.
Varying the order from 200 to 500 produced almost no difference in the
forecasts. This is due to the extremely high signal-to-noise ratio in the
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median aggregate produced by singular spectrum analysis (cf, Penland
et al 1991) and the short forecast horizon relative to the lengths of the
prediction error filters tested. '

1:...!...!

E --@-- 1967-1991 CLIMATOLOGY A e ]
F --¥-- INTER-DECADAL FORECAST e ]
0.5 F .- -&-- UNMASKED "SIGNAL" .
c —‘/\—o-—o--o-—o——o--o-g

e ci Nl g--w--V a

WP FORECAST PERIOD | ]
F 1992-2021 3

0.5 Fw

ANOMALIES (°C)
o

1900 1920 1940 1960 1980 2000 2020
YEARS

Figure 8. MEDIAN AGGREGATE WAVEFORM SINGE 1900, WITH FORECASTS OUT TO THE YEAR 2021

These are provided to indicate how such inter-decadal, natural variability could mask a future warming trend due to other effects like
greenhouse warming. This forecast is compared to a climatology forecast using the mean of the 1967-1991 period, which represents a

continuation of the anomalous warmth now affecting Tasmania. If both were to occur in the future, a hidden warming trend indicated by
the unmasked “signal” would be required to offset the inter-decadal cooling.

As suspected, the inter-decadal forecast continues to decline from its
recent peak in 1982 to a minimum in 2009, after which it begins to climb
slowly again. The unmasked hypothetical change is that needed to
completely offset the inter-decadal cooling and thus reproduce the clima-
tology forecast. Therefore, it is nothing more than the mirror image of the
inter-decadal cooling. The result is an unmasked warming trend. In its
unmasked state, this trend would exceed the warmest 25-year period in
the reconstruction by a wide margin over the next 30 years. Although
rather schematic and strictly hypothetical, this example illustrates how
future warming induced by factors not related to the inter-decadal
oscillations would have to be substantial just to offset a projected cooling
due to this long-term, natural variability.

Conclusions

We have presented a growing body of statistical evidence for the existence
of inter-decadal temperature oscillations affecting the climate of Tasma-
nia. This behavior has apparently persisted for almost 3000 years and is
an important contributor to past and present temperature change in this
sector of the Southern Hemisphere. Although it is always dangerous to
extrapolate such results into the future, it is reasonable to expect that
these oscillations will continue in more or less the same modes unless a
radical change of state occurs in the ocean/atmosphere system. If this
behavior continues, then the potential masking effects of these oscilla-
tions on a greenhouse warming will need to be considered.
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Last 14,000 Years in Southernmost South America
Vera Markgraf, James W.C. White, Regina A. Figge, Ray Kenny

ABSTRACT: Comparison between past changes in pollen assemblages and stable isotope ratios
(deuterium and carbon) analyzed in the same peat core from Tierra del Fuego at latitude 55°S
permitted identification of the relative contribution of precipitation versus temperature responsible
for the respective change. Major steps in the sequence of paleoenvironmental changes, such as at
12700, 9000, 5000, and 4000 years ago are apparently related only to increase in precipitation,
reflecting the latitudinal location and intensity of the westerly storm tracks. On the other hand,
high paleoenvironmental variability, which is characteristic for the late-glacial and the latest
Holocene, is related to temperature variability, which affects the relative moisture content.
Comparison with other paleoenvironmental records suggests that the late-glacial temperature
variability is probably related to variability in the extent of Antarctic sea-ice, which in turn appears
to be related to the intensity of Atlantic deep-water circulation. Temperature variability during the
latest Holocene, on the other hand, is probably related to the dynamics of the El Nifio/Southern
Oscillation.

Introduction

Late Pleistocene paleoclimate patterns for southern South America are
reconstructed from pollen records analyzed from lake and bog sediments
recovered between latitudes 40° and 55°S from both sides of the Andes
(Markgraf 1991a, 1993a; Villagran 1990, 1993; Heusser 1984; Lumley
and Switsur 1993; Ashworth et al 1991). Modern environments in this
latitudinal band range from warm- to cool-temperate mixed evergreen
rain forest to deciduous forest, moorland, steppe and heath, and Andean
fjellfield. These major vegetation types reflect the latitudinal and eleva-
tional gradients in seasonal precipitation and temperature as well as the
rain-shadow effect of the Andes. Cool-temperate rain forests and moor-
land vegetation on the west coast of southern Chile, for example, receive
between 3000 and 5000 millimeters mean annual precipitation, whereas
the steppe-forest limit east of the Andes receives less than 600 milli-
meters. Toward the northern limit of the temperate forests, precipitation
occurs primarily in winter; at higher latitudes, precipitation is either
aseasonal or has a summer maximum. Seasonality of precipitation is
related to the seasonal latitudinal shift of the westerly storm tracks,
poleward in summer and equatorward in winter.

This semi-quantitative relationship between vegetation types and climate
parameters is the primary source for paleoclimatic interpretation of
past changes in vegetation types reconstructed from pollen assemblage
changes (Markgraf 1993a). When developing high-resolution paleo-
climate histories, however, the lack of a quantitative climate calibration

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Worlcshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Methods

of pollen assemblages is a handicap (Markgraf 1991b, 1993b). Most
critically needed in the attempt to enhance paleoclimate inferences is the
ability to quantitatively distinguish between precipitation and tempera-
ture parameters. The only earlier pollen/climate transfer function at-
tempt for southern Chile (Heusser and Streeter 1980) yielded unrealistic
results, suggesting that the calibration dataset was not adequate. More
promising are recent advances using pollen/climate response surface
analysis (Anderson and Markgraf 1993). Regression of a spatial network
of climate parameters and modern pollen types allows definition of every
pollen taxon’s climate space, information that can then be used to
translate down-core pollen taxa abundances in quantitative climate
terms. Ultimately, however, every climate/pollen calibration approach for
southern South America will be limited by the limited climate data
available.

Another approach to enhance paleoclimatic interpretation is a multi
proxy-climate indicator analysis. Recent advances in quantitative paleo-
climate interpretation using stable isotopes on organic materials led us
to pursue a combined study, analyzing on the same peat core samples
pollen, carbon, and deuterium isotopes.

Results

The core chosen for this multivariate paleoclimate study was recovered
from a raised Sphagnum peat bog near Estancia Harberton, in the
eastern Beagle Channel in Tierra del Fuego, about 50 kilometers east of
Ushuaia (latitude 55°S, longitude 67°W). The moss and sedge compo-
nents of the 10-meter-long peat core are very well preserved. Interpola-
tion between 21 radiocarbon dates (with a basal date of 13600 YBP)
suggests a uniform growth rate of 1 centimeter per 15 years. An exception
is the interval between 9000 and 10000 (11000) YBP, when fires appar-
ently burnt the bog surface and temporarily changed growth conditions
and hence growth rates (Markgraf 1991b, 1993b).
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Major times of change according to pollen assemblage changes (Figure 1)
date to 12500 YBP when Empetrum (Ericaceae) heath was replaced by
steppe, to 9000 YBP when Nothofagus woodland replaced the steppe, and
to 4000 YBP when, after a 1000-year-long heath re-expansion, modern
dense Nothofagus forests developed.

Results of the carbon isotope analyses on the moss components
(Sphagnum spp. and Drepanocladus s.1.) have been interpreted to reflect
changes in the atmospheric content of carbon dioxide (White et al 1994;
Figge et al in press). Three high-amplitude peaks (Figure 1) in the carbon
isotope ratios, at 12900, 11600, and 10200 YBP, suggest that there were
marked past “pulses” in atmospheric carbon dioxide, which probably
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MOSSES), 8D, AND THREE OF THE MAJOR POLEN TAXA: NOTHOFAGUS (SOUTHERN BEECH), GRAMINEAE (GRASSES), AND
EMPETRUM (HEATH).

relate to intervals of deep-ocean degassing events, which in turn relate to
changes in intensity of deep-water circulation (Figge and White submit-
ted). Less-rapid and lower-amplitude changes in carbon dioxide also
occurred during the Holocene; however, they do not seem related to
changes in the thermohaline circulation.

Results from the deuterium analyses are the focus of the following
discussion. Ratios between D/H of local precipitation reflect temperature
at the site of precipitation (lower temperatures result in more depleted 6D
values; Dansgaard 1964). 8D values of non-exchangeable (C-bound)
hydrogen in plant cellulose reflect the 8D values of environmental water
used by the plant during growth (Epstein et al 1976). Thus, 8D values
from ancient, well-preserved cellulose may provide paleoclimatic infor-
mation. We have found that the 8D values of environmental water in
southern South America is indeed strongly controlled by temperature,
yielding a 8D /temperature gradient of 4%o/°C (White and Kenny in prep).

Several pre-treatment techniques (Brenninkmeijer 1983; White 1983;
Coleman et al 1982) were tested for efficiency to remove exchangeable
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hydrogens from the moss cellulose and hemicellulose; especially the
oxygen-bound hydrogens (hydroxyls) are readily exchangeable (Epstein
et al 1976) and, therefore, need to be removed to obtain a meaningful
climate signal. Replicability tests applying different techniques suggest
that nitrification procedures proposed by Brenninkmeijer (1983), followed
by heating to 200°C under high vacuum, yielded the best results without
requiring too much material, which would decrease the temporal resolu-
tion of the analyses. The same 1-centimeter samples analyzed for pollen
and carbon isotopes were analyzed for deuterium to allow point-by-point
correlation between the different paleoclimatic indicators.

The deuterium values in the Harberton record (Figure 1) range from —190
to —-130%o, corresponding to a temperature amplitude of more than 10°C.
From a value at the base of the record at 14000 YBP of —190%o, deuterium
increased rapidly, reaching and exceeding Holocene values of —150%o
between 13500 and 12700 YBP. For the remainder of the late-glacial,
variability of the deuterium values is high; values shifted repeatedly and
rapidly between -150 and -180%o, which corresponds to temperature
shifts of about 3 to 4°C. The duration, especially of the cold intervals, is
about 50 years at 12600 YBP, and about 200 years after 11800 YBP, and
after 11200 YBP. After a gap related to scarcity of mosses in the sediment,
deuterium levels remained relatively stable at —150%o from 8000 to 4500
YBP. Between 4500 and 4000 YBP, deuterium reached —140%o, repre-
senting the relatively warmest temperatures of the Holocene, before
returning to early Holocene levels. After 2000 YBP, deuterium variability
again increased markedly. Within an interval of 50 years, values jumped
from —150 to —190%o, comparable to shifts found during the late-glacial.
Using the modern temperature calibration, this implies a temperature
decrease of more than 4°C between 2000 and 1700 YBP and between
1000 and 800 YBP.

Comparing changes in the down-core deuterium ratios and pollen assem-
blages, the former is interpreted to reflect changes in temperature, and
the latter interpreted as responding to a combination of temperature and
precipitation change, revealing a markedly similar history. Both indica-
tors record high variability during the late-glacial and the latest Holocene
and relatively stable climate conditions during the early Holocene. Both
indicators follow the same overall pattern of change, and there are no
temporal leads or lags between the high amplitude deuterium fluctua-
tions and the proportional shifts of pollen taxa. During the late-glacial,
varying proportions of Empetrum, Gramineae, and herbaceous taxa
represent different types of the late-glacial treeless vegetation in high
southern latitudes. During the Holocene, Nothofagus enters into the
proportional game. This synchroneity of change of the different indicators
suggests that either temperature is the leading cause of environmental
change in the high southern latitudes or that temperature changes are
linked to precipitation changes. A more detailed comparison of deuterium
ratios and pollen assemblage changes may help determine which is the
case.
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The initial rapid deuterium increase culminating between 13500 and
12800 YBP was accompanied by replacement of a species-rich herba-
ceous steppe pollen assemblage by a depauperate, arid Empetrum heath
assemblage (Markgraf 1993b). These changes imply that the temperature
increase was not compensated by a precipitation increase. The return of
Holocene-level deuterium values, which followed a strong but brief inter-
val of more negative values at 12600 YBP, was synchronous with a .
replacement of Empetrum heath by a Gramineae-dominated herbaceous
steppe, with substantial amounts of Cyperaceae. This suggests that the
temperature increase that followed the brief cold episode must have been
accompanied by at least a modest and seasonally evenly distributed
precipitation increase, which markedly increased effective moisture. This
condition lasted until 11600 YBP, when deuterium values returned again
to more negative levels, suggesting another cooling episode. Gramineae
apparently responded to the cooling with a slight decrease due to an
increase in herbaceous taxa. With the subsequent temperature increase,
herbaceous taxa decreased strongly, whereas both Empetrum and
Gramineae increased. The return of Empetrum implies that at that time
effective moisture decreased again, probably because precipitation de-
creased, especially during the warm season. During the final late-glacial
cooling episode at 11000 YBP, Empetrum decreased and Gramineae
increased. This is perhaps best explained in terms of greater moisture
availability under cooler conditions. The abrupt, marked decline in
Gramineae shortly after that date again occurred at a time of dramatic
temperature increase. At the same levels in the core, charcoal amounts
increase substantially, and even the bog surface must have burnt,
judging from carbonized moss plants (Markgraf 1993b). Thus, the decline
in Gramineae is linked indirectly to increased fire frequency as it relates
to soil instability as suggested by high levels of herbaceous disturbance
indicators, such as ferns, Gunnera, Acaena, Plantago, etc.

During the transition interval from late-glacial steppe and steppe/heath
vegetation to Nothofagus woodland between 10000 and 9000 YBP,
mosses are too scarce for deuterium analyses. Continuing high charcoal
amounts in the core suggest that fires continued until about 9000 YBP.
The burning altered the bog’s nutrient balance, which in turn affected
microbial activity, decomposition rates, and preservation of the mosses
(Markgraf 1993b).

By 8000 YBP, when well preserved mosses are again present, deuterium
values are similar to present values. The regional vegetation, however, is
less densely forested than today, suggesting greater moisture stress than
today, due probably to lower summer precipitation than today (Markgraf
1991a). Of interest is the mid-Holocene warm period, which culminated
(according to the deuterium data) between 4500 and 4000 YBP. The
pollen data show a marked increase in Empetrum between 5000 and
4000 YBP, which suggests a return to substantially more arid conditions
than before. As during the late-glacial, the temperature increase was
accompanied by a precipitation decrease, especially during the summer.
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Discussion

The mid-Holocene decrease in precipitation affected all the southern
temperate forest region, including the wettest moorland regions in the
Chilean Channels (Ashworth et al 1991), implying that the westerly storm
tracks were located equatorward of their modern position. The onset and
termination of this mid-Holocene interval occurred in less than 50 years.
With the abrupt ending of the warm period at 4000 YBP, the forest
became quite dense, suggesting precipitation increased markedly,
especially during the warm season.

High variability for both deuterium and pollen characterizes the last 2000
years. The magnitude and frequency of fluctuations of deuterium ratios
and pollen proportions at that time equals the late-glacial fluctuations.
Twice within less than 200 years, temperatures fluctuated by more than
4°C, reaching minima unequaled since the late-glacial. Another lesser,
but longer, temperature decrease occurred after 1000 YBP, which accord-
ing to the pollen data did not seem to have had much effect on the
regional seasonal precipitation pattern. However, the subsequent abrupt
temperature increase did again favor expansion of Empetrum and in-
crease in fire frequency, suggesting a return to less equable precipitation.
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High variability in temperature during the late-glacial and the latest
Holocene affects regional vegetation composition primarily by altering the
effective moisture and fire regimes. Although the paleoclimatic signature
during both intervals of high variability is comparable, causes of the
variability are different for both time intervals. Intra- and inter-
hemispheric correlation of paleoclimate records suggests that the latest
Holocene short-term succession of different climate modes and high
climate variability is related to El Nino/Southern Oscillation climate
anomalies (McGlone et al 1992; Markgraf et al 1992). During late-glacial
times, on the other hand, ENSO apparently did not operate like today,
probably because the western tropical Pacific climates were dominated
by extended land areas, which greatly altered the downstream climate
modes (McGlone et al 1992; Markgraf et al 1992). Instead, the repeated
temperature reversals between 12700 and 11000 YBP most likely reflect
short-term changes in Antarctic sea-ice extent. One mechanism for
short-term variation in circum-Antarctic sea-ice extent could be related
to varying intensity of Atlantic deep-water circulation, which in turn
would alter the inter-hemispheric ocean heat transport. High resolution
deep-sea records interpreted to document rapid changes in intensity of
Atlantic deep-water circulation (Lehman and Keigwin 1992; Charles and
Fairbanks 1992) compare well with temperature fluctuations in the
Tierra del Fuego record. This mechanism, then, could synchronize paleo-
climate change in both hemispheres and could explain similarity between
the deuterium data from the peat core from Tierra del Fuego and the
Greenland ice core (White and Kenny in prep.).
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Volcanic Activity and Global Change:

Probable Short-Term and Possible Long-Term Linkages
David K. Rea and Libby M. Prueher

Annual to Decadal Climate Response to Volcanism

Recognition of climatic cooling following large volcanic eruptions is first
attributed to observations by Benjamin Franklin following the 1783 Laki,
Iceland, eruption (probably the most sulfur-rich in the past 500 years
[Palais and Sigurdsson 1989]), which induced an unusually severe winter
in 1783-84 (referenced by Lamb 1970 and Chester 1988). H.H. Lamb (eg,
Lamb 1970) may have been the first modern champion of volcanically-
induced climate change.

There was interest through the 1970s in the possible relationship of
volcanism to the longer geologic record of climate change (Kennett [1981]
provides a good summary), but interest waned toward the end of the
decade, probably as a result of the rapidly growing excitement in the
demonstrated likelihood of Milankovitch mechanisms-to incur climate
change at time scales of interest to those studying the late Cenozoic
glaciations. Interest in the effects of explosive eruptions on interannual
to decadal climate variations remained, however.

In the early 1980s it was realized that the sulfur aerosols were the most
important attribute of large eruptions in regard to the ensuing cooling
(Rampino and Self 1982; Self and King 1993). Global temperatures
decline by 0.2 to 0.3°C for 2 to 5 years after large eruptions (Hoyt 1978;
Self et al 1981; LaMarche and Hirschboeck 1984 Kelly and Sear 1984).
The cooling is not evenly distributed around the earth (Robock and Mao
1992). High latitudes of the Northern Hemisphere cool by as much as
several degrees following eruptions, with important consequences to
snow/ice retention over the sub-polar summer (Bradley and England
1978: Stommel and Stommel 1983; Vupputuri 1992; Rampino and Self
1992, 1993; Shabbar 1993). Studies of climatic effects incurred by the
El Chichon eruption of 1982 were complicated by the large 1982-83
ENSO event (Hofmann 1987), but recent work on the 1991 Pinatubo
eruption has resulted in the “first unambiguous, direct measurements of
large-scale volcanic forcing” (Minnis et al 1993, p. 1411).

Porter (1981, 1986) finds decadal-timescale influences of volcanic activity
on glacial advances. He notes a time lag of 10 to 15 years between the
response of a glacier terminus (an advance) to the volcanic forcing as
indicated by the ice-core acidity signal. Porter (1986) concludes that
sulfur-rich aerosols generated by volcanic eruptions are the primary

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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forcing mechanism of climate on decadal time scales. Lamb (1970)
reported that sea ice in high northern latitudes may linger long into the
summer for 5 to 10 years after large eruptions. Hammer et al (1981)
compared the acidity record of a Greenland ice core to northern Europe
temperature records back to year 553 and noted the distinct correlation
between the acidity level in the Greenland core and cold temperatures. In
particular, Hammer et al (1981) emphasize that the highest levels of
acidity correlate with the two coldest intervals of the Little Ice Age,
between 1250-1500 and 1550-1700.

Long-Term Climatic Response to Volcanism

Volcanically-induced cooling on these relatively short time scales seems
reasonably well demonstrated. The correlation to longer-term climate
change is more speculative. Nearly two decades ago, Kennett and Thunell
(1975; see also Stewart 1975) noticed a worldwide increase in the number
of ash layers in the late Pliocene and suggested that they may be
somehow associated with Northern Hemisphere glaciation. Bray, in a
series of papers (1974, 1977, 1979a, 1979b), linked explosive volcanism
with both hemispherical and global cooling and glacial advances. A
Pacific Basin-wide summary of Neogene and Quaternary volcanism indi-
cated larger eruptive episodes at 0-2 and 14-16 Ma, with lesser events
centered near 5 and 10 Ma (Kennett et al 1977). Kennett et al (1977)
suggested that there may be cooling events associated with each maximum.

Several years ago, those studying effects of volcanic eruptions adopted
the “nuclear winter” arguments to their use, suggesting significant
climatic effects following unusually large eruptions (Stothers et al 1989).
Rampino and Self (1992, 19983) observed that the 74,000-year-old Toba
ash in the northern Indian Ocean, marking one of the largest eruptions
in the later Quaternary, occurred at the transition from warm interglacial
stage 5a to cold stage 4. They suggested that the rapidity of the stage 5/4
transition was enhanced by the cooling effect of that large eruption. In
fact, the observation that this large eruption occurred after the beginning
of cooling is one argument being made to support the suggestion that ice
cap formation causes volcanic eruptions. Presumably this is accom-
plished by unloading the oceans and loading the polar regions with ice.
Resulting stress redistribution in the lithosphere then may trigger large
eruptions in susceptible regions such as island arcs (Chester 1988;
Rampino and Self 1993).

Recent Results from Ocean Drilling in the North Pacific
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Recent results of Ocean Drilling Program Leg 145 to the subarctic Pacific
(Figure 1) show that it may be appropriate to return to the suggestion of
Kennett and Bray and their co-workers that enhanced Pliocene volcanism
may be associated in a causal manner with the onset of Northern
Hemisphere glaciation at 2.6 Ma. Results of that cruise (Leg 145 Scientific
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Party, 1993; Rea, Basov et al 1993) show that the late Pliocene beginning
of large-scale Northern Hemisphere glaciation, as depicted by the abrupt
onset of significant amounts of ice rafting, is intimately associated with
the sudden appearance of numerous thick ash layers in the sedimentary
section all across the North Pacific (Figure 2). For example, macroscopic
description of Core 11H of Hole 882A shows the first thick (5 cm) ash layer
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Lithologic Subunit 1A is a clayey diatom ooze; 1B is a nearly pure diatom ooze. Arrows with ages point to individual ash layers or dropstones. Depth in the sedimentary

section of the 2.6 Ma horizon where Northern Hemisphere glaciation begins is denoted by the horizontal line.
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at Section 4, 133-138 cm; the Matuyama-Gauss magnetic reversal (at 2.6
Ma) at Section 3, 80 cm; and the first dropstone at Section 1, 88-93 cm,
4.9 meters (60 or 70 kyr) above the first thick ash layer. Similar relation-
ships occur at other northwest Pacific sites and at the Gulf of Alaska Site
887 (Rea, Basov et al 1993).

At a distance of about 1000 kilometers downwind from the vent the Toba
ash, thought by several authors to be the largest late Quaternary eruptive
event (eg, Rose and Chesner 1987), is about 10 to 15 centimeters thick
(Dehn et al 1991). At Site 882 on Detroit Seamount, a paleo-distance of
about 1000 kilometers from the Kuril-Kamchatka arc, ODP hydraulic
piston cores recovered by the JOIDES Resolution contain a dozen ash
layers over 10 centimeters thick, and more than 60 distinct ash layers
1 centimeter or greater in thickness in the sequence that begins suddenly
at the time of the Matuyama-Gauss magnetic reversal (Rea, Basov et al
1993). The suggestion arises that the enormous eruptions of the Kuril-
Kamchatka-Aleutian region, which began suddenly at 2.6 Ma, provided
the trigger mechanism or threshold phenomenon that rapidly tipped the
Northern Hemisphere — already primed for such an event — into an ice
age.

Threshold phenomena, geologically sudden responses to gradual changes,
have often been called upon to explain the onset of Northern Hemisphere
glaciation. One of the earlier ones was the closing of the Isthmus of
Panama, resulting in the northerly diversion of warm water in the Gulf
Stream. Upon reaching high latitudes, this warmer water served as a
moisture source for the growing ice caps (Berger et al 1981). The
threshold phenomenon now “on the table” is the mid- to late Cenozoic
uplift of the Tibetan and American Plateaus. Plateau uplift fulfills the
dual function of altering atmospheric circulation in such a way to cool
the northern continents and of allowing increased erosion and chemical
weathering, resulting in a draw-down of atmospheric CO2 (Ruddiman
and Kutzbach 1989, 1990; Raymo et al 1988; Raymo 1991).

This data- and model-based paleoclimatology may well be correct, but
amidst the ongoing uplifting, cooling, and chemical weathering, all of
which happen on tectonic time scales, Northern Hemisphere glaciation
begins abruptly. Hence, there may remain some not yet identified critical
threshold phenomenon, possibly the sudden onset of massive volcanism
in the western and northern Pacific island arcs.
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An Overview of Decadal to Century

Time-Scale Variability in the Climate System
Thomas F. Stocker

ABSTRACT: Time scales extracted from high-resolution proxy records and observations indicate
that the spectrum of climate variability exhibits significant power in the range of decades to
centuries superimposed on a red-noise continuum. The classical view of climate variability is based
on the concept that observed fluctuations have their origin in periodic forcings on the same time
scale. The present sensitivity of the climate system, however, would require strong positive
feedback mechanisms to translate the weak forcing signals (such as the variability of solar
irradiation) into detectable fluctuations in observed proxy variables. Instead, it is proposed that
these fluctuations are linked to interactions within and between the different climate system
components. Due to the time scales of interest, these are mainly the ocean and atmosphere. An
overview of recent modeling results and the discussion of mechanisms involved show that such
interactions internal to the climate system cannot only exhibit the correct time scales but also
easily account for the amplitudes observed.

Introduction

Variability is a fundamental property of our climate system. Almost two
decades ago, Mitchell (1976) proposed a theoretical framework of climate
variability based on a schematic spectrum of climate variations spanning
time scales from one hour to the age of the Earth. He distinguishes two
types of processes in the climate system: internal stochastic mechanisms
and external forcing mechanisms including their resonant amplification
of internal modes. The spectrum (Figure 1) thus consists of a series of
spectral peaks superimposed on a background continuum. The latter is
the consequence of the stochastic aspect of the climate system for which
a first-order autoregressive process is a good conceptual model. This
red-noise background of the spectrum (ie, longer time scales exhibit
stronger spectral power) can be seen in observed data from the atmos-
phere and in ocean and model simulations (Delworth et al 1993). Of more
interest, due to their predictive potential, are the external mechanisms
that produce variability on distinct time scales such as the diurnal and
seasonal cycles, the Milankovic cycles, and even slower, tectonic processes.

While this concept is a useful starting point, several important aspects of
climate variability are missing. They have been discussed earlier (Bjerknes
1964) but have recently gained attention again. Within each climate
system component non-linear processes are operating, and interactions
between them are often non-linear too. Therefore, processes in addition
to those mentioned above can generate variability. First, self-sustained
oscillations are due to constant external forcing but owe their charac-
teristic time scale to feedback mechanisms internal to the system.

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Second, external forcing can generate modal changes of the system, ie,
switches from one equilibrium state to another on a time scale deter-
mined by internal mechanisms.

The purpose of this paper is to give an overview of recent results that
indicate the importance of these processes on time scales of decades to
centuries. Apart from a general interest, this time scale is of particular
importance because detection of anthropogenic climate change depends
on our knowledge of the time scales and patterns associated with the
natural level of variability on the decadal to century time scale. A second
purpose is to summarize those mechanisms of interdecadal variability
that are quantitatively capable of causing detectable fluctuations. It is not
sufficient to find periodic processes in some forcing variables and then
postulate enhancing feedback mechanisms. Examples are the various
solar cycles such as the sunspot (10-11 years), Hale (22 years), and
Gleissberg (84 years) cycles that would require significant positive feed-
back mechanisms because of the small sensitivity of the climate system
to changes in short-wave irradiation (order 0.05 K/(Wm=2) instead of
0.5 K/(Wm) for long-wave radiation).
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Direct Observations

Proxy Data

Direct observations begin to exhibit large-scale changes in the climate
system on the decadal time scale. From the comparison of systematic
temperature and salinity measurements of the last 40 years, a distinct
warming in depths between 700 and 3000 meters could be identified in
the North Atlantic (Roemmich and Wunsch 1984; Levitus 1989). More-
over, Parrilla et al (1994) find, superimposed on this warming, zonally
alternating regions of cooling at 24°N and attribute this to large-scale
decadal variability in the North Atlantic. Distinct spatial patterns of
interdecadal variability are also found in North Atlantic sea surface
temperatures, and they are linked to pools of anomalously cold or warm
water (Kushnir 1994). There is also evidence of long-term variability and
even steplike changes in the marginal seas of the Atlantic. Schlosser et
al (1991) found a significant reduction of ventilation of the deep water in
the Greenland Sea on the basis of tracers, while Lazier (1994) shows a
notable decrease in salinity in the Labrador Sea.

Interdecadal changes could also be extracted from global data sets of
surface air temperatures (Schlesinger and Ramankutty 1994). They
found a 70-year cycle in this parameter in various sub-regions of the
globe with the largest amplitudes in the North Atlantic and North Ameri-
can regions. Similar decadal-to-century cycles at 24 and 100 years have
been found in the longest instrumental temperature record covering 318
years (Stocker and Mysak 1992). They are statistically significant at the
99% level.

Areview of long-term cyclic fluctuations on the century time scale is given
in Stocker and Mysak (1992). Cycles of 50 years and longer are abundant
in high-resolution proxy records (Figure 2), but rather than a single time
scale, a whole range is present. Stuiver (1980) tested the hypothesis
whether such cycles found in proxy data could be due to solar variability
for which 14C from tree rings was used as a proxy. A statistically
significant relationship could not be established.

Briffa et al (1992) spectrally analyzed their 1480-year-long tree ring
record of Fennoscandia, from which summer temperatures are recon-
structed. They found significant power in the band of 30-40 years. The
periods are not stable in that they vary by several years depending on the
sub-interval considered. This suggests that an internal mechanism may
be responsible for these cycles, rather than external forcing on a constant
time scale. ‘

It appears from this, that the North Atlantic region is one of the pace-
makers of climate variability. However, one should note that only few
proxy data come from regions other than Europe or North America,
and, therefore, our view may well be biased. This is where models can
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provide valuable results in that they may point to mechanisms and
locations of variability that have not yet been recorded by suitable proxy
data.

Models and Mechanisms

38

The weakness of the hypothesis of a solar origin of decadal-to-century
variability lies in the fact that sensitivity of the climate system to changes
in short-wave irradiance is about an order of magnitude smaller than that
of the long-wave emission. By monitoring the most recent solar cycle, it
was found that solar irradiance changes due to a solar cycle have an
amplitude of less than 2 Wm?2 (ERBE 1990), which would yield an
amplitude of about 0.1 K using the above sensitivity. It is, therefore,
important to look for possible alternative explanations and mechanisms
of climate variability.
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Climate modeling has become an important branch of climate research
because only with physically-based models is it possible to quantitatively
test and verify hypotheses on climate change. Over the last few decades,
ocean, atmosphere, and coupled models have achieved sulfficient capa-
bility of representing the large-scale fields simulated by the model and
are in fair agreement with the observations. The next step, then, is to
assess these models’ capability of simulating natural variability.

Oceanic circulation models have made significant progress by imple-
menting mixed boundary conditions. Sea surface temperature anomalies
locally generate heat flux anomalies that operate to remove the SST
anomalies within a few weeks. Sea surface salinity anomalies, on the
other hand, do not generate local freshwater flux anomalies that could
remove sea surface salinity anomalies. They can, therefore, have a
longer-lasting impact on the surface buoyancy distribution. Mixed boundary
conditions include this important difference between the feedback
character of ocean-to-atmosphere heat and freshwater fluxes. The basic
mechanism can be understood by a circular convection loop explained by
Welander (1986), showing that self-sustained oscillations and different
equilibrium states are a consequence of these mixed boundary condi-
tions. However, one should note that ocean models run under these
surface conditions often tend to overestimate the sensitivity of models
to perturbations of the surface buoyancy balance. This is why other,
modified formulations of atmosphere-to-ocean fluxes for ocean models
have recently been proposed (Rahmstorf and Willebrand 1995).

Table 1 gives a summary of internal variability found in a number of
ocean, atmosphere, and coupled models. The list is not complete, and we
focus only on the most robust cycles in these models. The decadal-to-
century time scale does, in most cases, include the ocean circulation, in

Table 1
INTERNAL VARIABILITY FOUND IN VARIOUS NUMERICAL MODELS
Ordered according to the time scale.
Period
Model (Years) Mechanism Author
3d box OGCM 9 Advection of 5SS anomaly, Weaver and
interaction gyre-thermohaline Sarachik (1991)
3d North Atlantic OGCM 20 Labrador Sea, zonal and meridional overturning ~ Weaver et al (1994)
3d, global OGCM 10-40 Labrador Sea, stochastic integrator Weisse et al (1994)
3d global AGCM 5-40 Chaotic nature, subtropical and mid-latitude James and James (1992)
atmospheric jets
3d global AOGCM 10-20 Advection of T anomalies in the Pacific Von Storch (1994)
3d global AOGCM 40-60 West Atlantic gyre anomaly Delworth et al (1993)
2d zonally-averaged OCM 200-300 Large-scale SSS advection Mysak et al (1993)
3d global OGCM 320 Large-scale SSS advection in the Atlantic Mikolajewicz and
Maier-Reimer (1990)
3d box OGCM 400 Interaction between convection and diffusion Winton (1993)
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particular the thermohaline component. Mechanisms are connected with
the wind-driven circulation, as well as with the hydrological cycle. Note
that long-term variability is also found in atmospheric GCMs, suggesting
interesting possibilities of interaction between the atmosphere and the
ocean also on decadal time scales.

Gyre-Thermohaline Circulation

Weaver and Sarachik (1991) report self-sustained oscillations in a hemi-
spheric 3-dimensional OGCM under mixed boundary conditions. Formed in
the western boundary current, warm and saline anomalies travel eastward
and are picked up by the sub-polar gyre, which transports them into the
region of deep water formation; this journey takes about 8 to 9 years. There,
they influence the basin-scale overturning and so feed back to the surface
advection of these anomalies. The role of the structure of the freshwater
forcing was also studied with the same model (Weaver et al 1993). When
precipitation in high latitude cases is increased, internal variability on the
decadal (as before) and the interdecadal (15-20 years) time scales is generated.
For sufficiently strong forcing sequences of violent overturning and weak
deep water formation could be excited. As these are connected to diffusive
processes in the ocean interior during the time of reduced ventilation, time
scales are on the order of 500 years and are decreasing with increasing
amplitude of the stochastic forcing,

Similar oscillations were found by Winton (1993) using a frictional-
geostrophic model. Important in these models is the fact that anomalies
are advected by the gyre circulation near the surface, which determines
the decadal time scale. These oscillations affect the entire water column
in the high latitudes by turning on and off deep water formation, and the
amplitude of the changes of the meridional heat flux are on the order of
0.2+1015 W. While these models allow us to isolate and investigate various
mechanisms of internal variability, immediate application to the real
world is limited because of the simple geometry, surface boundary
conditions, and coarse resolution.

SST Anomalies in the Northwest Atlantic

Coupled climate models are also beginning to exhibit natural variability.
Delworth et al (1993) integrate the GFDL climate model for 600 years and
find natural variability whose spectral properties are remarkably similar
to observations (Figure 3). Superimposed on a red-noise spectrum, a
number of spectral peaks are visible. Interdecadal oscillations of 40-60
years are evident in the maximum meridional overturning in the North
Atlantic, reaching amplitudes of about 2 Sv (Figure 4). When thermo-
haline circulation is weak, decreased advection of lower-latitude warm
and saline water into the central regions of the North Atlantic generates
a pool of anomalously cold and fresh water. The thermal anomaly
dominates and, hence, generates a geostrophically controlled cyclonic
circulation at the surface. The western half of this anomalous circulation
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enhances the mean northward flow of warm and saline waters in the

center of the Atlantic, which are part of the large-scale conveyer belt
circulation. The strengthened conveyer then carries more saline and
warm low-latitude waters into the region and eventually creates an
anomalous warm pool with its associated anti-cyclonic circulation. The
latter weakens the mean flow again, and the cycle is closed.
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Figure 3. COMPARISON OF THE SPECTRAL PROPERTIES OF THE COUPLED A-OGCM WITH OBSERVATIONS

Source: Delworth ef al (1993).
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41




An Overview of Decadal to Century

42

The oscillation is distinctly irregular, a common feature of nonlinear
dynamical systems. Although the first 200 years of the integration show
a quasi-periodic cycle of 40-50 years, the periods are longer in the
following 400 years. It seems that some preconditioning of the ocean at
a particular location is required and that the fluctuation itself may
remove or add to it. It is intriguing that a similar instability of interdecadal
cycles was found in the proxy records (Briffa et al 1992).

There are still limitations of such models. To achieve a stable climate
consistent with the observations, spatially-dependent flux corrections
have to be applied. Although these corrections do not impose a time scale
on the model, they act as an additional forcing, which in a nonlinear
system could generate additional variability. Also, the region where the
oscillation is observed (northwest Atlantic) is one of the areas of large flux
correction (Manabe and Stouffer 1988). On the other hand, the model
does suggest a deterministic mechanism with time scales and amplitudes
similar to those of proxy records and also indicates the focal regions of
oscillatory activity. Moreover, the spatial patterns and depth structures
of temperature and salinity in the ocean and sea level pressure can be
directly compared to observations.

Marginal Seas

Recent modeling results indicate that marginal seas are potentially
Important pacemakers for self-sustained variability of the ocean circula-
tion. Weaver et al (1994) found oscillations of about 20 years in the
Labrador Sea of their model. The mechanism is linked to an interaction
between the meridional (and zonal) pressure gradients and the geostro-
phically controlled zonal (and meridional) overturning in the Labrador
Sea. In contrast to the mechanism discussed in the previous section, this
variability is dependent on neither the surface freshwater budget nor on
the wind-driven gyral circulation. While the resolution of this model in
the most important area is very low (only 3 tracer grid points), it is
encouraging to note that SST anomalies are very similar to those reported
by Kushnir (1994) based on observations.

A complementary study with a global model was done by Weisse et al
(1994). A stochastic freshwater flux perturbation excites century- (320
years) and decadal-scale oscillations. The latter are localized in the
Labrador Sea area and have periods in the range of 10-40 years, but the
mechanism is distinctly different from that above. The relatively isolated
marginal sea integrates the stochastic freshwater flux perturbations and
sends salinity anomalies into the North Atlantic on a time scale of about
10-40 years. This time scale is determined by the flushing time of the
upper 250 meters of the basin, since the stratification is quite stable.
Once the perturbations arrive in the North Atlantic, where the stratifica-
tion between 50°N and 60°N is weak, they strongly influence the deep
water formation rates and create the observed variability.
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It is apparent that these two mechanisms are distinctly different. In the
first study, the Labrador Sea itself generates the variability by changing
rates of local deep water formation; in the other case, the same region
merely appears as a storage of perturbations that act outside the basin.
An increased resolution and, with it, a better representation of the water
masses in the Labrador Sea will increase our understanding of its role in
controlling the natural variability in the North Atlantic region.

Basin-Scale Thermohaline Circulation

Basin-scale variations of the Atlantic meridional overturning and, hence,
meridional heat flux have time scales of typically 200 to 300 years. The
Hamburg global OGCM was run under mixed boundary conditions
including a stochastic freshwater flux perturbation. Large fluctuations
with a time scale of 320 years are found in the mass transport through
Drake Passage and the meridional heat flux and overturning in the North
Atlantic. Amplitudes would be large enough to be detected in paleo-
climatic archives. The heat budget in the Southern Ocean shows peak-
to-peak amplitudes of up to 3+1015 W: these are not regular cycles but,
rather, appear as events. The mechanism of these successions of events
is associated with the long residence time of sea surface salinity anoma-
lies. The random flux perturbations create local salinity anomalies that
are advected northward by the near-surface circulation in the Atlantic.
Depending on the spatial structure of the freshwater fluxes, they are
enhanced or removed before they reach the deep water formation
area in the high-latitude Atlantic. If they are enhanced, they accelerate
meridional overturning and so decrease the exposure time of subsequent
sea surface salinity anomalies. Anomalies can be traced along the entire
path of overturning,

Mysak et al (1993) used a zonally-averaged one-basin ocean circulation
model and found oscillations with time scales between 200 and 300 years
over a wide range of parameters (Figures 5 and 6). In contrast to the
previous model, salinity anomalies could not be traced around a complete
loop of the circulation but became well mixed once in the deep ocean. This
indicates that these cycles are primarily due to an interaction between
the detailed spatial structure of the surface freshwater flux and the
strength of the thermohaline overturning that determines the preferred
time scale.

Other Mechanisms

In the previous section, mainly oceanic processes related to the Atlantic
have been discussed. However, there are also recent model results of
interdecadal cycles in the Pacific and in the atmosphere alone. In their
atmospheric circulation model, James and James (1992) found variabil-
ity on time scales of 10 to 40 years and associated them with changes in
the structure of the subtropical and mid-latitude jets.
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Source: Mysak et al (1993).

BASIN 1 MAX STREAMFUNCTION

Von Storch (1994), on the other (1868 03 e '2'2; A
hand, uses a coupled A/OGCM i | yr 1
and identifies two types of low- 1455 B2 = = )
frequency variability. The atmos-

pheric fluctuations are essentially ~112E 83

red noise, and there appears to

be an out-of-phase relationship .745E 82

between the stratosphere and the

troposphere. In the ocean, there .373E @2

is an irregular cycle of about

17 years located in the Pacific E R R T ENS EEREE FERTE R R R T SN
Ocean. In contrast to ocean 0.0 ©0.40 0.80 1.20 1.68 2.00

models and most models in CYCLES / 100 YEARS

Table 1, no distinct variability is  Figure 6. SPECTRUM OF THE TIME SERIES IN FIGURE 5.

found in the Atlantic Basin. Significant power is found on the century time scale.
Source: Mysak et al (1993).

44

The study and quantitative understanding of internal variability in the
climate system is only at its beginning. Focal regions where internal
variability is enhanced or generated have been identified and preliminary
results have shed light on a palette of mechanisms. However, we are still
at the stage where each model produces its characteristic fluctuations

‘with the associated time scales. Important results have been found as to

the role of the ocean, the influence of atmosphere/ocean exchange fluxes,
and the dynamics in marginal seas, but a consistent quantitative theory
on climatic cycles is still missing. Further work is urgently needed. We
need to improve formulation of surface exchange processes (boundary
conditions), especially in the ocean-only models, and the resolution must
be increased to better represent marginal but important regions of the
ocean basins.



Time Scale Variability in the Climate System

References

Bjerknes, J. 1964. Atlantic air-sea interaction. Adv. Geophys. 10:1-82.

Briffa, K.R., and seven others. 1992. Fennoscandian summers from AD 500: Temperature changes on
short and long timescales. Clim. Dyn., 7:111-119.

Delworth, T., S. Manabe, R.J. Stouffer. 1993. Interdecadal variations of the thermohaline circulation in a
coupled ocean-atmosphere model. J. Climate 6:1993-2011.

ERBE. 1990. Earth Radiation Budget Experiment, EOS 71:297—305.

Folland, C.K., D.E. Parker, F.E. Kates. 1984. Worldwide marine temperature fluctuations 1856-1981.
Nature 310:670-673.

James, LN., and P.M. James. 1992. Spatial structure of ultra-low frequency variability of the flow in a
simple atmospheric circulation model. Q. J. Roy. Met. Soc. 118:1211-1233.

Kushnir, J. 1994. Interdecadal variations in North Atlantic sea surface temperature and associated
atmospheric conditions. J. Climate 7:141-157.

Lazier, J.R.N. (in press, 1994). The salinity decrease in the Labrador Sea over the past thirty years. In
Natural Climate Variability on Decade-to Century Time Scales. National Research Council.

Levitus, S. 1989. Interpentadal variability of temperature and salinity in the deep North Atlantic,
1970-1974 versus 1955-1959. J. Geophys. Res. 94:16125-16131.

Manabe, S., and R.J. Stouffer. 1988. Two stable equilibria of a coﬁpled ocean-atmosphere model. J. Climate
1:841-866.

Mikolajewicz, U., and E. Maier-Reimer. 1990. Internal secular variability in an ocean’'general circulation
model. Clim. Dyn. 2:63-90. :

Mitchell, J.M. 1976. An overview of climatic variability and its causal mechanisms. Quat. Res. 6:481-493.

Mysak, L.A., T.F. Stocker, F. Huang. 1993. Century-scale variability in a randomly forced, two-dimensional
thermohaline ocean circulation model. Clim. Dyn. 8:103-116.

Parrilla, G., A. Lavin, H. Bryden, M. Garcia, R. Millard. 1994. Rising temperatures in the subtropical North
Atlantic Ocean over the past 35 years. Nature 369:48-51.

Peixoto, J.P., and A.H. Oort. Physics of Climate. American Institute of Physics. 520 pp.

Rahmstorf, S., and J. Willebrand. 1995. The role of temperature feedback in stabilizing the thermohaline
circulation. J Phys Oceanogr. In press.

Roemmich, D., and C. Wunsch. 1984. Apparent changes in the climatic state of the deep North Atlantic.
Nature 307:447-450.

Schlesinger, M.E., and N. Ramankutty. 1994. An oscillation in the global climate system of period 65-70
years. Nature 367:723-726. ’

Schlosser, P., G. Bonisch, M. Rhein, R. Bayer. 1991. Reduction of deepwater formation in the Greenland
Sea during the 1980s: Evidence from tracer data. Science 251:1054-1056.

Stocker, T.F. 1994. The variable ocean. Nature 367:221-222.

Stocker, T.F., and L.A. Mysak. 1992. Climatic fluctuations on the century time scale: A review of
high-resolution proxy data and possible mechanisms. Clim. Change 20:227-250.

Stuiver, M. 1980. Solar variability and climatic change during the current millennium. Nature
286:868-871.

Von Storch, J. 1994. Interdecadal variability in a global coupled model. Tellus 46A:419-432.

45



Weaver, A.J., and E.S. Sarachik. 1991. Evidence for decadal variability in an ocean general circulation
model: An advective mechanism. Atm.-Ocean 29:197-231.

Weaver, A.J., J. Marotzke, P.F. Cummins, E.S. Sarachik. 1993. Stability and variability of the thermohaline
circulation. J. Phys. Oceanogr. 23:39-60.

Weaver, A.J., S.M. Aura, P.G. Myers. 1994. Interdecadal variability in an idealized model of the North
Atlantic. J. Geophys. Res. 99:12423-12441.

Weisse, R., U. Mikolajewicz, E. Maier-Reimer. 1994. Decadal variability of the North Atlantic in an ocean
general circulation model. J. Geophys. Res. 99:12411-12421.

Welander, P. 1986. Thermohaline effects in the ocean circulation and related simple models. Pages 163-200
in Large-Scale Transport Processes in Oceans and Atmosphere. J. Willebrand and D.L.T.
Anderson (editors). NATO ASI, C190.

Winton, M. 1993. Deep decoupling oscillation of the oceanic thermohaline circulation. Pages 417-432 in
Ice in the Climate System. W.R. Peltier (editor). NATO ASII 12.

46



Determining the Role of Linear and Nonlinear
Interactions in Records of Climate Change:
Possible Solar Influences in

Annual to Century-Scale Records
Terri King Hagelberg and Julia Cole

Abstract: Time series analysis methods have traditionally helped in identifying the role of various
forcing mechanisms in influencing climate change. A challenge to understanding decadal and
century-scale climate change has been that the linkages between climate changes and potential
forcing mechanisms such as solar variability are often uncertain. However, most studies have
focused on the role of climate forcing and climate response within a strictly linear framework.
Nonlinear time series analysis procedures provide the opportunity to analyze the role of climate
forcing and climate responses between different time scales of climate change. An example is
provided by the possible nonlinear response of paleo-ENSO-scale climate changes as identified
from coral records to forcing by the solar cycle at longer time scales.

Introduction

Taking a nonlinear time series approach to the study of annual to
century-scale climate change allows one to objectively determine the
extent of interactions between centennial, decadal, and interannual
scales of climate change. In this study, such an approach is taken to
identify the possible role of solar variations in forcing climate on interan-
nual time scales. In particular, we focus on ENSO-scale climate vari-
ations and potential forcing mechanisms. Rather than focusing only on
observations of linear statistical relationships between solar variability
and climate, the objective is to determine whether there is now observa-
tional evidence for nonlinear interactions between solar variability at
11-year scales and climate variability at 6 years, which lies in the ENSO
band.

A large number of studies have regarded ENSO dynamics as coupled
oscillating systems. This has been well documented in reference to the
phase locking of ENSO with the annual cycle and seasonal variability.
With this in mind, it is not unusual to expect that in the ENSO band of
climate change, interactions, or “teleconnections” between seasonal,
annual, and interannual time scales are significant. It is just as conceiv-
able that interactions between these time scales and longer time scales
of climate change may be significant. Although it is unclear how ENSO’s
primary oscillations might translate into longer-term cycles, abundant
evidence suggests that these longer-term cycles exist (Diaz and Markgraf
1992).

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Worlkshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.

47



Determining the Role of Interactions in Records of

If we can empirically determine from existing data that the relative
amplitude of ENSO events systematically increases and/or decreases
over time, then this raises the possibility that ENSO is modulated by
some other process. This, in turn, implies a longer-term forcing mechanism.
The possibility of a link between ENSO variability and solar variations has
been raised many times over the years. However, conclusive data have
been scant. The role of solar variations and ENSO in forcing long-term
decadal-scale climate changes has been referred to as “long-term ENSO”
changes by Anderson et al (1992), who suggested that long-term changes
in the amplitude and frequency of ENSO over the scale of decades might
be related to solar forcing and changes in mid-latitude tropospheric
winds associated with changes in solar variability.

If ENSO teleconnections are to be confidently related to solar variability,
two fundamental items must be in place. First, one must determine a
quantitative association between solar/geomagnetic changes and ENSO.
Second, to evaluate the role of potential forcing mechanisms, paleo-ENSO
proxy records having annual resolution that can be compared to records
of solar variability over many decades and even centuries are required.
We deal with each of these points separately. Regarding the first item,
there have been over 1000 referenced studies of solar variations and
climate responses (McCormac 1982). However, most studies have focused
on correlations and not mechanisms, inviting the criticism that if one
searches long enough for a correlation, eventually one will occur by
random chance (eg, Pittock 1978).

Of the whole of the solar variability/climate change literature, two basic
categories of potential quantitative mechanisms arise whereby solar
variability impacts climate. The first category can be termed “direct”

hypotheses, whereby changes in solar luminosity and total irradiance

changes due to solar dynamics are significant enough to affect climate.
A recent example of this hypothesis was set forth by Nesme-Ribes et al
(1993). The second category can be termed “indirect” hypotheses. These
theories hold that geomagnetic disturbances associated with solar activity
are sufficient to impact atmospheric UV flux, and that this flux affects
stratospheric and tropospheric planetary waves. Thus, although the
irradiance change is slight, changes in the UV band significantly affect
stratospheric zonal and thermal winds, thus affecting tropospheric zonal
winds and eventually climate on the earth’s surface.

Data, Methods, and Results
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The second item stated above that is required to relate ENSO changes to
solar variations is adequate data series. paleo-ENSO proxy time series
that are high enough resolution (subannual resolution) and yet long
enough (at least 100 years) to determine linkages have only recently been
available. Because such records are now available, we can focus on
quantifying these relationships. There are several ways to represent solar
variability, including such proxies as solar cycle length (Friis-Christensen
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and Lassen 1991). In this study, we have used as a proxy for solar
variations the annual sunspot record from 1700 A.D. to present. We
make use of four ENSO proxy datasets, summarized below. The time
series for each proxy is shown in Figure 1.

Data Sets Used in This Study

Type Record Length Citation
1. Solar Variability
Annual Sunspot record 1700 - 1993
2.ENSO
Tropical Pacific sea surface temperature 1828 - 1977 Wright 1989
Tarawa Coral 5'%0 1894 — 1989 Cole et al 1993
Urvina Bay Coral §'%0 1607 — 1981 Dunbar et al 1994
Tree Ring Index EOF1 1828 — 1965 NATRD
Urvina Bay 6!80 6-year component (solid) vs solar (dash)
0.10 4
0.05 f |
0.00 ; Coupling = 0.80
-0.05 ‘
-0.10 ,' ¥ P
1700 1750 1800 1850 1900 1950
Year

Figure 1. TIME SERIES OF THE PROXY DATA EXAMINED IN THIS STUDY.

The first ENSO proxy is an instrumental record of sea surface tempera-
ture from the central and eastern tropical Pacific (Wright 1989). The
remainder of the ENSO indicators are geological proxy data. Coral 6180
from Tarawa Atoll (Cole et al 1993) record the location and intensity of
- the Indonesian low. The 8§80 variations in the corals at this location are
mainly driven by sea water salinity responses to precipitation, with high
rainfall (ENSO) correlated with more depleted §180. Coral 6180 from Urvina
Bay, Galapagos (Dunbar et al 1994) primarily record sea surface tempera-
ture variations from that region, as deduced from the high correlation to
instrumental sea surface temperature variations, and low salinity vari-
ations at that location. The index for tree-ring variations was computed
as the first Principal Component (or EOF, Empirical Orthogonal Function)
of North American Tree Ring Indices (data were provided by the NATR
Database, Boulder, CO). All available site chronologies (611 total) from
the United States/Canada and Central America (Mexico) were combined
into a single dataset and gridded. After screening out chronologies with
a low number of sites, a weighted time series calculated for each 100-by-
100 kilometer grid box containing tree ring chronologies to obtain a
composite chronology for each grid box. Principal Component Analysis
(also called EOF analysis) was used to determine spatially and temporally
coherent modes of variability. The first mode explained 26% of the
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50

variance in the entire dataset. Loadings were concentrated mainly in the
southwestern United States and Mexico. Judging from comparisons with
other tree ring studies, this mode should mainly indicate precipitation.

Analyses of these proxy time series can be subdivided into linear and
nonlinear analyses. The focus of this study is frequency domain relation-
ships. The linear analyses can be summarized by spectral and cross
spectral analyses. The frequency distribution of variance of the proxy
time series is indicated by Figure 2. The ENSO signature is primarily
recorded in the 310 year band, as noted in several (eg, Trenberth and
Shea 1987; Barnett 1989; Rasmusson and Wallace 1983). The Wright sea
surface temperature indices indicate a dominance in the 6-year band.
The ENSO proxy time series show significant concentrations of variance
in both the “ENSO band”, from 3 to 7 years, as well as in the “solar band”,
from 11 to 22 years. This low-frequency component was documented in
previous studies from corals (Cole et al 1993), which demonstrated an
evolution in the low-frequency component. Similarly, Dunbar et al (1994)
made the observation that the 11- and 22-year cycles are similar in
amplitude to solar variations.
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Coherences, or frequency domain cross-correlations, are summarized in
Table 1 for the 11-year band and the 6-year band. Note the high correla-

Table 1

SUMMARY OF COHERENCE

11-Year Band

Significant (0.90 level) coherences noted in boldface.

Solar

Wright SST _ Tree Ring

Solar

Wright SST
Tree Rings
Tarawa §'°0
Urvina Bay 8%

1.0

0.24 1.0

0.42 0.19 1.0

0.41 0.85 0.65

0.74 0.18 0.49
6-Year Band

Wright SST  Tree Ring

Wright SST
Tarawa 5'80
Urvina Bay 8'%0
Tree Rings

1.0 0.94
0.95 0.93
0.75 0.61
0.94 1.0

tion between ENSO indices in the 6-year
band (because there is no power in the
6-year band for solar variations, the solar
index was not used here). In the 11-year
band, although correlations between the
ENSO proxy data are significant, there is
low coherence between solar variations
and the proxy data with the exception of
the Urvina coral 8180, consistent with the
observation made by Dunbar et al (1994).

The nonlinear relationships between the
ENSO proxy data and solar variations are
examined using the methods of higher
order spectra. Applications of bi-spectral
and cross-bispectral analyses to paleo-
climate series have been described pre-
viously by Hagelberg et al (1991, 1994).
Briefly, the cross-bispectrum yields a

quantity similar to coherence, cross-bicoherence, which is simply a third
order correlation coefficient, calculated and normalized in the frequency
domain. Just as coherence is a correlation coefficient between two time
series, calculated and normalized in the frequency domain, cross-
bicoherence is the third order correlation coefficient between two cycles
in one time series and its harmonic in a second time series. In other
words, we are examining the coupling between the 11-year cycle in the
solar records and the 6-year cycle in the data (which is equal to the first

harmonic).

Results of the cross-bispectral analysis
are summarized in Table 2 for the 11-year
(solar) / 6-year (proxy) nonlinear interac-
tions. A strong coupling, or cross-bicoher-
ence, indicates that the 6-year cycle in the
proxy data is nonlinearly coupled to solar
variations at 11 years. Indeed, the rela-
tionship is statistically significant (0.80
level) for each of the records. This result
quantitatively supports the hypothesis
that the relationship between solar vari-
ability and ENSO variations is not a fortui-
tous one, as a significant phase coupling
persists over hundreds of years.

Table 2
SUMMARY OF
CROSS BICOHERENCE FOR THE
11-YEAR (SOLAR) / 6-YEAR (ENSO)
NONLINEAR COUPLING
Solar
(11-Year)
Tree Rings (6-year) 0.72
Wright SST (6-year) 0.81
Tarawa 5'°0 (6-year) 0.87
Urvina Bay "% (6-year) 0.80
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It is convenient to display this phase coupling between 11-year solar
variations and the harmonic 6-year variations in the time domain. This
is done by comparing the bandpass filtered records. Figure 3 shows the
6-year component of the ENSO proxy records compared to the 11-year
component of the solar record for 1840 to 1965 only. Although the time
series are short, there is evidence for phase locking and the amplitudes
of the cycles are relatively similar, with high-amplitude 6-year cycles
corresponding to high-amplitude 11-year cycles. Before 1920, the ampli-
tude patterns are ambiguous, however. This result is similar to previous
results by Barnett (1989), in which the Quasi-Biennial Oscillation ap-
peared modulated by the solar cycle but only since 1920. Only one
paleo-ENSO dataset, the Urvina Bay 6180, has a long enough record
length to test the solar/ENSO relationship back to the 1700s. Figure 4
indicates that the amplitude relationship appears to hold up from 1750
to present, with high-amplitude 6-year cycles corresponding to high-
amplitude solar variability. Thus, the relationship does appear to hold for
time intervals other than the past 70 years.

Conclusions

Coupled oscillations in the ENSO system appear to exist on decadal
scales as well as annual and biennial scales. These oscillations may be
related to solar variations at 11-year time scales. Cross spectra and third
order spectra are useful in quantifying the strength of this linear and
nonlinear coupling. There is quantitative evidence for the response of the
climate system in the ENSO band to solar forcing over the past several
centuries. ENSO proxy records are significantly phase-coupled to
changes in the 11-year solar cycle. Future work requires determining
a physical linkage between the mechanisms whereby solar variability
affects climate and the ENSO system.
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Dynamical Structure in Paleoclimate Data

H. Bruce Stewart

ABSTRACT: Deterministic chaos in dynamical systems offers a new paradigm for understanding
irregular fluctuations. The theory of chaotic dynamical systems includes methods that can test
whether any given set of time series data, such as paleoclimate proxy data, are consistent with a
deterministic interpretation. Paleoclimate data with annual resolution and absolute dating provide
multiple channels of concurrent time series; these multiple time series can be treated as potential
phase space coordinates to test whether interannual climate variability is deterministic. Dynami-
cal structure tests which take advantage of such multichannel data are proposed and illustrated
by application to a simple synthetic model of chaos, and to two paleoclimate proxy data series.

The Notion of Dynamical Structure

The emergence of the chaos paradigm of dynamical systems theory raises
the possibility that some of the irregular oscillations observed in the
natural world may be explainable as the workings of deterministic
dynamics. Moreover, there is reason to hope that the deterministic rules
governing the behavior of even large and complex natural systems may
be expressed in terms of just a handful of active modes of oscillation,
which can be fully described using a small number of state variables.

A deterministic dynamical system requires a state space or phase space
whose coordinates are the state variables x1, x2, ..., Xn; these variables
describe the state of the system at any instant of time, and the functions
x1(t), x2(t), ..., xn(t) describe the system evolution over time. In addition, a
dynamical system possesses a dynamical rule that specifies completely
and unambiguously for each state X ={x1, x2, ..., xn} the immediate future
trend of evolution; that is, the rule uses X(t) at time t to determine X a
short time interval into the future (Abraham and Shaw 1992; Thompson
and Stewart 1986).

For many systems, there is a natural discrete unit of time, such as a day
or a year. The evolution is described by a sequence of Xi with index i
indicating time, that is, Xi= X(ti). The dynamical rule is then conveniently
expressed as an iterated function:

Xi+1 = F(Xj)

where Fis a vector function with vector arguments. The evolution begins
from an appropriate initial condition:

X0 = {x1(to), x2(t0), ... xn(t0)}

In:

C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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In other systems, it is natural to consider time flowing as a continuum,
so that the dynamical rule is a differential equation:

dX/dt=X= FX)
that is,

Xq =f10 X .o, Xy

)'cz‘:fz(xly Xo, +er Xy

X =Sl Xy e Xy

The evolution of the system from an initial state:
Xo = {%(t=0), x5(t=0), ..., x,(t=0)]

forward in time is the solution X(t) = {x1(1), x2(0, ..., xn(t)} of this initial value
problem. The evolution from an initial state — a point in phase space —
traces out a smooth trajectory in phase space, provided the functions
A, f2, .., fo are continuous functions. That is, the magnitude of the
difference |F (X1) — F (X2)| should be small whenever 1X1 — X2l is
sufficiently small. Here |-| indicates a distance (for example, Euclidean
distance) in phase space.

In discrete time systems governed by an iterated function, the trajectory
is usually not smooth, but F should still be continuous in X.

In physical problems, such as mechanical or electrical systems, an
appropriate phase space is usually apparent from the form of the laws of
motion. For example, mechanical problems require a position and a
velocity for each mechanical degree of freedom (Abraham and Shaw
1992). However, in other cases it may be a difficult task to choose an
economical set of state variables, that is, a reasonably small number of
coordinates that still retain the essential property of the dynamical rule:
that knowing the instantaneous state X = {x1, x2, ..., xn} is sufficient to
specify the immediate future trend of evolution is a completely determi-
nistic way and without ambiguity. In spite of this difficulty, recent
successes like the characterization of the historical fluctuations in the
level of the Great Salt Lake using a 4-dimensional state space (Abarbanel
1995) show that it is possible. More particularly, it is possible to deter-
mine an appropriate state space or phase space by analyzing an observed
time series, without recourse to a model based on physical laws.

Low-dimensional long-term behavior can occur in complex natural sys-
tems whose phase space would seem to be of very high dimension.
Dissipation, which exists in most natural systems, causes volumes
of ensembles in phase space to contract as time advances; this is the
equivalent of Liouville’s theorem for energy-conserving systems (Thompson
and Stewart 1986, p. 221). In many cases, dissipation acts even more
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strongly, reducing the long-term fluctuations to a subset of dimension much
smaller than the number of phase space dimensions suggested by the laws
of motion. This is not a theorem, but a commonly observed phenomenon.

If the long-term dynamics of a system have a low-dimensional descrip-
tion, then one may hope that a moderately long observed trajectory will
come near to every state possible for the long-term dynamics; that is, it
comes near every point in the attractor. If the dynamical rule F(X) is a
continuous function, then it will be possible to make good short-term
forecasts by identifying dynamical analogs in past observed behavior
(Lorenz 1969).

Most of the methods for detecting dynamical structure begin with the
modest assumption that only one time series of a single state variable has
been recorded. From a single time series, additional phase space coordi-
nates can be reconstructed using a procedure known as timedelay
embedding (Packard et al 1980). An excellent review of these methods has
recently appeared (Abarbanel et al 1993). Here we consider a situation in
which two or more concurrent time series of different variables are
available for analysis.

The growing body of paleoclimate proxy data with annual resolution
makes it possible to consider whether year-to-year climatic fluctuations
can be described by a deterministic dynamical rule, in the sense stated
above, by examining observed data. Furthermore, the absolute dating of
annual resolution data means that the concurrence of two or more
independent time series can be established. This concurrence is an
essential prerequisite for asking whether such multichannel data repre-
sent phase space coordinates for a possible deterministic dynamical rule.

Identifying Dynamical Structure from Time Series

The hallmark of chaos is that evolutions from two nearby states in phase
space will gradually diverge from each other as time progresses. In
mathematical terms, the system is sensitive to initial conditions. An error
or perturbation introduced at any time will grow over time, typically at a
geometric rate; this makes long-term forecasting impossible. Given a
moderately long time series of all n phase space coordinates, this gradual
divergence can be verified by finding good dynamical analogies, that is,
pairs of widely separated times in the observed record when the two
system states were near each other in phase space. These good dynamical
analogies are manifestations of recurrence.

Let us consider data X(ti) from a continuous time evolution sampled
discretely at equally spaced times t=ti,i=1, 2, ..., N. For each t;, the best
dynamical analogy for X(ti) involves its nearest neighbor in phase space.
Let us say that this nearest neighbor occurs at time t = tN(); in determin-
ing N(i) we exclude times near ti so that the analogy belongs to distinct
parts of the trajectory and represents a true recurrence.
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A Prototype

For each such analogy, the rate of divergence over j steps forward in time
can be measured in terms of the local spreading ratio:

S(i, j) = o X(tN@)+j) — X (ti+jloo/ o0 X(tNG) — X(ti) o

An important mathematical fact about this spreading ratio is that (roughly
speaking) for large values of j, the equivalent rate (1/j) In S(i, j) tends to a
limit that is independent of i and independent of the particular choice of
coordinates; in other words, the limit is an invariant quantity. The
limiting value is called the largest Lyapunov exponent, denoted A1.
Sometimes base 2 logarithms are used, so that A1 is an inverse doubling
time for uncertainties or perturbations. There is, in fact, a spectrum of
limiting rates or Lyapunov exponents; only the largest, A1, is manifested
in the long-term spreading of two typical nearby trajectories. The criterion
for chaos is A1 > O (Abarbanel et al 1993).

In the mathematical definition of Lyapunov exponents, it is assumed that
the initial separation at j = O is infinitesimal, so that even for large j the
separation is not too large. When dealing with a finite sample of observed
data, this is of course not true, so it may not be practical to consider j
large enough to obtain a true invariant quantity. Instead, one may
examine the local divergence rate:

s(i, j) = (1/)) In S(3, j)

and its average:
s() = (1/D, s(iy)
i
Although these are not invariant quantities, and they do depend on the

choice of coordinates, it is still possible to obtain from them useful
information about possible dynamical structure.

Example
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To illustrate how this can be accomplished, we first consider synthetic
data generated by numerical solution of a simple system of three firstor-
der ordinary differential equations

X=-y-z
y = x+0.36y
z = 0.4+2z(x-4.5)

This system was devised by Roessler (1976) to give an example of the
simplest possible chaotic attractor, the folded band. Any trajectory of this
system will, after an initial transient, settle onto a coherent 3-dimensional
structure. Within this coherent structure, nearby states exhibit gradual
divergence over time. .
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A typical trajectory on this attractor is illustrated in Figure 1, which
shows the coordinates x, y, and z plotted as three time series above, and
in phase portraits. The upper left phase portrait shows an orthogonal
projection of the three coordinates with the z-axis tilted at 45 degrees,
while the lower left shows a projection along the z-axis onto the (x, y)
plane. On the right is a different trajectory to be discussed below.

On the average, separations are roughly doubled for each circuit around
this attractor; sampling at about 60 discrete time steps per circuit, we
expect A1 to be about (1/60) In 2, or roughly 0.011.
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Figure 1. TIME SERIES AND PHASE SPACE PROJECTIONS OF A TRAJECTORY OF ROESSLER'S EQUATIONS AND
PHASE PROJECTIONS OF A TRAJECTORY OBTAINED BY SUBSTITUTING SURROGATE CHANNEL DATA x FOR x.
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Suppose we are given a 3-channel time series x(tj), y(t), z(t); we wish to
determine, from the data themselves and without knowing their origin in
Roessler’s equations, whether they were generated by a deterministic
rule. One method of diagnosis consists of computing the average local
divergence rate s(j) and comparing it with the divergence rate computed
from a surrogate data set. By surrogate, we mean data that from their
appearance as time series could plausibly have come from the same
source but that have in fact been arranged or manipulated so that they
lack dynamical structure.

Surrogate data sets have been used for this type of diagnosis using
time-delay embeddings, where only a single variable has been observed
and recorded (eg, Theiler et al 1992; Takens 1993). Here we are consid-
ering multichannel data, so it makes sense to look at surrogate data in
which only one channel has been replaced by a plausible substitute, with
other channels unchanged. We then speak of a surrogate channel of data.

A simple method of generating surrogate channels is to divide the original
multichannel data set into halves. We denote the first half of the data,
i=1,2, ..., N/2byxt), yt), z(t), and the second half, for i=N/2, N/2+1, ..., N,
is displaced in time to i= 1, 2, ..., N/2 and denoted by X(ti), y'(t), Z (t).
Now X' has dynamical structure when taken with y and z, but its
structure is, time step for time step, unrelated to the structure of y and
z. Nearest neighbors identified using coordinates x(ti), y(t), z(t) will not
be true dynamical analogies, and can be expected to diverge rapidly. Thus
the value of s(j) for the surrogate data x/(t}), y(t), z(t) will be much larger
than for the original.

On the other hand, if the original data x{ti, y(ti), z(t) came not from a
dynamical system but from random behavior, then the spreading rate
should be large for both the original and the surrogate data. Since we do
not know a priori what is a large spreading rate, the comparison with
surrogate data is essential.

Examples of average local divergence rates s(j) for true trajectories of
Roessler’s equations and with surrogate channels are given in Table 1.
Two disjoint segments each 5000 steps in length were extracted from a
longer trajectory. The two segments were spliced into a single 6-channel
data set to facilitate surrogate substitutions. Various embeddings and
surrogate substitutions were tried, with two cases each to give a crude
estimate of the variance due to finite sampling of the attractor.

Case 1 is the complete natural embedding of the first segment with
coordinates x(t), y(t), z(t), and case 2 is the complete natural embedding
of the second segment with coordinates xX(t), y'(t), Z(t). In both cases the
average local divergence rate s(j) depends on j, the number of steps
forward. For j = 1, the average rate is smaller than the expected long-term
value of 0.011, and the variance due to finite sampling is relatively large.



Paleoclimate Data

Table 1
AVERAGE LOCAL DIVERGENCE RATE s(j) FOR TRIAL EMBEDDINGS OF THE
ROESSLER BAND ATTRACTOR IN TWO AND THREE DIMENSIONS

5000-Point Trajectories Samples 60x per Turn

Average Local Divergence Rate
Case  Coordinates j=1 j=2 j=4 j=8 j=16 j=32 j=64

—_

X-y-z 0.001 0.012 0.018 0.018 0.016 0.013 0.011

2 0.010 0.016 0.020 0.018 0.015 0.012 0.011
3 X-y-z. 0.796 0.655 0.471 0.302 0.166 0.059 0.036
4 0.819 0.664 0.475 0.303 0.165 0.056 0.036
5 x-y-z 0.201 0.175 0.144 0.110 0.080 0.040 0.017
6 0.209 0.189 0.158 0.122 0.086 0.041 0.019
7 X-y 0.392 0.248 0.149 0.086 0.052 0.030 0.020
8 0.363 0.233 0.142 0.083 0.051 0.030 0.020
9 X-y 2.479 1.575 0.952 0.549 0.294 0.107 0.065
10 2.738 1.706 1.019 0.583 0.308 0.111 0.068

For increasing j, the variance due to sampling decreases; s(j) increases to
a maximum near j = 4 and then decreases to the expected long-term value
atj = 64.

Cases 3 and 4 are the results of surrogate substitution in the x coordi-
nate. In case 3, X(t) was substituted for x(t) in the first trajectory
segment; in case 4 the opposite was done. Since the trajectories X/(t), y(ti,
z(t) and x(t), y(t), Z(t) are, of course, not trajectories of a dynamical
system, it is an abuse of terminology to speak of local Lyapunov exponents.
Nevertheless, computing the average local divergence rates as in cases 1 and
2, we find a large increase in magnitude. If we were presented with data of
unknown origin, such an effect would be evidence for the significance of the
x coordinate in the dynamical structure of the trajectory.

Note that the effect of the surrogate channel upon the local divergence
rates is greatest for j = 1, and becomes less pronounced as j increases.
When trajectory self-crossing inconsistent with dynamical structure
occurs, the largest separations occur in the near term. Thus, when using
surrogates to test for dynamical structure, the short-term divergence
rates provide better diagnosis than the long-term rates, even though the
short-term rates are not invariant quantities.
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Cases 5 and 6 are likewise obtained by surrogate substitution, this time
for the z coordinate. Again the importance of this coordinate in the
dynamical structure is confirmed, although it is somewhat less signifi-
cant than the x coordinate.

Cases 7 through 10 relate to the detection of dynamical structure using
an incomplete set of phase space coordinates. Only x and y are used as
trial phase space coordinates; we therefore do not expect the divergences,
even for large j, to approach the true Lyapunov exponent A1 in the
3-dimensional phase space. Nevertheless, when a surrogate channel is
substituted (in cases 9 and 10) for the x coordinate in the partial x, y
embedding, the effect on local divergence rates is unmistakable.

This suggests that it may be possible, using surrogate channel substitu-
tion, to detect dynamical structure in multichannel time series data, even
if there are not enough data channels to fully embed the attractor; that
is, there are not enough phase space coordinates to correctly identify
good dynamical analogies.

Of course this prototype example of chaos only suggests what may
happen with more complicated chaotic attractors in higher-dimensional
phase space. The use of surrogate channels and local divergence rates
has recently been tested on another model, a very low-order moist general
circulation model devised by Lorenz (1984), which is equivalent to a
system of 27 ordinary differential equations. Applying multichannel time
series analysis to simulations of this model confirmed that surrogate
channel substitution and diagnosis from short-term divergence rates can
be used to detect dynamical structure in incomplete embeddings (Stewart
1994).

A Paleoclimate Example
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We now describe an example of how such methods might be applied to
paleoclimate data. Here we must, at least for the present, abandon
thought of any specific model that would describe dynamical structure of
climate. Of course there are dynamical models of climate evolution, but
the differential equations model the evolution in steps of hours or days,
and nearby trajectories diverge in weeks or, at most, months. Here we
pose a different question: Is the evolution of climate governed by dynami-
cal laws, known or unknown, that determine the state one or a few years
forward given the present state, expressed in terms of annual or seasonal
means?

We emphasize that we know of no persuasive argument that climate has
such a dynamical structure (on yearly time scales) at all. In fact, the rate
of divergence of weather conditions seems (at least superficially) to make
this dynamical structure of climate an unlikely hypothesis. Nevertheless,
it is not ruled out. If true, or even partly true, it would be of great
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consequence. As just one example, it might permit earlier detection of a
greenhouse signal manifested as a departure in (or from) dynamical
structure. In any case, we are simply posing this as a hypothesis, to be
tested using multichannel time series analysis.

For our example, we shall use two paleoclimate proxy data series of very
different origin. For a more thorough study, additional data series should
be included. One series used here is the annual oxygen isotope ratio in
cores from the Quelccaya ice cap in Peru published by Thompson and
Mosley-Thompson (1989), extending from 1476 to 1984. The other series
is a tree-ring index developed by Briffa et al (1992) from Fennoscandian
trees, extending from A.D. 500 to 1980, and kindly furnished to the
author by Professor Briffa. These two data series were treated as possible
phase space coordinates for dynamical structure, if it exists. The notion
underlying this choice is that these two proxies would represent different
and complementary modes or degrees of freedom of a hypothesized
dynamical structure. Of course any climatological insight that would
bear on the suitability of these or other data series as reflecting the state
of the climate should be considered (eg, Cole et al 1993). For present
illustrational purposes, we take these two series to represent the state of
the art.

These two data series are analyzed on two time scales. First, we test for
dynamical structure on the yearly time scale. Both data series exhibit
large fluctuations from year to year; for this reason, a smooth evolution
on yearly time scales, as with differential equations, is not an appropriate
hypothesis, and instead we must suppose a system in which time passes
in discrete units, as in the iterated function Xi+1 = F(Xj). Second, we test
for dynamical structure on multiyear time scales, taking running means
to smooth the data; this gives somewhat less ragged trajectories, which
might correspond to a differential equation model. The numerical evalu-
ation of local divergence rates is essentially the same in both cases, with
one small difference: with the smoothed data we determine nearest
neighbors by interpolating between successive data points; with the raw
yearly data, there is no interpolation.

In the previous example of synthetic data from a simulation, there was
little harm in generating surrogates by cutting a long trajectory into two
disjoint segments: small sample size was not a problem, as the simula-
tion can always be extended. However, with limited and precious paleo-
climate data, cutting the time series in half would seem extravagant. One
would prefer to test the full length of available data against surrogates of
equal length.

Another means of generating surrogate channels is by randomization of
the given data. Substituting data from a random number generator is too
crude. We want our surrogates to lack dynamical structure but be able
to pass superficially for the real data. One algorithm for achieving this is
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the following: take the complex Fourier transform of the data, then
randomize the phases of the complex coefficients a(w) in the frequency
domain. In order that the inverse transform yield a real time series, the
phases must be randomized under the constraint that a(e) = a *(- ®). The
inverse transform of data randomized in this manner will be a surrogate
having the same power spectrum as the original data, but with any
dynamical structure removed.

This is the procedure we adopt for generating surrogates for both the ice
core and the tree ring data. It is not the only — or necessarily the best —
procedure; see Theiler et al (1992), Takens (1993), and Kennel and
Isabelle (1992) for further discussion.

Figure 2 shows local divergence rates
s(j) for a 2-dimensional trajectory whose | sof .

coordinates are the Quelccaya oxygen | 5! i iren ring surrogates
isotope ratio and the Fennoscandian
tree ring index; the values of are indi- .
cated by dots and connected with solid
lines. Also shown are the divergence | "' \\\
rates for three surrogate substitutes for | °°
each coordinate, plotted as broken lines. 0
In the upper plot, surrogates are substi- ol . - )
tuted for the tree ring data. The values of | ~ -odata

s(j) for surrogates fall very slightly above | **[ \ ™ ioe core surrogates
the values for the data atj= 1 and j = 2;
we can easily imagine that with more | !5
than three surrogate substitutions, | tof . 1
their range would include the s(j) of the | o5 \\“‘M\.___.
original data. For larger j, the s(j) for the pls s : — L
data lie within the range for the three

Surrogates_ In the lower p]ot, surro- Figure 2. AVERAGE LOCAL DIVERGENCE RATE s())
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gates are substituted for the ice core i 1 TLEHICL AT PHLAR TR
data; all the s(j) for the original data are
within the ranges for the surrogates.
We conclude that these tests show no
evidence of dynamical structure in the
data on yearly time scales.

TRAJECTORY FROM 1476-1980
Coordinates are oxygen isotope ratio from Quelccaya
ice core and Fennoscandian tree ring index.

Above, paleoclimate trajector and three trajectories
with surrogate tree ring data.

Below, paleoclimate trajectory and three trajectories
with surrogate ice core data.
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The same two time series were then
smoothed and retested for local diver-
gence on multiyear time scales.
Seven-year running means were used,
based on the presence of a strong
14-year component in spectrum of the
ice core data. We also used 11- and
13-year running means. When gener-
ating surrogates for smoothed data,
we randomize phases of the raw data
and then smooth, rather than ran-
domizing smoothed data; this is in
accord with the recommendation of
Prichard (1994) to randomize before
filtering. Typical results for the 7-year
running means are shown in Figure 3,
again using three surrogate substi-
tutes for each channel. The diver-
gence rates for the data again fall
within or are very close to the range
for the surrogates. We conclude that
thereis alsonoevidence fordynamic
structure in the data on multiyear
timescales.
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Figure 3. AVERAGE LOCAL DIVERGENCE RATE s(j) OF

A PALEOCLIMATE PROXY DATA TRAJECTORY
FROM 1476-1980, SMOOTHED BY TAKING
7-YEAR RUNNING MEANS OF OXYGEN
ISOTOPE RATIO AND FENNOSCANDIAN TREE
RING INDEX

Above, paleoclimate trajector and three trajectories with
smoothed surrogate tree ring data.

Below, paleoclimate trajectory and three trajectories with
smoothed surrogate ice core data.

The development and application of dynamical systems approaches to
time series analysis is still in its infancy. In due course, with deeper
insight into climate and perhaps some serendipity, these multichannel
methods should achieve successes with climate data comparable to the
recent success analyzing single time series (Abarbanel 1995).
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Modeling North Pacific Temperature and Pressure

Changes from Coastal Tree-Ring Chronologies
Gregory C. Wiles, Rosanne D. D’Arrigo, and Gordon C. Jacoby

ABSTRACT: Climate modeling using coastal tree-ring chronologies has yielded the first summer
temperature reconstructions for coastal stations along the Gulf of Alaska and the Pacific North-
west. These land temperature reconstructions are strongly correlated with nearby sea surface
temperatures, indicating large-scale ocean-atmospheric influences. Significant progress has also
been made in modeling winter land temperatures and sea surface temperatures from coastal and
shipboard stations. In addition to temperature, the pressure variability center over the central
North Pacific Ocean (PAC), which is related to the strength and location of the Aleutian Low
pressure system, could be extended using coastal tree rings.

Introduction

Temperature and pressure fluctuations in the Northeastern Pacific sector
are important for understanding global climate and its prediction (Cayan
1980: Namias et al 1988; Trenberth and Hurrell 1994) as well as for their
impact on major fishery resources (Mysak 1986; Francis and Sibley
1991). Few physical or biological time series from the Gulf of Alaska and
the Pacific Northwest extend over more than several decades, an insuffi-
cient interval to evaluate long-term climate variability (Roden 1989).
Coastal tree-ring width and density records provide some of the best
proxies for year-to-year climate change and can extend existing records
by several centuries or more. Tree-rings from coastal and near coastal
sites along the Northeastern Pacific are influenced by and can be used to
reconstruct large-scale oceanic and atmospheric temperature changes
(Blasing and Fritts 1975, 1976; Xiangding and Lough 1987).

Whereas a relatively dense network of tree-ring records for climatic
reconstruction exists for western North American interior forest sites
(Chapter 1, Cook and Kairiukstis 1990), few studies have used coastal
trees to reconstruct oceanic and climatic variations for the Northeastern
Pacific sector. Climatic conditions along coastal regions can differ consid-
erably from those at interior sites. How climate changes in these transi-
tional zones between the continental and oceanic environment is crucial
for understanding Earth’s climate system. Goals of this paper are:

o To analyze the climate signal in Northeastern Pacific ring-width
and maximum latewood density chronologies.

. To present summer temperature reconstructions and evaluate
the linkages between sea surface and land temperatures as
recorded in tree rings.

« To examine the winter climate signal in the tree-ring time series.

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Previous Dendroclimatic Studies in the Northeastern Pacific Sector

Previous researchers have used tree-ring chronologies from western
North America to model temperature and pressure variations in the North
Pacific sector (Blasing and Fritts 1975, 1976; Douglas 1980). For exam-
ple, Blasing and Fritts (1975) identified 10 patterns of summer tree
growth from 21 ring-width chronologies in western Canada and interior
and Arctic Alaska. No coastal chronologies were included in these analy-
ses. A more extensive network of 49 ring-width chronologies in western
North America was employed to reconstruct winter climatic anomalies for
the North Pacific sector and western North America (Blasing and Fritts
1976). Reconstruction of Pacific sea level pressure variations was the
subject of a study by Xiangding and Lough (1987), who estimated
summer sea level pressure using tree-ring chronologies from North
America combined with documentary records of precipitation from China.

Tree-ring chronologies from near-coastal and interior regions have been
used in various temperature reconstructions for the Northeastern Pacific
sector. Graumlich and Brubaker (1986) reconstructed mean annual
temperatures for Longmire, Washington, from a set of ring-width chro-
nologies in the Cascade Range. More recently, Schweingruber et al (1993)
presented new tree-ring chronologies from a major sampling transect
across North America. Analysis of this dataset by Briffa et al (1992)
included growing season temperature reconstructions for the Alaska-Yukon
region and the Pacific Northwest. Using only chronologies from coastal
and near-coastal sites, Buckley et al (1992) investigated the temperature
and precipitation response of tree-ring records from the Pacific North-
west. In this study, density chronologies were found to be more sensitive
indicators of year-to-year temperature variations than the companion
ring-width series. Additionally, links between the tree-ring records and
sea surface temperatures and sea level pressure suggested that the
chronologies had the potential to reconstruct large-scale atmospheric
phenomena such as changes in the Aleutian Low pressure system. Their
tree-ring dataset included some of the same tree-ring chronologies pre-
sented in this analysis. This paper uses an approach similar to that of
Buckley et al (1992), employing climatically sensitive chronologies to
reconstruct coastal climate variations for regions in the Northeastern
Pacific sector.

Tree-Ring and Meteorological Data
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New tree-ring data from the Gulf of Alaska, together with existing collec-
tions from British Columbia, Alaska, Washington, and California, make
up the primary database for modeling studies in coastal regions of the
Northeastern Pacific (Figure 1; Table 1). Maximum latewood density
chronologies for Alaska, Washington, and Vancouver Island were proc-
essed in Switzerland by F. Schweingruber at the Swiss Federal Institute
of Forestry Research as part of a collection of 69 tree-ring sites sampled
in northern North America during 1984 and 1989 (Schweingruber et al,
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Figure 1. MAP SHOWING LOCATION OF TREE-RING CHRONOLOGIES AND METEOROLOGICAL
STATIONS USED IN SUMMER TEMPERATURE RECONSTRUCTIONS FOR THE
GULF OF ALASKA AND THE PACIFIC NORTHWEST

Table 1
TREE-RING SITES USED IN MODELING NORTHEAST PACIFIC CLIMATE.
Elevation

Tree Ring Site Species Interval (meters) Latitude / Longitude
ALASKA

Cordova (CV) TSME 1192-1992 428 61°20'N/145°40'W

Eureka Summit (ES) PCGL 1654-1983 960 61°50'N/ 147°20' W

Moose Pass (MP) PCSl 1732-1983 100 61°20' N/ 149°35'W

Nichawak Mountain (NK) PCSI 1762-1992 320 60°15' N/ 144°00' W

Rock Glacier (RGL) TSME 1530-1991 420 61°04' N/ 148°00' W

Water Supply (WS) TSME 1727-1989 305 61°05'N/149°36' W
CALIFORNIA

Snow White Ridge (SNO) PIPO 1557-1980 1731 38°08'N/120°03'W
NEVADA

Pete's Summit (PSU) PIMO 1439-1982 2347 39°11'N/116°47'W
WASHINGTON

Arrowsmith Mountain (ARW) TSME 1629-1983 1020 49°09'N/125°14' W

Frying Pan Creek (FPC) PSME 1286-1980 1170 46°53'N/121°37'W

Mount Angeles (ANG) PSME 1750-1983 1360 47°58' N/ 123°26' W

Vancouver (VAN) TSME 1413-1983 1110 49°20'N/123°20' W

PCGL = Picea glauca

PCSI = Picea sitchensis

PIMO = Pinus cembroides

PIPO = Pinus ponderosa

PSME = Pseudotsuga menziesii

TSME = Tsuga mertensiana
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Individual average monthly temperature series for meteorological sta-
tions at Sitka, Seward, and Kodiak, along the Gulf of Alaska, and from
the coastal stations of Blaine, Bellingham, Clearbrook, and Port Angeles,
all in northwestern Washington, were obtained from the Historical
Climate Network. Regional average temperature series for the last 80
years were computed for the Gulf of Alaska (GOA) and for Washington
stations in the Pacific Northwest (PNW). In addition to the land tempera-
ture series, a 5°X5° monthly sea surface temperature dataset for the
Northeast Pacific (1947 to 1990) was obtained from Dr. Dan Cayan of
Scripps Institution of Oceanography. Tree-ring data were also compared
with the PAC teleconnection index series of Rogers (1990). The PAC index
is the North-Central Pacific low-frequency variability pattern that is
related to the strength of the Aleutian Low pressure system. A strong low
is associated with a high index value and a weaker low with a smaller
index value. Sea surface temperatures recorded at the coastal station of
Amphitrite Point, British Columbia, were provided by D. Ware.

Summer Temperature Reconstructions
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The temperature signal in the tree-ring time series was evaluated by
simple correlations between the series and the 17-month dendroclimatic
year {June of the previous year through October of the growth year;
Figure 2) of the regional average temperature series from PNW and GOA.
The GOA ring-width data correlated positively with all months; strongest
correlations were for the growing season, March through September.
Density chronologies along the gulf showed a negative relationship with
previous July through November mean temperatures and a positive
correlation with temperatures from March through September. Chro-
nologies of maximum latewood density from Washington State are also
positively correlated with temperature during April through September.
Based on these results, we decided to use the tree-ring data to model
temperatures averaged over the April-September season.

Principal components regression techniques (Chapter 4, Cook and Kairi-
ukstis 1990) were employed to reconstruct summer temperatures. Tree-
ring data for the current year (t) were used to predict summer
temperatures. The GOA model is based on three ring-width time series
and two maximum latewood density chronologies, which have a similar
response to growing season temperatures (Figure 2a, b). The PNW model
uses the three latewood density chronologies (Figure 2c). Both the
tree-ring and temperature data were prewhitened prior to modeling to
remove the persistence in the series (Box and Jenkins 1970). In each
case, most of the variance was explained in the first eigenvector, and only
the first eigenvector of the principal component analysis was retained for
regression.

Model verification was performed by halving each temperature series,
with each half verified using the calibration of the other. For the PNW
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and a Spearman correlation
coefficient of 0.51 for the later verification period. When these intervals
were reversed, 56% of the temperature variance was explained, with an
RE of 0.56 and a Spearman coefficient of 0.70. Figure 3 presents the two
well-verified, summer temperature reconstructions for the Gulf of Alaska
and the Pacific Northwest.

No summer temperature reconstructions have been available for the Gulf
of Alaska prior to current study. Some features of the Yukon and Alaska
regional summer temperature reconstruction (Briffa et al 1992) are
consistent with the GOA reconstruction, including warming in the 1820s
and cooling in the 1810s, 1860s, and 1890s (Figure 3a). They identified
the summer of 1810 as the coldest over their Alaska -Yukon study region,
as was found in our record of GOA summer temperatures. Historical 19th
century temperature data for Sitka, Alaska (compiled by Roden [1989]),
are consistent with the GOA temperature reconstruction, with extended
cold periods during 1857-1863 and warm intervals during 1864-1870.
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Figure 3. SUMMER TEMPERATURE RECONSTRUCTIONS FOR THE GULF OF ALASKA AND THE PACIFIC NORTHWEST
Smoothed reconstructions lines represent a 10-year cubic smoothing spline (Cook and Peters 1981).

The mean annual temperature reconstruction for Longmire, Washington,
based on ring-width data from high elevations (Graumlich and Brubaker
1986) shows cool intervals in the early 1800s and the 1880s, consistent
with the PNW reconstruction. However, the Graumlich and Brubaker
reconstruction exhibits warming in the latter part of the 20th century;
the coastal PNW series does not show this change (Figure 3b).

The density chronologies used in the summer temperature reconstruc-
tion of Briffa et al (1992) for the Pacific Northwest and British Columbia
(their BCPNW) include the three density chronologies used in our PNW
reconstruction. As expected, most primary features in the two recon-
structions are similar. However, the cool interval centered around 1860
AD is not apparent in the Briffa et al (1992) reconstruction. This cool
period is a significant interval in the coastal reconstruction and is also
noted as a major cool interval from coastal temperature time series
(Roden 1989).

The good correspondence with independent historical data from coastal
temperature instrumental records and the broad agreement with pub-
lished reconstructions based on tree-ring data suggest that the two
summer temperature reconstructions are reliable records of temperature
change along the Pacific Northeastern coastal areas.
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Tree Growth and Sea Surface Temperatures

The next step in the analyses was to explore links between tree growth,
land surface temperatures, and sea surface temperatures. Land surface
and sea surface temperature records from the Gulf of Alaska are strongly
correlated for April through September, with the strongest correlations at
55°N latitude, 150°W longitude (Figure 4). PCA scores from the five
tree-ring chronologies show a similar correlation pattern, with the strong-
est correlation also at 55°N, 150°W (Figure 5).
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Figure 4, CORRELATION FIELDS SHOWING RELATIONSHIP BETWEEN Figure 5. CORRELATION FIELDS SHOWING RELATIONSHIP BETWEEN

LAND TEMPERATURE AND SEA SURFACE TEMPERATURE TREE RING PCA SCORES AND SEA SURFACE TEMPERATURE
FOR THE GULF OF ALASKA FOR THE GULF OF ALASKA
Magnitude of Correlation: 0 .00-.09 4 40 - .49 Magnitude of Correlation: 0 .00-.09 4 40- .49
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The average land temperature record from northwestern Washington is
highly correlated with sea surface temperatures from offshore British
Columbia to southern California (Figure 6). The PNW temperature recon-
struction correlates most strongly with sea surface temperature at 45°N
latitude and 135°W longitude, with correlations dropping off dramatically
away from this point (Figure 7). These linkages of tree growth, land
temperatures, and sea surface temperatures suggest that tree growth
is strongly affected by and provides information about nearby ocean
temperatures.
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Tree Growth and Winter Climate

Chronologies used to model winter temperature at the Amphitrite Point
lighthouse shore station were ring-width time series from northern
California (SNO), Washington State (FPC), Vancouver Island (ANG), and
the Gulf of Alaska (NK). Tree-ring widths show a strong positive correla-
tion with winter temperatures (Figure 8). Both the average winter
(December-February) temperature series and the tree-ring data were
prewhitened prior to PCA regression. The four ring-width chronologies
together explain 41% of the variance in winter

0.6 : ; j 10.6 temperature for the full 44-year calibration period
44 YEARS ] (Figure 9).
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Figure 8. CORRELATIONS OF TREE-RING TIME SERIES
AND 44 YEARS OF OBSERVED WINTER
SEA SURFACE TEMPERATURE FROM
AMPHITRITE POINT, VANCOUVER ISLAND
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Ring-width data are also strongly correlated with shipboard winter sea
surface temperatures. The Frying Pan Creek ring-width chronology
(Table 1; Graumlich 1985), included in the analysis above, shows strong
correlations with winter sea surface temperatures, with the center of
correlation just off the northwest Washington coast at 50°N latitude and
130°W longitude (Figure 10).
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Figure 10. CORRELATIONS OF THE FRYING PAN CREEK RING-WIDTH CHRONOLOGY (Table 1)
AND WINTER SEA SURFACE TEMPERATURE VALUES
Magnitude of Correlation: 0 .00-.09 4 40 - .49
1
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2 20-.29 6 60 -.69
3 .30-.39 7 70-.79

In addition to the potential of tree-ring data in coastal regions for
reconstructing temperature changes, pressure variability is also recorded
in the tree-ring record. The Aleutian Low is a major feature influencing
circulation in the Northeast Pacific, especially during the winter (Namias
et al 1988; Emery and Hamilton 1985). Modeling the Aleutian Low with
tree rings using the Aleutian Low index was explored by Buckley et al
(1992). Here we compare three ring-width chronologies with the PAC
index of Rogers (1990). A strong Aleutian Low (higher PAC index) is
associated with a near-shore climate influenced by warm subtropical
water. During times of weaker lows (lower PAC index), cooler waters
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Conclusions

dominate as northward flow of warmer waters is inhibited. The strength
of this low pressure system is most pronounced during winter and spring.
Thus the climatic link between trees and pressure variations is that
warmer temperatures are associated with a strong Aleutian Low that is,
in turn, favorable for tree growth.

The average of winter and spring (December-May) PAC values were used
in modeling. In correlations for the RGL Alaskan chronology (0.45) and
the California series (SNO, 0.39), the PAC is negatively correlated with the
Nevada chronology (PTS, -0.36). After prewhitening, these three chro-
nologies together explain 38% of the variance in the PAC for an 81-year
calibration period (Figure 11).
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Figure 11. ACTUAL VERSUS ESTIMATED PAC VALUES FOR SPRING AND WINTER
Three ring-width series together account for 38% of the variance over the 81-year calibration period.
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Summer temperature reconstructions presented here are the first tem-
perature series from the Pacific Northeast sector that are based only on
coastal and near-coastal tree-ring sites. These well-verified models based
on ring-width and maximum latewood density chronologies provided the
strongest records of temperature change in our analyses. In addition to
the tree rings as a record of land temperature change, tree ring compari-
sons with sea surface temperatures suggest that tree growth variations
reflect oceanic as well as atmospheric conditions.

Ring-width chronologies from the Northeast Pacific can provide informa-
tion related to winter temperature and pressure change in the region.
Updating existing chronologies and adding new chronologies could lead
to rigorous reconstruction of land temperatures as well as sea surface
temperatures from coastal stations (such as Amphitrite Point) in addition
to sea surface temperature records from ship observations.

The relationship between tree growth and sea level pressure variability
patterns such as the PAC suggests that tree rings can potentially extend
the record of sea level pressure changes in the Northeast Pacific. Contin-
ued sampling in subarctic coastal areas will yield greater coverage for
improved pressure reconstructions.
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Reconstruction of Aridity for the Sierra de la Laguna,

Baja California Sur, Mexico

Sara Diaz, Laura Arriaga, Cesar Salinas, and Daniel Lluch

Introduction

A well-documented history of past climatic conditions is needed to
understand and resolve some ecological problems, but the existing
climatological records are too short to detect long-term climatic variabil-
ity and changes. Some trees, such as pines, produce annual tree rings
with different widths depending on prevailing environmental conditions,
such as climate. Tree-ring analysis of long-lived trees can be used to
estimate past variations in climate.

The principal aim of this study is to reconstruct aridity for the southern
portion of the Baja California Peninsula, by means of dendroclimatologic
techniques.

The study was carried out in the Sierra de la Laguna, a mountain range
in the southern part of the Baja California Peninsula (Figure 1). The
altitudinal range of the Sierra de la Laguna shows marked climatic
differences, as well as life forms, different from the rest of the state. At
higher altitudes are the only oak-pine woodlands of the state where an
endemic conifer, Pinus lagunae, grows. This species was the subject of
the present study.

Methodology

Within the Sierra de la Laguna oak-pine forest, 80 pines were selected to
obtain two increment cores from each tree with a standard increment
borer. Dendrochronology procedures and techniques for analyzing radial
growth in trees included the following steps:

« Increment core samples were cross-dated by the skeleton plot
to synchronize variations in ring width of the different trees and
assign them to the correct time sequence.

o Ring widths were measured on a sliding-stage micrometer.
Measurements were transformed to growth indices by fitting
curves to the series and dividing the ring widths by the values
of the fitted curves.

« A master dendrochronology time series was created by simply
averaging the core indices with a computer program (Holmes
1992).

In:

C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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80

The regional instrumental climatic series was obtained from Diaz et al
(1994). They based the analysis on climatologic recordings of total monthly
rainfall and monthly mean temperatures of stations in low and middle
altitudes of the Sierra de la Laguna, at an average of 451 meters above sea
level. The aridity index was calculated from these data using Martonne’s
(1926) formula. In addition, from the climatologic data of Diaz et al (1994),
we constructed annual instrumental rainfall and temperature time series.

Dendrochronologic and aridity data were compared over a period of time
called the “calibration period”. With the resulting model, aridity was recon-
structed from dendrochronologic data for the pre-instrumental period.

I I

Slerra de la Laguna
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Figure 1. Study Area, Sierra de la Laguna, in the southern Baja California Peninsula.
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Results and Discussion

For the calibration period, the dendrochronology time series and esti-
mated rainfall and temperature time series were used to search for
possible relationships between tree growth and meteorological variables.
Since linear regression models were to be used, series were first tested
for normality. For the aridity series, the five upper outliers deviated
significantly from the general fitted normal distribution (Figure 2). These
values were replaced with their corresponding five terms unweighted
moving averages. No other transformation of data was done.
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Figure 2. INSTRUMENTAL ARIDITY INDEX VERSUS TREE-RING WIDTH FOR THE FOLLOWING YEAR
The equation for the bestit regression line is.Y = 2.988X + 65; 1 = 0.523 (**).

Single and multiple regression between dendrochronology (dependent
variable) and temperature, precipitation, and aridity for the previous year
(independent variables) were tested. Only precipitation and aridity
(r=0.523) were significantly correlated with the dendrochronology. How-
ever, multiple correlation showed that the two variables were highly
redundant (r=0.524). The regression coefficient (beta) for precipitation
was not significant under the multiple linear regression model. Thus,
simple linear regression between aridity and dendrochronology was
selected for the reconstruction.

Since the applied regression model assumes a linear relationship
between normally distributed variables, standardized residuals were
tested for these assumptions using normal probability plots (residuals vs
expected normal value). No indications were found of severe violations to
the model assumptions. In addition, we plotted residuals vs deleted
residuals (ie, the residual for a particular value when regression is
performed without that value; Figure 3). Regression was not seriously
biased by outliers, since there is not a great difference between residual
and deleted residual for any value.
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) Left:  Residuals versus Deleted Residuals: Regression is not seriously biased by outliers.

Right: Normal Probability of Residuals: The assumption of a linear relationship between variables and the normal underlying
distributions seems reasonable.

The aridity index was calculated from the regression equation, and these
values were compared to the actual aridity index values. For 1940 to
1989 (Figure 4), the dendrochronology/aridity relationship was not very
close. However, aridity reconstruction at an interdecadal scale is promis-
ing. The upward trend between the mid-1940s and the early 1960s, the
downward trend up to 1970, the upward trend up to 1983, and the
downward trend up to 1989 are all evident in both series.

—OBSERVED
----------- CALCULATED

Tl[|TT

ARIDITY INDEX

S
A ERRRFRRN

ARIDITY INDEX
N]
T
N
YN\

SMOOTHED

19‘56 1‘3I55 19‘6@ l‘JlBS 19‘79 1‘3‘75 19%3@ 19I85 19‘98
Figure 4. ARIDITY RECONSTRUCTION FOR THE CALIBRATION PERIOD




Baja California Sur, Mexico

The aridity reconstruction series shows some interesting features:

Conclusions

From 1810 to 1890, a period of high variability and high aridity
occurred, interrupted by a few years of very low aridity during
the mid-1840s.

From 1900 to the mid-1950s, there was a remarkably stable
period of intermediate aridity.

Recent years have been highly variable, with minimum aridity
in the mid-1960s, a maximum during the early 1970s, and
another minimum during the mid-1980s.

Dendrochronology does not correlate highly with aridity at an interannual
scale. Possible reasons include:

There are no long precipitation/temperature records for the
woodland area, so nearby meteorological stations had to be
used. These stations are at much lower altitude than the
woodland area.

Although water availability should be a limiting factor on tree
growth, the biological response to interannual variability in
aridity may be “filtered” if physiological compensation is to be
expected. If so, dendrochronology may reflect sustained trends
much better than interannual variations, as observed.

Dendrochronology is much more closely correlated with aridity
at an interdecadal scale. Accordingly, we reconstructed aridity
for the last two centuries based on dendrochronology data
(Figure b5).

Recent-year trends for the reconstructed aridity are also pre-
sent in the meteorological records for nearby areas. It is con-
cluded that the species Pinus lagunae is sensitive to climatic
changes.
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South American Streamflow and the

Extreme Phases of the Southern Oscillation

Thomas C. Piechota, John A. Dracup, Ernesto F. Brown,
Tom McMahon, and Francis Chiew

Introduction

This study investigates the extent of the affect of the El Nifio/Southern
Oscillation on South American streamflow. The response of South Ameri-
can precipitation and temperature to the extreme phases of ENSO (El
Nino and La Nifia events) is well documented (eg, Ropelewski and Halpert
1987, Rogers 1988, Kiladis and Diaz 1989, Tapley and Waylen 1990); but
the response of South American hydrology has been barely studied
(Waylen and Caviedes 1990, Mechoso and Iribarren 1992). Such paucity
of research contrasts sharply with that available on the response of North
American streamflow to ENSO events (eg, Kahya and Dracup 1993,
Cayan and Webb 1993, Redmond and Koch 1991).

This present study is based on a hydrologic study by Kahya and Dracup
(1993) of North America streamflow and, with their techniques, examines
South American streamflow. A schematic of our research approach is
presented in Figure 1. In South America, regions with a coherent re-
sponse to ENSO are identified, and by computing and analyzing the shift

South American
Streamflow
[]
Harmonic Kahya and Dracup, 1993 (U.S. streamflow)
Analys is Ropelewski and Halpert, 1987 & 1989 (Global precipitation)

[ ]
Regions with
coherent response

REGION #1 / \ REGION #2

ENSO season and ENSO season and
Index Time Series Index Time Series
P il ¥ O — ) —
Log-normal Log-normal Log-normal Log-normal Log-normal Log-normal
distribution for distribution for distribution for distribution for distribution for distribution for
La Nifia events on-ENSO events| | El Niiio events La Nifia events| Non-ENSO events| | El Nifio events

Boxplot of 10th, 30th, S0th, 70th and 90t
percentiles for each distribution

Boxplot of 10th, 30th, S0th, 70th and 90t
percentiles for each distribution

Figure 1. SCHEMATIC OF RESEARCH APPROACH USED TO‘IDENTIFY REGIONS OF STRONG RESPONSE TO ENSO

Tm: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Data

in the probability distribution for La Nina, non-ENSO, and El Nifio events,
we are able to represent and chart the South American streamflow
anomalies.

86

The impetus for this research was a University of California Pacific Rim
Workshop held at UCLA in December 1993. At this workshop, hydrolo-
gists from several Pacific Rim countries gathered to study the influence
of ENSO on Pacific Rim streamflow. Each participant brought streamflow
data collected from his region, which augmented the global runoff dataset
of McMahon et al (1992), the database for this study.

Data on 95 streamflow stations in South America and Panama were
compiled (Figure 2). These data represent monthly runoff volumes with
records of varying lengths, although most cover periods of 30 to 40 years.
The La Nina and El Nino years are based on definitions presented in
Ropelewski and Halpert (1989) and Rasmusson and Carpenter (1983).
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Figure 2. GEOGRAPHIC DISTRIBUTION OF THE 95 STREAMFLOW STATIONS

Data for each station consist of monthly runoff volumes.
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Harmonic Analysis

Using harmonic analysis, we examined the tendency for a streamflow
anomaly to occur biennially during ENSO events. We explain this biennial
occurrence as the response of streamflow to ENSO events as they move
from positive to negative (above or below the norm), or vice versa, within
a 2-year period. Two notable studies have incorporated this biennial
tendency into their methods for examining the forcings of ENSO: Rope-
lewski and Halpert (1987) and Kahya and Dracup (1993).

Our research proceeded as follows. First, original records are trans-
formed into percentiles based on a log-normal distribution for each
month at each station. With this transformation, all streamflow records
having a different original mean and variance are put into an equal basis.
A 2-year period is chosen to represent a lifetime period for the ENSO
event.

Using common conventions, the ENSO year is designated by (0), the year
before is (-), and the year after is (+). A 24-month percentile composite,
based on the ENSO episodes, is then established for each individual
station. The first harmonic extracted from such a composite is repre-
sented as a harmonic vector, which is mapped, identifying core regions
of spatially coherent streamflow responses to the ENSO forcing. The
amplitude and phase of a harmonic vector refer to the respective strength
and time of the response. The statistical significance of the harmonic
amplitude and phase is assigned by use of Schuster’s test for an auto-
correlated series. The degree of significance of each station, or the
probability that the first harmonic representation of the El Nifio compos-
ite is produced by chance, is measured by Schuster’s quantitative test of
significance. Within each region, the vectorial coherence is found by
computing the ratio of the vector mean to the scalar mean. The concept
of coherence is defined and discussed in Kahya and Dracup (1993).

Figure 3 presents the first harmonic vectors for the 95 streamflow
stations. Regions that have similar phase and amplitude (ie, areas
showing vectors with similar length and pointing in the same direction)
are identified for further analysis. Four regions are identified: North-Cen-
tral Chile (NCH); South-Central Chile (SCH); Guyana (GUY); and Panama
(PAN).

Within each of these regions, the normalized streamflow is aggregated to
form a 36-month composite, with the middle 12 months still representing
the ENSO year. The aggregate composite then identifies a season with a
persistent streamflow anomaly; that is, a season in which the streamflow
index is consistently above or below the 50th percentile value. Figure 4
is the aggregate composite for the SCH region. In this composite, a
consistent negative (dry) anomaly in the latter part of year (-) is followed
by a positive (wet) anomaly in the latter part of year (0O).
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Figure 3. STREAMFLOW VECTORS BASED ON A 24-MONTH FIRST HARMONIC FIT TO THE EL NINO COMPOSITE

Vector orientation is represented by the harmonic dial. Regions with a coherence value greater than 0.80 are outlined.
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Figure 4. EL NINO AGGREGATE COMPOSITE FOR THE SOUTH-CENTRAL CHILE REGION OUTLINED IN FIGURE 3,

The 86-month composite starts at Jan(-) and ends at Dec(+). Dashed lines identify the season that has a consistent
anomaly, above or below the mean.
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The second anomaly in the 36-month composite is identified as the El
Nifio season. Using this season, an index time series is formed to observe
the consistency of the response in relation to the entire time series
(Figure 5). Eight of the nine El Nifno events, as identified by the dark bars,
are associated with a wet streamflow anomaly in the SCH region. Three
of the largest streamflow anomalies occurred during El Nifio years. This
represents a strong relationship between ENSO and extreme streamflow
events. A summary of the results for each region is provided in Table 1.

100

Streamflow Index (%,
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Figure 5. INDEX TIME SERIES FOR THE SOUTH-CENTRAL CHILE REGION BASED ON THE SEASON
DETECTED IN FIGURE 4.

EINifio years are represented by dark bars. Horizontal dashed lines represent the upper (90%) and lower (10%) limits of
the distribution based on the ranked data.

Table 1
PROPERTIES OF THE FOUR REGIONS IDENTIFIED USING HARMONIC ANALYSIS

(0) refers to the El Nifio year, (+) refers to the following year.

Degree of
Number of  Significance El Nifio
Candidate Region Stations ~ DOS <0.15 Signal Season Consistency
Panama (PAN) 23 16 Dry Apr(0)-Dec(0) 40f5
Guyana (GUY) 5 5 Dry Aug(0)-Mar(+) 50f6
South-Central Chile (SCH) 19 19 Wet Jun(0)-Dec(0) 80of9
North-Central Chile (NCH) 13 13 Wet Dec(0)-Jul(+) 60of9

Seasonal Cycle

In assessing the impact of ENSO, timing of the maximum anomaly in
relation to the annual cycle is also important. Does the anomaly occur
during the normal wet or dry period? This is answered by plotting the
normal annual cycle along with the corresponding annual cycle that
occurs during El Nifio and La Nifna events (Figure 6). For the SCH region,
the annual cycle is enhanced during the El Nifio events at the time of
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maximum runoff (July-September). Conversely, the annual cycle is de-
pressed at the time of maximum runoff during La Nifia events. Finally,
normal conditions prevail in the year following the El Nifio event.
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Figure 6. COMPARISON OF THE STREAMFLOW ANNUAL CYCLE FOR NON-ENSO, EL NINO, AND LA NINA
CONDITIONS IN THE SOUTH-CENTRAL CHILE REGION.

Values are a percentage of mean annual streamflow.

Shift in the Probability Distributions

90

After each region has been identified through harmonic analysis, it is
quantified for the ENSO signal by computing the expected streamflow
value based on the percentile anomaly. Because of the variability of the
strength of ENSO events and the inherent variability in streamflow,
computed results may be misleading. The ENSO signal may be more
usefully measured by the shift in the probability distribution of stream-
flow during La Nina, non-ENSO, and El Nifio events. The shift is made by
breaking our original streamflow data into three sub-sets corresponding
to the different conditions in the tropical Pacific. The shift in the prob-
ability distribution can be observed by computing the 10th, 30th, 50th,
70th, and 90th percentiles for each sub-set and by presenting the values
in a boxplot. Figure 7 displays the shift in the probability distribution for
streamflow stations in three of the four regions. This method of analysis
is similar to that used in the study by Halpert and Ropelewski (1994);
that study quantified the impact of ENSO on regions identified through-
out the world in their earlier study (Ropelewski and Halpert 1987).

We offer one interpretation for the shift of the Rio Maule Armerilla, located
in the SCH region (Figure 7): the median (50th percentile) streamflow
during El Nifio years is shifted to the 75th percentile of the non-ENSO
distribution. This means there is a 75% probability that the Rio Maule
Armerilla will receive non-ENSO median runoff during El Nifio years.
Conversely, the median during La Nina years is shifted to the 30th
percentile of the non-ENSO distribution. Only 30% probability exists that
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BOXPLOTS OF THE THREE STREAMFLOW
DISTRIBUTIONS FOR LA NINA, NON-ENSO, AND
EL NINO YEARS AT RIO MAULE ARMERILLA,
ESSEQUIBO RIVER, AND SANTA MARIA RIVER

Short horizontal line inside box represents the 50th percentile.

Top of box represents the 70th percentile.
Bottom of box represents the 30th percentile.
Top of line represents the 90th percentile.
Bottom of line represents the 10th percentile.

the Rio Maule Armerilla will receive non-ENSO
median runoff during La Nina years.

The GUY and PAN regions have shifts opposite
those of the two Chilean regions (Figure 7). The
opposite shift reflects the dry anomaly present
during El Nino. The shift is large for the Santa
Maria River, in the PAN region. The median value
during El Nifio years is shifted to the 10th percen-
tile of the non-ENSO distribution. This represents
a 10% probability that the Santa Maria River will
receive non-ENSO median runoff during El Nifio
years. The Essequibo River, in the GUY region, has
the median value shifted below the 10th percentile
of the non-ENSO distribution during El Nifio years.
The probability of the Essequibo River receiving
non-ENSO median runoff during El Nifio years is
less than 10%.

Conclusions

The response of South American streamflow to
extreme phases of the ENSO is observed by using
harmonic analysis to identify regions of coherent
response. Four regions are identified as having a
strong response: SCH, NCH, GUY, and PAN. In two
Chilean regions (SCH and NCH) a wet streamflow
anomaly occurs during El Nifio events. In the GUY
and PAN regions, which represent northern South
America, a dry streamflow anomaly occurs during
El Nifo events. This streamflow anomaly coincides
with the shift in the probability distribution for the
extreme phases of ENSO and non-ENSO condi-
tions.

These results are similar to those of Ropelewski
and Halpert (1987), who used precipitation data to
identify northeastern South America and Central
America as regions with a coherent response to
ENSO. Their northeastern South American region
has an El Nifo season of Jul(0) to Mar(+). This is
similar to our GUY region, which has a Aug(0) to
Mar(+) season. Our PAN region, with a season of
Apr(0) to Dec(0), is similar to their Central America
region, which has a Jul(0) to Oct(0) season. Al-
though the area of western South America was not
well represented by Ropelewski and Halpert (1987),
the study presented here has sufficient data on
Chile to identify it also as a coherent region.
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The scant availability of data representing all of South America limits this
study. The four regions identified here may not be the only areas of South
America with a strong response to ENSO; nonetheless, our results are an
excellent starting point for exploring the influence of ENSO on South
American hydrology. When sufficient data are available covering Brazil,
Columbia, Venezuela, Ecuador, Peru, and Bolivia, yet other regions of
coherent response to ENSO forcings may be located within South America.
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Sea Surface Temperature and Paleo-El Nifio Events

in Santa Barbara Basin, AD 1841-1941
Arndt Schimmelmann, Meixun Zhao, Gerald G. Kuhn, Mia J. Tegner

Introduction

Like pages of a “natural coastal diary”, successive layers of anoxic varved
sediment in the central Santa Barbara Basin have been used by paleo-
ceanographers to reconstruct aspects of past coastal climate. This report
focuses on the end of the “Little Ice Age” (15th to 19th century) and on
the beginning of this century, a period known to encompass extreme
climatic excursions and weather events in the Santa Barbara Basin
(Dayton and Tegner 1990; Schimmelmann et al 1992) and other parts of
Southern California (Kuhn and Shepard 1984). El Nifio events are known
to disrupt Southern California’s coastal ecosystems (Dayton and Tegner
1990) and to cause anomalous weather conditions (Enfield 1989), but
El Nifio events in Southern California before 1990 have been largely
undocumented.

A collective assessment of several independent geochemical parameters
is necessary to achieve trustworthy paleo-El Nifio reconstructions,
because any individual geochemical parameter is responsive to environ-
mental and climatic events in addition to El Nifio. Our reconstructions of
paleo-El Nifio events employ four independently determined geochemical
parameters. :

e Some of the most valuable data for assessment of global climate
change are time series of prehistoric sea surface temperature recon-
structed from relative abundances of long-chain alkenone molecules,

commonly expressed by the U, index, that are preserved in dated
ocean sediments (Brassell et al 1986; McCaffrey et al 1990; Eglinton
et al 1992: Brassell 1993; Zhao et al 1993). An inherent limitation of
this method is its seasonal bias toward bloom periods of the alkenone-
producing marine algae. Kennedy and Brassell (1992) successfully
used alkenone abundances to correlate increases in sea surface
temperature in Santa Barbara Basin with El Nifio events for much of
the 20th century. This report includes the downcore continuation of
their work with about annual resolution, to the AD 1830 level,
65 centimeters below the sea floor.

e The stable isotope ratio of total organic carbon (TOC) as an indicator
for El Nifio events was documented by Schimmelmann and Tegner
- (1991). Following the onset of an El Niflo event in the Santa Barbara

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Worlkshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Basin, physical and biological stress on the locally abundant kelp
forests liberates large amounts of !3C-enriched kelp biomass. The
carbon isotopic signal permeates through the ecosystem and becomes
incorporated in the sedimentary TOC of the accumulating varve.,
However, reconstruction of El Nifio events based on carbon stable
isotopes is not fully reliable. Carbon isotope responses may be caused
by ecological/climatic events unrelated to El Nifio events, and kelp
forests may not have been abundant in the Santa Barbara Basin at
certain time intervals.

e Concentrations of sedimentary components in the Santa Barbara
Basin can be converted into fluxes by taking into account the annual
varve thickness or annual sedimentation rate. Detailed measure-
ments of the content of total organic carbon in Santa Barbara Basin
sediment yield a carbon burial flux that expresses the annual amount
of organic carbon delivered to and preserved in the sediment per unit
area of ocean floor. The TOC burial flux is independent from dilution
by terrigenous lithogenic debris but should be sensitive to large
fluctuations of marine productivity. El Nifio conditions are charac-
terized by low productivity. The calculated carbon burial is highly
variable from one sample (=sediment interval) to another and strongly
depends on the chronology. For example, the TOC burial flux of a
sample encompassing 8 months of sedimentation would be decreased
by 25% if a 10-month time span were adopted. In the process of
dating, the cross-correlation between the X-radiographically deter-
mined varve boundaries versus the actual sample boundaries bears
an uncertainty of a few months. We, therefore, report our TOC burial
flux as a 5-point running mean. Accordingly, a rapidly decreasing flux
may also be compatible with El Nino conditions.

e Sediment layers deposited during times of cool sea surface tempera-
ture frequently contain more water than adjacent layers relating to
warmer periods. Cold water conditions are generally associated with
increased upwelling, high productivity, and a large flux of porous
biogenic material to the accumulating varve. At the same time, the
abundant supply of organic carbon to the benthic environment re-
duces the oxygen content of sub-sill bottom waters and permits the
filamentous Beggiatoa spp. bacterial mat to flourish at the sedi-
ment/water interface. As a result, the accumulating varve is more
water-rich in comparison to a varve that accumulated during times of
higher sea surface temperature and reduced upwelling. The impact of
El Nifio conditions on the benthic environment causes a decrease of
the water content in the accumulating sediment, sometimes quite
abruptly.

We demonstrate that the combined, critically assessed, geochemical
evidence is in agreement with historical evidence of weather and El Nifio
conditions off Southern California. '
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Materials and Methods

Box cores were recovered from the deep center of the Santa Barbara
Basin in 1987 and 1988. The sediment was sampled with about annual
resolution and dated using varve-counts and correlation of varve thick-
ness versus dendrochronological data (Schimmelmann et al 1990, 1992).
Samples used in this study do not include thin gray “turbidites” or flood
deposits (Lange et al, in press). Weighing of samples before and after
freeze-drying permitted calculation of the water content in wet sediment.
Samples were stored freeze-dried until aliquots were analyzed for total
organic carbon and its carbon stable isotope ratio (Schimmelmann and
Tegner 1991). The burial flux of organic carbon was calculated as a
running mean over five samples. The determination of alkenone abun-
dances is described by Parry (1993). A few of the sediment samples did
not provide the required 0.2 to 0.3 gram of freeze-dried sediment. Sea

surface temperature was calculated from the Uf, index using Prahl and

Wakeham’s (1987) equation: SST (°C) = (U,-0.039)/0.034. Analytical
precision of alkenone-based sea surface temperature is about {0.3°C.

Accuracy and Relevancy of Cross-Correlations

The high temporal resolution of the various time series displayed in
Figures 1 to 3 invites close cross-correlation. We caution, however, that
there are several sources of uncertainty. The accuracy of dating of the
Santa Barbara Basin sediment is estimated to be (1 year in the 20th
century and (2 years at the 1840 level (Schimmelmann et al 1992).
Stratigraphic sample boundaries do not coincide with varve boundaries,
although the sampling resolution is about annual. This may critically
dampen the amplitude of geochemical signals. For example, the warm
season will be under-represented in a sample encompassing 15 months
of material from fall to winter, whereas the adjacent samples tend to
over-represent warm seasomns.

Instrumental sea surface temperature time series compiled from ship of
opportunity data off the west coast of North America (Barnett 1984) tend
to deviate from local nearshore time series such as the Scripps Institution
of Oceanography (San Diego) pier measurements. The difference in our
example in Figure 1 is most obvious for much of the 1980s. Given the
strong correlation among shore stations in Southern California for low
frequency events (eg, El Nifio events; List and Koh 1976), the Scripps pier
sea surface temperature record may be more appropriate for comparison
with Santa Barbara Basin data.

Historical data are not exempt from criticism. Quinn and Neal’s (1992)
famous compilation of historical South American strong El Nifio years is
depicted in our figures by vertical shading. However, propagation of warm
waters to the Northern Hemisphere and the Santa Barbara Basin may
require many months. Actual timing, duration, and severity of possible

95



Sea Surface Temperature and Paleo-El Nifio Events

96

El Nifnlo repercussions on Southern California’s coast remain largely
uncertain for the 19th century. South American historical El Nifo events,
even those confirmed by South American instrumental records, may in
some cases bear no relevance for the Santa Barbara Basin; the case of
the “missing El Nifio” of 1972 in the Santa Barbara Basin, when sea
surface temperature was actually dropping below normal, reminds us
that the South American El Nifio record does not reliably predict El Nifio
occurrences in the Santa Barbara Basin. Figure 1 compares the well-
documented South American strong El Nifio events of the 20th century
with records of sea surface temperature, TOC burial flux, and sediment
water content in Santa Barbara Basin sediment. Only five of nine strong
El Nino events are clearly and unambiguously recognizable in the shown
instrumental West Coast and Scripps pier sea surface temperature
records, namely around 1918, 1926, 1941, 1958-59, and 1983-84.
Quinn and Neal's (1992) historical record was recently criticized by
Ortlieb and Macharé (1993). The revision of the AD 1578 to 1891
Peruvian paleo-El Nifio record proposes that there were no strong El Nifio .
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Figure 1. COMPARISON OF VARIOUS TWENTIETH CENTURY TIME SERIES: INSTRUMENTAL RECORDS OF ANNUAL
MEAN SEA SURFACE TEMPERATURE FROM THE PIER OF SCRIPPS INSTITUTION OF OCEANOGRAPHY AND
A SEASONAL MEAN SEA SURFACE TEMPERATURE FOR THE WEST COAST BASED ON SHIP OF
OPPORTUNITY MEASUREMENTS (Barnett 1984)

SIO pier temperatures and the alkenone-derived SST are on an absolute scale; West Coast SST is plotted as deviation from the mean.
Santa Barbara Basin sediment yielded time series of geochemically reconstructed SST, of the sediment water content, and of the burial
flux of total organic-carbon expressed as a running mean over five samples.

Vertical shaded bars indicate historical strong (S) and very strong (VS) El Nifio events reported for South America by Quinn and Neal (1992).
Filled triangles indicate geochemically-confirmed El Nifio events during 1900 to 1942.
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events off Peru during 1829 to 1870, followed by a cluster of events in
1871, 1877-78, 1884, and 1891 (see asterisks in Figure 2).

With these uncertainties in mind, the reader is encouraged to visually
shift Santa Barbara Basin sediment-based time series relative to instru-
mental and historical data by a few years to test hypothetical correlation

patterns.
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Figure 2. TIME SERIES, 1841-1899
From top to bottom: Carbon stable isotope ratio of total organic carbon in 8-notation (in per mil, vs PDB standard); TOC burial fiux;
alkenone-based sea surface temperature; sediment water content (see Figure 1 caption for more information).
Quinn and Neal's (1992) historical El Nifio events include medium/strong §M/S+) and strong “S+" events.
Asterisks indicate Peruvian El Nifio years of the 19th century that are confirmed by Ortiieb and Macharé (1993).
Filled triangles indicate geochemically-confirmed El Nifio events during 1899 to 1942.
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Time Series of the 20th Century

Instrumental records are mostly limited to the 20th century, for which
we have also the most accurately dated sediments and some of the most
detailed geochemical time series (Figure 1). The combined data can serve
to test our working hypotheses within a calibration time interval. Specifi-
cally for the detection of paleo-El Nifio events, we need to formulate
several conditions that indicate the connection of a particular sediment
layer to an El Nino event. Exemplary geochemical responses to El Nifo
conditions would be: dramatically decreasmg or very low water content
and TOC burial flux, an increase in the §'3C value of total organic carbon,
and high alkenone-based sea surface temperature.

Inspection of the four geochemical time series confirms that no individual
parameter is El Nifo-specific or records every El Nifno event. The short
alkenone-based sea surface temperature record in Figure 1 shows low
amplitude fluctuations between 1910 and 19835, until it reproduces the
late 1930s warming trend of the “West Coast SST” shipboard data and
finally peaks into the 1940-41 El Nifno event. The longer time series of
Kennedy and Brassell (1992) shows more convincingly that alkenone-
based sea surface temperature in the Santa Barbara Basin correlates
with instrumental sea surface temperature. The long time series of the
TOC burial flux in Figure 1 shows a consistent pattern in response to
El Nino events; the amount of organic carbon being delivered to and
buried in the sediment appears to have decreased or remained low during
and immediately following an El Nifio event. The exception of the 1982-
1984 event, where an apparent massive increase of organic carbon is
seen for 1985, is due to the proximity of the organic-rich bacterial mat
and the abundance of undecomposed organic matter near the sediment
surface in 1987 when the box core was retrieved.

Geochemical Reconstruction of El Nifio Events, AD 1841-1941

98

Our attempt to reconstruct a 101-year El Nifio record in the Santa
Barbara Basin using geochemical time series is based on a matrix of
year-by-year individual assessments of four geochemical parameters. All
four geochemical assessments rank evenly in our statistical approach.
Low or decreasing water content, §*3C enrichment, high alkenone-based
sea surface temperature, and low or decreasing TOC burial flux are
judged as:

+2 (strong positive evidence for El Nifo conditions),
+1 (moderate positive evidence),
O (neutral),
-1 (moderate negative evidence),
-2 (strong negative evidence).

The sum of the four assessments for each year yields a subjective
numerical estimate of the probability for El Niflo conditions in the Santa
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Barbara Basin, ranging from +8 (El Nifio} to -6 (no El Nifio). Of the 101
years 1841 to 1941, only 7 years rank between +4 and +8: 1870 (+6),
1873 (+8), 1879 (+6), 1883 (+5), 1891 (+6), 1913 (+5), and 1927 (+4). In
addition, 1942 ranks +5 in absence of sea surface temperature data. The
geochemical responses linking these 8 years to El Nino conditions are
marked with filled triangles in Figures 1 and 2.

Ortlieb and Macharé’s (1993) revised list of Peruvian paleo-El Nifio events
(asterisks in Figure 2) corresponds with El Nifio conditions in the Santa
Barbara Basin as inferred from our geochemical data; the Santa Barbara
Basin sediment features no strong geochemical indication for El Nifio
events between 1841 and 1869-70 and a subsequent dense cluster of El
Nifo events between 1870 and 1891 (Figure 2). A precise dating of El Nifio
events in the Santa Barbara Basin and the exact correlation with Peruvian
El Nifio events is not warranted on this basis, however, due to the inherent
uncertainty of our stratigraphic time scale by up to 2 years in the 19th
century and due to the lag between El Nifio in South America and El Nino
in the Santa Barbara Basin.

Comparison with California Historical Accounts, 1844-1891

The validity of geochemical reconstructions of El Nifno events can be
tested against historical accounts of weather and weather-related events.
Storms and unusual precipitation patterns can be useful, albeit unspe-
cific indicators for El Nino conditions in Southern California. El Nino
conditions in California can be associated with unusually heavy rainfall
or can be rain free, depending on the position of the high and low
pressure systems. Severe storms, associated shipwrecks, and flooding
are frequently documented in the history of Santa Barbara County
(Mason 1961; Schimmelmann and Tegner 1992) as well as in San Diego
County (Kuhn and Shepard 1984). Table 1 is a chronological listing of a
variety of unusual and extreme historical events, together with citations.
Mason'’s (1961) history of Santa Barbara and Ventura counties as amajor
source of information was compiled in the mid-1880s. Although its
coverage appears to be biased in favor of the 1870s and early 1880s, its
factual reliability is corroborated by cross-references from other histori-
cal sources such as biographies, diaries, and travel reports. A detailed
reference list of relevant historical sources is given by Schimmelman and
Tegner (1992), also pertaining to weather events discussed below.

The preponderance of the historical record suggests the absence of strong
El Nino events in the Santa Barbara Basin from the 1840s until 1872.
This revises our earlier view of winter storms indicating an El Nino
occurrence around 1846-1848 (Schimmelmann and Tegner 1992). The
area experienced severe storms and several shipwrecks between 1846
and 1848, but storms unrelated to El Nifio had been common in the
1820s and 1830s (references given in Schimmelmann and Tegner 1992).
The lack of contemporary reports on flooding in the Santa Barbara area
and other parts of California make an El Nifio association of the 1846-
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HISTORICAL EXTREME WEATHER AND WEATHER-RELATED EVENTS IN SOUTHERN CALIFORNIA 1870s-1890s,
WITH EMPHASIS ON SANTA BARBARA COUNTY AND PERIODS CONTAINING SOUTH AMERICAN EL NINO EVENTS
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Table 1

“EN" = Event most likely related to El Nifio conditions; "~"= Event indicating absence of El Nifio conditions.

Steamers anchored “near the kelp” (Mason 1961, p. 260).
Severe storm at Santa Barbara on February 1 (Mason 1961, p. 467).

Considerable rain in August in Ventura, near Santa Barbara. Severe rain in Los Angeles. “It was called
the "tail end" of the Sonora rains, as rain was falling in Mexico at that time." (Mason 1961, p. 458).

San Buenaventura wharf wrecked in March by severe storm; two schooners and one steamer wrecked
(Mason 1961, p. 370).

“Hot wind for several hours [on August 25]. Thermometer reaching 100°.” (Mason 1961, p. 469).

Southeaster storm at San Buenaventura wharf on October 23, extreme wave event. Excerpt from San
Buenaventura Free Press: “Monday evening, October 23, 1876, Charles Bartlett and Walter Perkins
took a walk down the wharf to look at the breakers, and saw them. Finally Mr. Bartlett observed three
tremendous rollers, larger than any yet seen, approaching, and fearful of consequences, the two took
to their heels. When two-thirds up the wharf the first roller struck it, 200 feet behind them, making a
breach, and as it advanced shoreward the piles went down before it as grain before a reaper.” (Mason
1961, p. 370). ‘

‘Fierce storm at Santa Barbara, injuring wharves [on November 16]." (Mason 1961, p. 469).

“Heavy storm and high winds [on January 14], breaking up the old wharf at Santa Barbara, and
carrying a portion through the new one, near the shore line.” (Mason 1961, p. 469).

Storm [on January 19] wrecks the schooner Reliance on the rocks near Goleta (Mason 1961, pp. 223,
469). “Wednesday, February 19, 1878, a terrific rainstorm at Santa Cruz Island raised the creek ten
feet, so that it completely washed away the old Indian burying-ground, leaving not a trace behind.
Rocks weighing two or three tons were carried along the stream.” (Mason 1961, pp. 256, 469).

‘Large portion of Point Sal Wharf destroyed [on November 15] by a storm.” (Mason 1961, p. 469).

Southeaster and cyclone in Santa Barbara on December 31. Excerpt from the Press, January 4, 1879:
“The severest [storm] that Santa Barbara has ever experienced.” (Mason 1961, pp. 225, 226). “On
February 1, 1879, snow fell on the mountains [near Ventura] and remained several hours.” (Mason
1961, p. 458).

‘Extreme local rain” in Santa Barbara on December 21. (Mason 1961, p. 270).
“Lompoc wharf damaged by a severe storm [on December 31]" (Mason 1961, p. 470).

April 23, San Diego Union: “The worst storm [wind and rain] in San Diego County since 1861.”
August 19, San Diego Union: “Nearly 2 inches of rain in San Diego.... The worst storm in the history of
San Diego.”

“Torado near Goleta [on March 8], uprooting trees and leveling buildings.” (Mason 1961, p. 470).

February-April, southeaster storms bring heaviest rain recorded in San Diego County (San Diego
Union, February 2, 3,5, 7, 8, 12, 16, 19, 23; March 3, 28; April 2, 12, 15. Reviewed by Kuhn and
Shepard 1984).

In spring 1887 the naturalist J.W. Fewkes sailed across the Santa Barbara Basin, observing abundant
kelp beds off Santa Barbara “...about three hundred yards from the shore. This zone imparts a highly
characteristic appearance to the coast of many parts of Southern California.” (Fewkes 1889, p. 212).

Severe storms in Southem California during summer and fall, with indication for unusual warming of
ocean waters (Pyke 1975). ‘
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1848 storms unlikely. The following years until 1872 appear to have been
uneventful in the Santa Barbara area. The mentioning of steamers
anchoring “near the kelp” beds in late 1872 indicates no severe storms
had destroyed the local kelp forests until winter 1872/73.

A well-documented, extremely unusual occurrence of the warm-water
crustaceans Pleuroncodes planiceps was reported for March 1859 in
Monterey, hundreds of miles north of the species’ present range (Hubbs
1948). These crustaceans undoubtedly took advantage of temporarily
elevated sea surface temperature and unusual warm currents, but we
cannot cite any supporting historical evidence such as Peruvian El Nifno
events or contemporaneous California weather events. There may be
a tenuous connection with the extreme precipitation of 1861/62
(“Noachian Deluge”) that entailed bankruptcy of the State of California.
The very high sea surface temperature off Southern California in 1931,

one year before the 1932 South American El Nino event, demonstrates
that some sea surface temperature maxima off California are unrelated
to El Nifio conditions.

The year 1873 brought to the Santa Barbara area a severe storm in
February and considerable rain in August. Severe rain was reported in
Los Angeles. Summer rain in Southern California is a rare occurrence
that suggests the influence of El Niflo in 1873. This El Nifio is likely
related to the 1871 Peruvian El Nino event.

In early 1877, local wharfs and ships were damaged by “storms”. Spec-
tacular damage due to high winds and waves in October 1877 and
January 1878 was followed by enormous rainfall in February 1878 on
Santa Cruz Island. Reports for winter 1878/79 include rare snowfall,
“extreme local rain”, severe storms, and even a damaging cyclone in
Santa Barbara. The overall severity and clustering of the unusual occur-
rences advocate El Nifio conditions in the Santa Barbara Basm probably
related to the 1877/78 Peruvian El Nino event.

In August 1883, Krakatoa erupted and weather patterns changed
abruptly throughout the United States and western Europe. Southern
California’s climate changed temporarily from semiarid to subtropical,
with unusually heavy rainfall through June (Kuhn and Shepard 1984).
The rapid climatic response following the eruption bears the signature of
fast atmospheric propagation rather than via ocean currents. The heavy
rains of 1884 in Southern California in the wake of the eruption are well
documented, for example, in San Diego and Los Angeles. We suggest that
the postulated South American El Nifio event of 1884 and its possible
oceanographic repercussions on the Santa Barbara Basin may be related
to, or even caused by, the Krakatoa eruption. The immediate physical
impact on the Santa Barbara Basin may have been small, though; a
naturalist observed the large abundance of kelp forests in the Santa
Barbara Basin in spring 1887 (Fewkes 1889). This may be interpreted as
evidence that no severely destructive storm-and-wave events had oc-
curred in the area for a few years prior to 1887.
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Interestingly, the alkenone-based sea surface temperature declined
sharply in 1884 (following the eruption of Krakatoa, according to our
varve stratigraphy) and did not return to 1883 values until the late 1930s.
In his detailed study of historical abundance patterns of fish along the
Pacific Coast, in close comparison with historical sea surface tempera-
ture and air temperature records, Hubbs (1948, 1960) concluded that
“the 1850 and 1860 decades appear to have been in a prolonged warm
[SST] period.” Some warmwater fauna “seems to have persisted [off
Southern California] through the 1870’s until 1880". The cooling of sea
surface temperature in the latter part of the 19th century was best
documented off San Diego, whereas "the region of San Francisco <
indicates a relatively stable fauna throughout the last hundred years."

Hubbs (1948) demonstrates that the San Diego air temperature record
and the Scripps pier sea surface temperature record are closely corre-
lated. He then uses the 19th century San Diego annual mean air
temperature record as evidence for cooling of sea surface temperature,
but at the same time cautions about possible artifacts in the early
instrumental air temperature record until 1871. Figure 3 compares the
early San Diego annual mean air temperature record with our alkenone-
based sea surface temperature record from the Santa Barbara Basin. The
reader is reminded that the uncertainty of the sea surface temperature
chronology discourages year-to-year correlation. Both records agree in
their lower-than-average temperatures during the decades around the
turn of the century. Both temperature records rebound to strongly
above-average values in the late 1930s.

There is abundant historical evidence that El Nino conditions were
present off Southern California around 1891 (Pyke 1975).
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Figure 3. TIME SERIES OF SAN DIEGO ANNUAL MEAN AIR TEMPERATURE (Hubbs 1948) AND ALKENONE-BASED SEA
SURFACE TEMPERATURE RECONSTRUCTED FROM SANTA BARBARA BASIN SEDIMENT
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The 1871-1880 Instrumental Air Temperature Time Series

The monthly means and extremes of air temperature in Santa Barbara
for 1871-1880 are reported in Mason (1961, p. 457). We note that the
quality of the monthly mean temperature data may be questionable,
because in some cases our recalculated annual mean temperatures did
deviate from the values offered by the original table. Nevertheless, the
original annual mean temperature data show positive excursions for
1872, 1877, and 1879 (Table 2). Mason’s (1961) reported matrix of
monthly maximum temperatures shows the most dense clusters of high
temperatures in 1872 (May-December) and 1878/79 (December-June;
Table 2), in excellent agreement with the suggested South American El
Nino events of 1871 and 1877/78.

Shading indicates temperatures of at least 1.9 degrees above 1871-1880 means of the monthly maximum temperatures.

Table 2
INSTRUMENTAL RECORD OF AIR TEMPERATURES IN SANTA BARBARA, 1871-1880
(Mason 1961, p. 457)

Annual mean temperature is converted from the last column of the original data table.

All temperatures are in degrees Celsius.

1880 | 21.1
1879 | 20.0

1877
1876
1875

year jan feb mar apr may jun jul aug sep oct nov dec |mean|| temp.

1878 | 19.4 20.6 20.6

1874 | 21.1 206 21.1
1873 | 24.4 194 244
1872 | 222 228 233
1871 | 24.4 20.0 23.9

Monthly maximum temperature annual
mean

25.0 29.4 27.2 250 21.1 | 235|| 14.25
7 29.4 30.0 322 250 228 | 285|| 16.36
7 289 344 289 244 244 | 252|| 15.97
27.8 233 | 27.4|| 16.94
272 239 | 26.6|| 16.19
25.6 20.6 | 26.8[| 16.22
256 20.6 | 25.0|| 16.22
27.8 20.0 | 25.7|| 16.06
{ 272 261 | 28.4|| 16.63
8 267 22.2 | 28.1]| 16.15

244
23.3
- 244

22.7 219 23.7 26.1 28.6 29.7 28.5 30.3 29.7 284 26.2 225

Means of the monthly maximum temperatures, 1871-1880

Conclusions

The combined diagnostic use of four independently determined geo-
chemical El Nifno indicators in laminated Santa Barbara Basin sediment
permits the reconstruction of paleo-El Nino events. In agreement with
instrumental and historical evidence, apparently no strong El Nifno
events occurred in the Santa Barbara Basin between 1841 and about
1870. A rapid succession of strong El Nifio events occurred from about
1870 to 1891. Historic sources advocate El Nifio events in the Santa
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Barbara Basin for 1873, 1878/79, and 1891. The year 1884, one year
after the eruption of Krakatoa, was characterized by abnormal weather,
but the oceanographic link to simultaneous South American El Nifio in
1884 is uncertain. Subsequent El Nifio conditions may have been present
in the Santa Barbara Basin around 1913 and 1926/27, followed by the
well-known event of 1941 /42,
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Radiolarian Flux in the Santa Barbara Basin
as an Index of Climate Variability

Amy L. Weinheimer and Daniel R. Cayan

ABSTRACT: Annual radiolarian flux (1954-1986) extrapolated from varved Santa Barbara Basin
sediments was compared to instrumental data to examine the_effect of interannual climate
variability. Paleo-reconstructions over large geographic areas or 10~ years and longer typically rely
on changes in species composition to signal environment or climate shifts. In the relatively short
period studied, climate fluctuations were insufficient to significantly alter the assemblage, but
there was considerable variability in the total flux of radiolarians. This variability, greatest on 5-
to 25-year time scales, appears to be linked to regional climate variability. Total flux correlates to
regional California sea surface temperature and the composite of sea level pressure over the
Northern Hemisphere for years of high radiolarian flux resembles positive PNA circulation.

Background

The effort to understand and model interdecadal to centennial-scale
climate variability relies on development of high resolution climate prox-
ies that extend farther back in time than the 100-year instrumental
record. Such proxies are contained in sedimentary and other natural
records (tree rings, corals, ice cores); however, high resolution records are
relatively rare. Of the marine sedimentary records, that in the Santa
Barbara Basin in the Southern California borderland is particularly
useful for climate studies. Seasonal deposition in the basin is preserved
in annual layers composed of couplets (varves) (Koide et al 1972) allowing
for annual to subseasonal analysis. Additionally, the basin lies in the
path of the California Current, whose properties are closely tied to climate
(Norton et al 1985). Present-day teleconnections suggest that climate
variability at Santa Barbara Basin is a sensitive indicator of broader-
scale climate variability over the North Pacific/North American sector
(Figure 1a, b).

Several microfossil records from Santa Barbara Basin have been used in
climatic reconstructions (Kling 1977; Lange et al 1990; Baumgartner et
al 1989; Weinheimer et al 1986). For example, at a resolution of 25 years
Pisias (1978, 1979) used changes in radiolarian assemblages to recon-
struct sea surface temperatures and dynamic heights for the past 8,000
years. These assemblages shifted s%nchgonously with initiation of alpine
glacial advances, on the order of 10°-10" years. Annual geochemical and
paleontological data from several Santa Barbara Basin cores spanning
50-200 years relate to deposition of varved and non-varved sections of
the sediment and are considered to reflect climatic fluctuations (Schim-
melmann et al 1992). Previous studies on annual time scales indicate
that diatoms (Lange et al 1990) and fish scales (Baumgartner et al 1989)
in the varves contain yearly-decadal variations indicative of some facets

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Figure 1. A. CORRELATIONS OF GRIDDED WINTER REGIONAL CALIFORNIA SST ANOMALIES (hatchured box) AGAINST 5°
LATITUDE BY 10° LONGITUDE WINTER 700-MB HEIGHT ANOMALIES OVER THE NORTHERN HEMISPHERE.
B. CORRELATIONS (x 100) OF THE SAME SST ANOMALIES (hatchured box) AGAINST GRIDDED NORTH PACIFIC WINTER
SST ANOMALIES.

Note the centers of action resulting from spatial coherence of sea surface temperature and pressure anomalies, as well as teleconnections over the
North Pagific and North America.

108



Index of Climate Variability

Methods

of short-period climate variations. Also, radiolarian total and environ-
mental group fluxes correspond to variability in the California Current,
with higher fluxes during warm conditions (Weinheimer et al 1986). Even
at much higher temporal resolution, on the order of weeks to months,
available from sediment traps, variability in relative radiolarian species
abundances has been related to seasonality of California Current flow
(Welling et al 1992). The existence of interannual radiolarian fluctuations
and their potential utility as climate proxies on a yearly scale warrants
investigation of radiolarian flux in relation to interdecadal climate vari-
ability.

The period studied, 1954-1986, includes several climatic events that
might be expected to affect radiolarian flux to Santa Barbara Basin. For
instance, two major El Nifios (1958-59 and 1983-84) and several smaller
El Nifios occurred during these years. Also, a major shift in Pacific climate
occurred in the mid-1970s, affecting many systems (Ebbesmeyer et al
1991). These 30+ years seemed to contain enough interannual to inter-
decadal climate variability to further calibrate relative radiolarian species
distributions as well as the total radiolarian flux against the instrumental
record.

Sediment collected with a Soutar boxcore was retrieved from the center
of Santa Barbara Basin at 580 meters depth. Thin slabs (1-2 centimeters
thick) of the sediment were x-rayed, and contact prints of these were used
to develop a chronology of the varves. The varves were dated inde-
pendently by three investigators by counting the varves down from the
top and comparing the varves to other previously dated cores. The three
chronologies were within 1+/- years of each other. Varves dated 1954-
1986 were individually sampled. These 33 samples were treated with
hydrogen peroxide solution and hydrochloric acid, then sieved over a
45 pm screen. Quantitative slides of the larger than 45 pm fraction were
counted for radiolarians (about 300 specimens per sample). All speci-
mens were identified to the lowest possible taxonomic unit. Annual fluxes
(no.cm‘Zyr'l) were extrapolated from the counts and surface area of the
core. Potential error in subsampling of the varves was reduced by using
3-year averages of the fluxes.

Instrumental sea surface temperature data from six 5-degree squares

along the California coast (Namias et al 1988) were averaged for an
annual regional sea surface temperature time series. The salinity data
are annual averages from La Jolla, California. The sea surface tempera-
ture and salinity data were smoothed with a 3-year running average.
These two data sets were chosen over the CalCOFI data set for their
continuity and frequency of observations.
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Radiolarian Time Series

To estimate the effect of El Nifio on the radiolarian flux, the annual total
flux (no.cm 2yr ) to the Santa Barbara Basin for El Nifnio and non-EI Nifio
years can be compared (Figure 2a). The resulting time series does not
show a consistent response to the El Nifio events, though from previous
work on a slightly different size fraction and time scale, there is some
evidence for increased radiolarian flux during very strong El Nifios (Casey
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et al 1989). A striking feature of the total
radiolarian flux time series is its low-fre-
quency signal.

The flux of radiolarian tests into Santa
Barbara Basin sediments is made up of
species with different environmental
preferences, so it is possible that their
cumulative flux may reflect a regional
climate influence. Time series of individ-
ual species flux were constructed to de-
termine whether any species responded
strongly to environmental conditions.
These time series were quite similar to
each other and to that of the total flux.
To confirm and quantify this observa-
tion, the Spearman rank correlation co-
efficients for all possible pairs of years
were calculated (Figure 3a). Spearman
rank coefficients measure the similarity
of relative abundance of pairs of vari-
ables (species). McGowan and Walker
(1985) found that relative abundances of
copepod species from the North Pacific
were similar in tows taken within a prov-
ince but showed significant differences
between provinces. The generally high
correlation coefficients for the Santa
Barbara Basin radiolarians imply that
the assemblage represents a population
from one province. This is an interesting
result, considering the heterogeneous
nature of the California Current system
and the occurrence of events such as the
extraordinary 1982-83 El Nino.

Another important characteristic of the
Santa Barbara Basin sediment’s radio-
larian. assemblage is the stability over
time of the cumulative distribution of
species. Summing the species’ relative
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abundance for all years and ranking them generates a log normal
distribution (Figure 3b), with 13 species accounting for 50% of the
cumulative distribution. The high coefficients, together with the log
normal distribution, suggest that a few species consistently dominate the
assemblage, few are rare, and many have intermediate abundances. This
type of distribution characterizes species abundances in other single
provinces (McGowan and Walker 1985; Hubbell 1979). The stable log
normal species distribution implies that the radiolarian assemblage
represents a single environment. The climate variability over the 3-decade
study period apparently is not sufficient to significantly change the
radiolarian assemblage, as it was over the past 8,000 years (Pisias 1979).

Comparison to Regional Sea Surface Temperature

Radiolarian flux during 1954-1986 to Santa Barbara Basin varies at a
frequency similar to the 5- to 10-year periods that characterize the
California Current (Chelton et al 1982). The state of the California
Current, as represented by dynamic height and temperature data from
the California Cooperative Fisheries Investigations (CalCOFI), has been
related to sea surface temperature with low temperatures during strong
southward transport and high temperatures with weak southward trans-
port (Chelton et al 1982). Although the CalCOFI data set is the most
complete of its kind, there are critical gaps, especially in the 1970s.
Consequently, we use sea surface temperature determined from routine
weather observations (ships and buoys, primarily; Namias et al 1988) as
a proxy for California Current flow.

Interestingly, the radiolarian and sea surface temperature time series
(Figure 2b) closely resemble each other, but with poorer fit at the
beginning of the record (1954-1970, r=-0.30) than afterward (1970-1986,
r=0.81). If the radiolarian time series is lagged 2 years with respect to sea
surface temperature, the correlations improve (r=0.69 and 0.96, respec-
tively). The correlation of sea surface temperature and radiolarian flux
over the entire study period (r=0.49 at zero and 0.84 at 2-year lags)
suggests that the two are related. If this connection is real, the relation-
ship may be direct (ie, radiolarian flux is forced by temperature fluctua-
tions) or it may be indirect (ie, both respond similarly to some common
overall force). However, the offset of the flux and sea surface temperature
in the first half of the record is large enough to warrant further investi-
gation. A potential cause could be inaccuracies in dating the core,
whereby if one or two years were not identified in the core, a given varve
would appear to occur later (closer to the core top) and, hence, would lag
its corresponding climatic match. We tried to avoid this type of error by
having the core dated independently by three investigators, but it is
possible that the same mistake is made repeatedly in dating the core.

Alternatively, a shift around 1970 in the biological response to external
forcing relative to the sea surface temperature response could also
produce the observed offset. For example, the mechanism(s) producing
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positively proportional sea surface temperature and flux (as in the later
half of the time series) may be different to that creating the first half of
the record when sea surface temperature and flux are not as well
correlated. If this were the case, we could expect the physical mechanism
forcing the sea surface temperature record to affect other physical
aspects of the environment (ie, salinity).

In the region off California in the California Current system, the average
salinity (1950-1978) decreases offshore and increases with depth; tem-
perature increases offshore and decreases with depth; both increase
southward along shore (Lynn et al 1982). (To the west of the California
Current, in the North Pacific gyre, salinity increases to the west.) Conse-
quently, under typical conditions, an increase in temperature should
coincide with a decrease in salinity (in the area between the coast and the
offshore salinity minimum of the California Current) and vice versa.
Exceptions would perhaps include especially strong northward flow (El
Nifio) when an increase in temperature could be accompanied by an
increase in salinity and, possibly, unusually strong southward flow with
lower temperature and salinity.

Correlations and visual interpretations of scatter plots of the regional sea
surface temperature and La Jolla salinity for the periods before and after
1970 (Figure 4a, b) show that temperature and salinity tend to vary.
inversely, and that there may have been a shift in the regime around
1970. Perhaps the higher correlation between sea surface temperature
and salinity for 1970-1986 (r=-0.66) than 1954-1969 (r=-0.19) is evidence
of a shift in the environment.

SST Anomaly (°C)

15 7 . Although total radiolarian flux lags sea
10 * surface temperature, the possibility of
0.5 - o | o, ¢ the flux reflecting sea surface tempera-
0.0 - A : ture still exists. If the radiolarian flux
0.5 - « ° truly reflects sea surface temperature,
. * what mechanism(s) produces this rela-
~. {1954-69 a tionship and why is it apparently differ-
15 ! I ‘ ' ent from relationships linking sea
15 surface temperature to other plankton
o . groups? For example, low diatom
- o | . (Lange et al 1990), foraminifera (Thunell
051 ** & &} . and Sautter 1992), and zooplankton
0.0 - 0 (Chelton et al 1982) abundances off
-0.5 - o v California are associated with high sea
1.0 - ) surface temperature. Radiolarians
15 1970-8'6 . ' ‘ b differ from these groups in that they
) _0'20 _0'10 000 - 0 '10 0'20‘ are relatively small heterotrophs (20-
’ Sali-nity Anbmély (6/00) ’ 200 um), omnivorous, and accept very

small prey, including diatoms (Ander-

Figure 4. SCATTER PLOTS OF ANOMALOUS ANNUAL REGIONAL SEA SURFACE
TEMPERATURE AND LA JOLLA SALINITY,
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found to be related to nutrient distribution; generally decreasing in size
with diminished nutrient concentration and patchiness (Turpin and
Harrison 1980; Harrison and Turpin 1982; Harris 1986). It is conceivable
that small heterotrophs are similarly adapted to low nutrient environ-
ments, characterized by less patchiness and small primary producers
that would provide suitable prey. In the California Current system off
northern California, Hood et al (1990, 1991) found small diatoms
(<10 pm) predominant in the relatively warmer, lower salinity water, and
less patchy chlorophyll a distribution seaward of colder, higher salinity
water with larger, chain forming diatoms and patchier chlorophyll a
distribution. The character of warmer water in the California Current

- system, lying seaward of upwelled waters, resembles an environment in
which small heterotrophs such as radiolarians could thrive.

A possible hydrographic mechanism generating warm sea surface tem-
perature and corresponding high radiolarian flux can be described as
follows. Cooler sea surface temperature off the California coast occurs
with enhanced southward transport and consequent upwelling. Con-
versely, warm sea surface temperature occurs when these transport
mechanisms relax. This interpretation is consistent with the inverse
relationship of coastal temperature and salinity observed. Considering
that radiolarian density has been found to be low in water upwelled in
the California Current system and to increase offshore (Gowing and Coale
1989), increased upwelling associated with offshore transport of up-
welled water (Hood et al 1990), incorporates more radiolarian-poor, cool,
high-salinity water into the California Current system; whereas, dimin-
ished upwelling associated with onshore movement of the California
Current brings radiolarian-rich, warmer, low-salinity water into Santa
Barbara Basin.

Such a scenario of strong southerly flow with offshore transport of
upwelled water in contrast to diminished southerly flow with onshore
movement of the California Current can explain the observed relation-
ships between sea surface temperature, salinity, and radiolarian flux.
During periods of upwelling, cold, high-salinity water with low radiolarian
content is incorporated into the California Current system via filaments
and eddies (Hood et al 1990). As southward transport and upwelling
decrease, the California Current moves inshore and brings warm, low-
salinity water with high radiolarian content into Santa Barbara Basin.

Radiolarian Flux-Regional Climate Relationship

The correlation of radiolarian flux to regional sea surface temperature
fluctuations suggests that the flux is related to large-scale atmospheric
circulation. One indicator of circulation in the region is sea level pressure
over the North Pacific and western North America sector. A predominant
mode of variability in sea level pressure over the North Pacific consists of
two clusters of anomalies that are out of phase with each other; one along
the west coast and the other over the central North Pacific (Figure 1a).
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The seasonal sea surface temperature anomaly exhibits a similar pattern
(Davis 1976) (Figure 1b). The circulation pattern characterized by a
strengthened North Pacific subtropical high, deepened Aleutian low, and
strengthened high over western Canada-Pacific Northwest is referred to
as positive Pacific/North American pattern (PNA) (Wallace and Gutzler
1981). A regional effect of positive PNA is warmer temperatures off the
California coast, possibly resulting from an increase in warm water
entering from the south and west and diminished input of cool subarctic
water from the north (Norton et al 1985).

The composite winter sea level pressure anomaly over the Northern
Hemisphere for the 12 years of highest radiolarian flux (Figure 5) exhibits
a well-developed Aleutian low and a high pressure center over the Pacific
Northwest. This pattern of sea level pressure resembles the deep Aleutian
low phase of PNA circulation suggesting that the PNA can be extracted
from radiolarian data.

sl

Figure 5. A. COMPOSITE WINTER SEA LEVEL PRESSURE ANOMALY OVER THE NORTHERN HEMISPHERE FOR THE
‘ 12 YEARS OF HIGHEST RADIOLARIAN FLUX, 1954-1986.
The deep Aleutian low over the North Pacific and high pressure center over the Pacific Northwest resembles positive PNA dirculation.
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The negative mode of PNA, typified by an Aleutian high and lows where
highs exist in the positive PNA, is associated with cool temperatures along
the California coast. Cross-correlations of the total radiolarian flux and
sea level pressure do not generate this phase of PNA.

Conclusions

The radiolarian assemblage preserved in Santa Barbara Basin sediment
exhibits an organization resembling that of other plankton groups within
single provinces. A Spearman rank correlation indicates that the climate
- variability during 1954-1986 was large enough to slightly alter the mix of
dominance within this province, but this is less than would be expected
if there were an alternation of multiple assemblages from surrounding
~ provinces. Apparently, the Spearman rank analysis is not sensitive to
potential, but more subtle, changes due to interannual-decadal scale
environmental change. Because none of the species consistently becomes
rarer through time, it is likely that post-deposition alteration of the

. assemblage is negligible.

Comparison of radiolarian flux with environmental variables suggests
that flux is related to sea surface temperature and salinity in the
California Current system. These time series closely resemble each other,
varying at a low-frequency decadal scale. However, there are some
differences between the period before about 1970 and afterward. For
instance, the radiolarian record is offset from sea surface temperature
and the inverse relationship between annual coastal sea surface tem-
perature and salinity is less well defined before 1970 than in the years
following. Correlation between radiolarian flux and sea surface tempera-
ture peaks at flux lagging sea surface temperature by 2 years, which is
perplexing bécause of the short radiolarian life cycle and their rapid

. sinking rates. The lag may reflect a biological response to environmental
conditions before 1970 that differed from those after 1970, though an
error in the chronology may also contribute to the lag. Inspection of
radiolarian environmental group and individual species fluxes may reveal
finer-scale variability relating to the apparent change around 1970,
which may help in understanding the 1970 transition. Further, different
cores will be sampled to test whether the chronology and the shift in
Tesponse are consistent.

The association between increased total radiolarian flux and increased
temperature may be explained by considering radiolarian environmental
adaptations and their horizontal and vertical distributions. Radiolarians
are adapted to environments with small primary producers and reduced
patchiness, as occurs in the warmer water of the California Current
system (Hood et al 1991). Additionally, the distribution of radiolarian
abundance and temperature increase offshore, while salinity decreases;
onshore-offshore shifts of the California Current system would lead to
increased radiolarian abundance with increased temperature and
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decreased coastal salinity. This is consistent with the atmospheric circu-
lation composite, which shows that a positive PNA-type circulation
corresponds to high radiolarian flux and high sea surface temperatures
along the California coast.

Initial analysis of the recent 30+ year portion of the available Santa
Barbara Basin radiolarian record indicates that regional-basin scale
variability of yearly climate can be retrieved from this time series. To
verify and further elucidate this relationship, a time series spanning the
instrumental record (about the last 100 years) must be developed and
tested to determine whether the relationship of the radiolarian flux to sea
surface temperature and sea level pressure presented here are main-
tained. If this test is successful, then a much longer (at least 2000-year)
Santa Barbara Basin record can be exploited.
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High Productivity and Upwelling in the
California Current during Oxygen-Isotope Stage 3:
Diatom Evidence

Eileen Hemphill-Haley

Evidence for vigorous coastal upwelling and enhanced diatom productiv-
ity during the latter part of Oxygen-Isotope Stage 3 (OIS-3) is suggested
by changes in diatom assemblages in laminated sediment from the
northern California margin and in bioturbated and laminated sediment

- from Santa Barbara Basin. These conditions require strong along-shore
or off-shore wind stress off California preceding the onset of global glacial
conditions. '

Upwelling-driven productivity during late OIS-3 resulted in a suboxic
oxygen-minimum zone and episodic preservation of laminated deposits
along at least 85 kilometers of the continental slope off California
(Hemphill-Haley and Gardner 1994). Comparison of organic carbon
(Corg), biogenic silica (%Siopal), and diatom assemblages from laminated
deposits in two gravity cores reflect the influences of a strong upwelling
center off Point Arena that persisted during late OIS-3 (Hemphill-Haley
et al, in review). Gravity core TT197-G330 was collected off Point Arena
near 39°N, and gravity core L13-81-117 was collected 85 kilometers to
the south, off of the Russian River (Figure 1). Both cores contain finely
laminated deposits of late OIS-3 age (Figure 2).

Corg in laminated sediment is comparable for both cores, and ranges from
about 1.0-2.0% (Figure 3). However, %Siopal is greater in laminated
‘sediment in the Russian River core (2.0-5.0%) than in the Point Arena
core (<%2.0). Higher %Siopal in the Russian River core is the result of
greater overall concentration of diatom frustules compared to the Point
Arena core, as supported visually by strewn slide analysis.

Striking differences in dominant diatom taxa exist between the two cores,
in addition to differences in diatom concentration. In the Point Arena
core, well-preserved laminated deposits of late OIS-3 age contain low
relative abundances of planktonic diatoms and Chaetoceros spp. resting
spores and valves, but high relative abundances of reworked freshwater
diatoms and the heavily silicified (and easily reworked) taxa Stephano-
pyxis spp. (Figure 4a). In contrast, laminated deposits of OIS-3 age in the
Russian River core contain abundant planktonic diatoms and Chaeto-
ceros resting spores and valves (Figure 4b). Excellent preservation of rare
planktonic species in laminated deposits of the Point Arena core strongly
suggests that the differences in diatom assemblages between the two
cores is not an artifact of preservation.

In: C.M. Isaacs and V.L. Tharp, Editors. 1995. Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop,
April 19-22, 1994. Interagency Ecological Program, Technical Report 40. California Department of Water Resources.
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Figure 1. LOCATIONS OF GRAVITY CORES TT197-G330 (POINT ARENA CORE) AND L13-81-G117 (RUSSIAN RIVER CORE)

Modern coastal upwelling is prevalent along the northern California
coast, but is particularly vigorous at the coastal promontory of Point
Arena, where some of the highest seaward- and southward-directed
surface water velocities have been recorded during the spring/summer
upwelling season (Huyer 1983). The contrasting diatom thanatocoenoses
between the Point Arena and Russian River cores, therefore, may be the
result of one of the cores being located beneath a vigorous upwelling
center sustained by exceptionally strong equatorward or off-shore winds
during late OIS-3. The high surface water velocities would have restricted
flux of planktonic diatoms from surface waters to the sea floor at Point
Arena, whereas “downstream” of the upwelling center, off the Russian
River, lower surface water velocities would have permitted the accumu-
lation of high numbers of Chaetoceros spp. and other planktonic diatoms
in low-oxygen slope deposits. Diatom analyses for a series of additional
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