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ABSTRACT

This paper discusses multivariate spatio-temporal dependence
between extremes or abrupt change and unusual values or
anomalies in the context of climate dynamics and climate change.
In climate, as in many other applications, anomalies (or extremes)
in one variable like sea surface temperature may be a precursor
for extremes (or abrupt change) in another variable like regional
precipitation. In addition, this multivariate dependence may be
spatially ~or temporally lagged, owing to climate
“teleconnections”. However, the anomalies may not be easily
detectable and their dependence with extremes and rapid change
may be difficult to quantify. This paper provides a brief review of
the literature, which is followed by a description of critical gaps,
both in the data or computational sciences as well as in the
climate sciences. The quantification and visualization of
multivariate dependence among extreme values and anomalies in
highly nonlinear or stochastic systems is an emerging research
area in theoretical statistics, with limited development in
application areas and/or for massive or disparate space-time data.
Further development is needed in these areas for multiple
domains ranging from climate sciences and geography to sensor
networks and national security.

Categories and Subject Descriptors

1.5.4 [Pattern Detection]: Applications; G.3 [Probability &
Statistics]: Multivariate statistics; Statistical computing; J.2
[Physical Sciences & Engineering]: Earth/atmospheric sciences.

General Terms
Algorithms.
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1. INTRODUCTION

Multivariate dependence among extremes and anomalies in
climate variables is important for a number of reasons. Climate
anomalies like unusual sea surface temperatures in one part of the
globe may cause imbalances in the atmospheric system leading to
phenomena like the El Nino Southern Oscillation, which in turn
may cause extremes in precipitation at regional scales. One
consequence of global warming may be a preponderance of
regional climate extremes like heat waves or intense storms. The
inherently nonlinear climate system may be triggered to a
different behavioral mode or equilibrium state due to sudden or
gradual disruptions induced by human activities. There are several
aspects to this problem. Extremes may be defined in terms of
static or dynamic thresholds (e.g., exceedence over fixed
threshold or thresholds that depend on location and time) and/or
may be context-specific (e.g., temperature for human comfort
levels, precipitation for optimal agricultural productivity). Large
anomalies like the El Nino phenomena may be relatively easily
detectable from data, while other anomalies may be more elusive.
In certain situations, the anomalies may not be directly detectable
from data and may have to be defined ex-post or from historical
data analysis, for example, as a set of conditions among multiple
variables that lead to extremes in another variable of interest.
Thus, the problem of multivariate dependence among extremes,
abrupt change, anomalies and unusual values is arguably more
important in climate than the detection of anomalies from data.

2. PROBLEM STATEMENT

The ability to understand and eventually predict climate extremes
and abrupt change is critical for science [1-2, 12-13, 16-17] and
policy [17-20], and can help answer questions like the following:
(a) Are heat waves or precipitation extremes likely to grow more
intense in the next century? (b) Is an increase in Atlantic
hurricane activity caused by warming of the earth at global or
regional scales? (c) Is Sahel Africa likely to experience more
extensive droughts in the next few decades? (d) Does an observed
strong anomaly in sea surface temperatures in the Eastern Pacific
imply extreme rainfall in South America within a few months? (e)
Can abrupt change in historical (paleo-) climates be related to
leading indicator variables, and can these be used to assign
likelihoods of future change? (f) What are the likelihoods, risks
and impacts of global or regional scale abrupt change or extremes
in climate, and how can the adverse impacts be mitigated?



3. STATE OF THE ART

The current generation of general circulation models (GCM)
yields precise, but not necessarily accurate, simulations of future
climate scenarios. The Oak Ridge National Laboratory (ORNL)
has vast quantities of climate simulations based on “IPCC runs”
(IPCC: Inter-governmental Panel on Climate Change): the latest
runs are global 3-hourly outputs for the atmosphere available
from 2000 to 2100 at roughly 100 km spatial resolutions.
Government agencies like NASA and NOAA have significant
amount of observed data based on remote or in-situ sensors of
climate variables. Our understanding of climate extremes and
abrupt change can dramatically improve if the vast quantities of
observed and simulated data can be mined using focused
methodologies. The climate system involves potentially nonlinear
dependence among multiple variables dimensioned by space and
time, and exhibits strong teleconnections, or geographically
dispersed dependence. Thus, methodologies for multivariate and
potentially nonlinear dependence in space and time, geared
towards extreme values, abrupt change or anomalous behavior,
are key requirements. However, the literature in climate extremes
[16; 1-2, 17] rely on simplistic statistics. Time series anomaly
detection methods have been developed in statistics [5] and
nonlinear dynamics [8], and applied to environmental problems
[11-14]. However, methods for multivariate extremal and
nonlinear dependence, especially in space and time [4, 9], are not
well developed. Extreme value theory in statistics [3], and its
environmental applications [6, 12-13], are well-established.
However, the literature on multivariate dependence among
extreme values and their visualization [15, 7, 10] is beginning to
emerge. Novel methods are needed for massive, space-time data.

4. NEW DIRECTIONS

The focus of our ongoing research at ORNL, with collaborators at
NCAR and OSU, is to develop new approaches for multivariate
dependence among extremes, abrupt change and anomalies for
potentially large data sets that are dimensioned by space and time,
and then implementing these new approaches in the context of
regional and global climate change and climate teleconnections.
We are further developing and implementing recent advances in
statistical theory of extreme values, including specialized
probabilistic models for temporal and spatial extremal patterns
and lagged dependence, as well as approaches to relate extremes
in the dependent variable with temporally or spatially lagged
anomalies or extremes in the independent variables. In addition,
we are developing new theories and measures for multivariate
dependence among extreme values and anomalies. The theories
developed for extremes are applicable to abrupt change, following
the differencing operation. The extensions and new formulations
are being designed for easy visualization and quantification of the
multivariate dependence among extremes, abrupt changes and
anomalies, as well as for applications to massive data. The
approaches are expected to yield the uncertainty associated with
the anticipated extremes or unusual events at multiple scales, and
relate these uncertainties to risks and economic/societal impacts.
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