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Abstract

The 'Dust Bowl' drought of the 1930s lasted several years and affected millions of people in several states. Estimating the
likelihood of such extended and severe hydroclimatic episodes helps society mitigate the dramatic repercussions of
droughts and floods on economic activities and human welfare. In this context, a hydroclimatic episode is defined by its
duration (the number of time steps continuously above, or below, a reference level) and magnitude (the sum of deviations
from the reference level for a given duration). This is especially appropriate for millennia-long dendroclimatic reconstructions,
which define the boundaries of natural climate variability with greater accuracy than decades-long instrumental records.
Here we apply a mixed bivariate model to duration and magnitude of hydroclimatic spells identified in a 2300-year tree-ring
record of precipitation for California Climate Division 3 (Northeast Interior Basins), at the border between the eastern Sierra
Nevada and the western Great Basin of North America. Stochastic parameters are estimated from the data, and results allow
the computation of chance for any given episode. For instance, the reconstructed 1926-1936 dry episode, which overlaps
with the '‘Dust Bowl' drought, has a 6% chance to be exceeded, whereas the chance of exceeding the 1905-1919 wet period,
which corresponds to the well known “‘pluvial’ of the early 1900s, is four orders of magnitude smaller, at only 0.0003%.

(B) Recurrence and risk analysis are tools often employed by water resources researchers, engineers,
and managers. Our stochastic model is one such tool, and can provide answers to questions like
(1) What is the likelihood of a specific episode?, (2) Are two episodes significantly different?,
(3) Do positive episodes behave in the same way as negative ones?, etc. The model requires mild
conditions on the probability distribution of process values and allows for a time-varying reference
level as long as the probabilities of crossing such level are time invariant. Let's now see an example
of how this probabilistic framework can be applied to a paleorecord, such as a reconstruction from
moisture-sensitive trees.
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A total of 93 ring-width series (comprising 34,209 measurements) from Wt Wa xex Eer,
western juniper (Juniperus occidentalis) trees located at two sites (DGS
and SOJ) within the Walker River basin, were combined into a 2300-year
tree-ring chronology.
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The tree-ring chronology was built
using standard dendrochronological ‘
techniques. Mean segment length is [ St teents
368 years, which allows for accurate identification of interdecadal to
intercentennial patterns. Climatic data used for calibration/verification
| of the reconstruction are October through September (i.e., water year)
&8 precipitation totals in California Climate Division 3, which includes the
i headwaters of a few eastern Sierra Nevada/western Great Basin lake

~ and river basins.
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The reconstruction extends from 300 BC to AD 2001, T ime period 1895-1944 | 1945-1994 | 1945-1994 | 1895-1944
and shows wet and dry pgrlods with duratllons ranging |\ .nce explained (R2, %) | 46.2 143 43 46
from 1 to 82 years. Magnitudes and durations were
computed for all positive and negative episodes, each Cross-product t test S S I I
with 374 observations (for our bivariate model, an Linear correlation test 0.69 0.60 0.60 0.69
observation is a vector with two elements, 1.e. duration Sign-product test 16 1 13 17
and absolute magnitude). |
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(D) So what?

# Time-series fluctuations and episodes can be
analyzed by computing probabilities and testing
significance of multi-annual events
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Year 1926-1936, which overlaps the 'Dust Bowl' drought
30T episode, it is possible to say that:
I | | | | | | | | | | | - the chance of a longer or greater drought is 8%

- the chance of a longer and greater drought is 6%
- a drought of that magnitude has a 62% chance

of lasting for 11 years or longer
- a drought that lasts 11 years has a 46% chance

of having an equal or greater magnitude
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Year episode in a temporal perspective, as such numerical statements
can be used for science-based management and policy decisions.
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(A) Consider this time-series graph:
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& Dashed lines mark the 7 multi-annual events (or episodes) that form this fictitious record.
¥ o ne third episode has the longest duration (N,)
ne fourth episode has the largest magnitude (Y»)
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Time Is this classification scheme enough? No, what we really need is a stochastic framework
to go beyond trivial sorting, and to answer questions on the probability of occurrence and
statistical significance of episodes. As it turns out, the parameters we have chosen lead

directly to probability models based on random sums and limit theories (Biondi et al. 2002).
« Duration = Geometric
Assumption: each time step the reference level can be crossed independently of prior time steps with time-invariant probability p
Consequence: the waiting time for the shift (i.e. the episode duration) becomes a geometric random variable N, with the following probability function:

P(N =n)=p(l-p)"

« Magnitude = Exponential

Premise: limit theory of random sums (e.g. Kozubowski and Panorska 1998)

Assumption: the number of terms in the summation (i.e. the episode duration) follows a geometric distribution with mean 1/p

Consequence: the random sum (i.e. the episode magnitude) becomes an exponential random variable with the following probability density function:

f(x)= e x>0

« Bivariate Model = Mixed, with Geometric and Exponential Marginals
Assumption: duration and magnitude follow the above mentioned distributions
Consequence: the conditional distribution of magnitude for a given duration is gamma, and their joint probability density function is as follows:

Foa @R =P x(=pllet x>0

(n—1)!
(C) Let's now see how this stochastic model « Magnitude — Exponential
fits the dendroclimatic reconstruction. Data - 3
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N « Conditional Distribution of Magnitude Given Duration Model = Gamma
S Data histogram and fitted gamma distribution are shown below, together with the probability plot of the
_ data against the theoretical gamma distribution, for durations of 2 years.
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- a pluvial that lasts 15 years has a 46% chance
of having an equal or greater magnitude Positive Magnitude Negative (absolute) Magnitude



