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Abstract. Both algorithms were applied to an 8000-year 1 Introduction
long time series of annual precipitation that was recon-
structed from tree rings in the southwestern USA. One ofHughes and Graumlich (1996) reported a valuable dendro-
the algorithms is the scanningtest, which detects signif- climatic study of annual (prior July through current June)
icant changes in subseries means (the first center momentgyecipitation reconstruction for the period from 6000 BC to
on various time scales. Another is the scannintest, which 1996 AD for the climate division 3 in south-central Nevada,
detects significant changes in subseries variances (the sepased on the Methuselah Walk tree ring chronology from
ond center moments) on multi-time scales. Firstly, the scanthe White Mountains in California, in southwestern USA
ningz-test identified 22 change points in subseries means angFig. 1). They emphasized the striking pattern of two multi-
partitioned the series into 23 relatively wet, normal or dry decadal droughts in the epoch between 900 AD and 1400 AD
episodes. Secondly, the scannifgest detected 15 change and listed eight extreme drought years, in which bidecadally
points in subseries variances and divided 16 phases in confiltered values of the precipitation reconstruction were be-
paratively steady (with smaller variance) or unsteady (withlow 17 cm. However, no analysis of statistically significant
larger variance) features. Thirdly, the 23 wetness-episodeghanges was reported for this series before.
were characterized as the steady or unsteady situations by Kar| and Riebsame (1984) detected fluctuations in air
jointing the results from the scannirgtest into those from  temperature and precipitation in the USA with the Student
thes-test. Fourthly, the 23 episodes were compared to thosg.test. Yamamoto et al. (1986) modified theest into
in the TIC ands*®O records from cored sediments in the deep 5 ratio of signal-to-noise as criterion to analyze “climatic
basin of the Pyramid Lake in Nevada by using a coherencyjump”. Goossen and Berger (1987) defined an abrupt cli-
analysis of the-test between the precipitation reconstruction mate change or a climatic discontinuity as an abrupt and per-
and the TIC 08'°0 series. Fifthly, the 23 episodes were col- manent change during the period of record from one aver-
laborated with some published papers in related studies. Ijge value to another, and employed the Mann-Kendall rank
addition, the 23 episodes were also compared with studiegest to recognize the abrupt climatic change. However, they
of the global climate change and with documents of climategiscuss only about the subsample average and search only
changes in China during the same periods. As the TIC anghne change point per calculation in a time series. The IPCC
5180 record series are high resolution with unequal sampling2001) has a consensus that the climate change includes two
intervals between 3 and 14 years, an algorithm in the scancontents: changes of subseries means (the first center mo-
ning z-test for dealing with the unequal time intervals was ments) and changes of subseries variances (the second center
developed in this study. moments). Jiang et al. (2001, 2002, 2003) grafted the wavelet
technique (Kumar and Foufoula-Georgiou, 1994) onto the
Students-test and theF-test (Cramer, 1946) to develop al-

orithms of scanning-test and scanning-test, respectively.

he scanning test detects significant changes in the first mo-
ments (subseries means or averages) at each time period on
various time scales in a long time series, while the scanning
Correspondence taJianmin Jiang F-test detects significant changes in subseries variance (the
(jlangjm93950@yahoo.com) second moments) at each time period on various time scales
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45N 17 P == : ganic Carbon fraction) ané*®0O records from cored sedi-
g ORESONS 1 pano L ments in the deep basin of the Pyramid Lake (see Fig. 1) in
U R I ¢ Nevada (Benson et al., 2002). The coherency detection al-
(’ . W NEvADA | ;558 T gorithm tests synchronously and asynchronously significant
40N 1 J 4 13 UTAH | (0L orADO changes in the subseries levels between the two time series
\f* ‘;<NVCD3 , ! . on multi-time scales. Thirteen change points appear in the
) LN T o ‘L - = precipitation reconstruction which are close to those in the
; <VEIR 18 X o )
50 “CALIFORNIA % amizona | ‘ TIQ or §-°0 series within 150 years of difference and cov-
R } INEW—MEXICO)| ering the overlapping years by more than 2/3 of the episode
BRSNS | | duration. Finally, we confirm the 23 wetness-episodes with
\ ?;j T~ N T previously published research into the climatic change peri-
30N 1L : - ods in the western USA, and find that 22 of the 23 episodes

125W 120w 115w 11ow 105w coincide with the previously published results. In addition,
) ) ) o the 23 episodes are also compared with studies of climate
Fig. 1. Locations of the Nevada Climate Division 3 (NVCD3) and changes in the eastern China, as well as of global changes.
10 numbered sites that are mentioned in Sects. 1 and 6. (The NUMi < known. eastern China and1 western USA are located on
bers indicate: 0 — White Mountains, 1 — Pyramid Lake, 2 — Great ! .

4 he western and eastern coasts of the Northern Pacific, re-

Salt Lake, 3 — Danger Cave, 4 — Potato Canyon Bog, 5 — Diamonc} . : i . .
g Y ¥ spectively, and China is located in the upstream, while the

Pond, 6 — Malheur Maar, 7 — Homestead Cave, 8 — Snowbird Bog, ; i

9 — Mono Lake). USA are located in the down-stream of the westerlies in the
general atmospheric circulation. They are all influenced by
the ENSO, and PDO and other factors but with different after

) ) ) ) ) effects.

ina long .t|me SEries. The algorithms give thregholdg a'F 2 The motives of this study are to examine the practicality of

given statistical _Conf|dence_, as well as detect multiple S'_gn'f"the algorithms, the reliability of the precipitation reconstruc-

cant change points on multi-time scales. In order to avoid thecion data and to discuss the possible associations of climate

?rgument of hOV\,’, to separa‘:ce_ ex_a_ctly “abrupt Eh_ange” fromchanges in the western USA with the global changes and cli-
gradual change”, we use “significant change” in both the mate changes in China during the last 8000 years.
average and variance instead of “abrupt change” in the av-

erage. This may agree more exactly with the statistics. A
significant change means that the difference in the subserief
statistics between the two adjoining subseries is statistically
significant at a given statistical confidence in that statistical2 1 Two contents of climate change
test. The statistics include the average or mean (the first mo-"

ment) and the variance or standard deviation (the second mqfigure 2 illustrates two aspects of climate change, which

ment) in this study. were proposed in the IPCC (2001). Suppose a meteorolog-
This paper attempts to apply both algorithms of the scan4cal element in the normal distribution, when the subseries

ning ¢-test (Jiang et al. 2001, 2002) and the scandinggst  means (the first moments) move to higher value, the prob-

(Jiang et al., 2003) to the unfiltered precipitation reconstruc-ability of extreme high events (climate disasters) increases,

tion for the Nevada climate division 3; here the unfiltered while the probability of extreme low events (opposite climate

precipitation reconstruction represents that has not been fildisasters) decreases, otherwise vice versa (upper panel). On

tered bidecadally (Hughes and Graumlich, 1996). Firstly,the other hand, when the subseries variances (the second mo-

the scanning-test identifies twenty-two change points, and ments) become larger, the probabilities of both sides of the

23 comparatively climatic wetness-episodes are partitionedxtreme events (climate disasters) increases, and otherwise

in the 8000-year precipitation reconstruction series. Secvice versa (lower panel). In this study, we attempt to in-

ondly, the scanning’-test detects 15 change points in sub- troduce and apply algorithms for detecting both aspects of

series variance and divides 16 phases in comparatively steadyignificant climate changes.

(with smaller variance) or unsteady (with larger variance)

features. Thus, the 23 wetness episodes are characterizl2 The scannintitest and coherency detection

as the steady or unsteady traits by joining the results from

the scanningfF-test into those from the-test. Thirdly, to  In the scanning-test, the statistie(n, j) is defined to mea-

verify the significant changes in subseries averages in thaure differences of subsample averages between every two

unfiltered precipitation reconstruction series, we employ theadjoining subseries with equal subsample sigeag follows

coherency detection algorithm based on the scanniegt  (Jiang et al., 2002):

(Jiang et al., 2002) to the precipitation reconstruction and

other two high-resolution time series, the TIC (Total Inor- ¢(n, j) = (X2 — X;1) - n¥/? - (s2, + s%) Y2, 1)

Methodology
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where
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N-n+1 is the reference time point, at which a significant
change point is to be tested on the time seale the time-
series with total recordy'. Fi
For those series with unequal sampling intervals, we let
J denote the order of records in time sequence, whilg)
indicates the corresponding year at theh record in the 2.3 The scanning-test
chronology. The sample number is takerj@sl)—(j—n)} and
{(j+n—1)-j}, respectively, while the time scale (subseries du-Similarly, in order to detect significant changes in subseries
ration) is controlled by lettingY (j-1)-Y(j-n) or {Y(j+n—1)-  variances (the second centre moments), the irigiéx, ;) of
Y(j)} equal to or less than the given scale. In this work, thethe scanning”-test is defined as:
sample size (numben)is less than the time scale. 2 w2
Since the series examined in this paper are somewhat auto- —(851/852)/ Fa forSj2 < Sja.
correlated, for example, in the precipitation reconstructiontr (> /) = 0, forSj2 = Sj10rSj1=0,82=0, (4)
the lag-1 autocorrelation coefficients vary betweed.29 (5122/512'1)/Fa’ forSj2 > Sj1
and +0.26 in pooled subsamples of length ZThe Table-
Look-Up Test (Von Storch and Zwiers, 1999) is adopted to
correct the significance criterion of the statisti@, j) ac-
cording to the lag-1 autocoefficients of the pooled subsampl

g. 2. lllustration of two contents in climate changes.

where the subsample standard deviatinsands;, are cal-
culated in the same way as in (1), and similamy2, 3, ...,
<N/2,j=n+1, n+2, ..., N-1. K, is a threshold value on the ef-

and the subsample size Criterionzggs for the correction of %Ct'\./e degree Of. freed(-)m.aftgr the correc.t|on of (J!ependence
nqnd in a normalized distribution for the time series. A lo-

the dependence is usually selected to determine significal .. . L
P y 9 al minimum inF;, (n, j)<—1.0 denotes a significant change

changes on time scales longer than 30 years. For shorter Su?dwards a smaller variance. ie. the records become much
sample sizes, the critical values are usually overly restrictive. L

Since the significance level varies withand j, to make Steadlier, whereas a local maximurf(», j)>1.0 indicates

S . . a significant change towards a larger variance, i.e. the records
values comparable, the test statistic is normalized as: . X . .
become much unsteadier. In this algorithm, the subseries

(2)  variance measures deviations from the subseries mean.

The estimation of the effective degree of freedom for
so that a significant change is at the 95% confidence levethe correction of the dependence is taken as (Hammersley,
whenz, (n, j)|>1.0, withz,. (r, j)<—1.0 denoting a significant  1946):
decrease, and (n, j)>1.0 indicating a significant increase

tr(n, j) =t(n, j)/t0.05,

in the time series. Ef(n) = f(n)- [Zi_o PO L rtk) >0 (5)
Finally, a coherency index of significant changes between _ a _ _
the two seriew andv is defined as the Statistjﬁ»(l’l, ]) Whel’ef(n) is the degl’ee of freedom listed in teform.

tre(n, )=Sigltyu (n, j)-tro(r, DUItru(n, )10 (n, HIZ.(3)

3 Data sources
Usually, a center (local maximum) gf (n, j)>1.0 with both
It..(n, DI and |z, (N, )| >1.0 represents a pair of significant Three time series: the unfiltered precipitation reconstruction,
changes in the same direction (in-phase), while the centethe TIC ands'®O records are used in this work. The un-
(local minimum) oft,..(n, j)<—1.0 denotes a pair of signifi- filtered precipitation reconstruction series was downloaded
cant changes in the opposite direction (anti-phased). from the websitehttp://www.ngdc.noaa.gov/paleo/drought/
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nents. More details about the data are described in Hughes
and Graumlich (1996).

The TIC ands*80 high-resolution records from cored sed-
iments in the deep basin of the Pyramid Lake (see number
“1”in Fig. 1) in Nevada were kindly provided by L. Benson
at USGS. These data sets were sampled from 2 piston cores
of sediments in the center Pyramid Lake in 1997 (referred
i as PLC97-1) and in 1998 (PLC98-4), separately. The sites
O of the 2 cores are very close to each other. The PLC97-1
02 - covers the period from 793 BC to 1839 AD and 533 records
were read at unequal intervals between 3 and 9 years. Its age
control was established by comparing its palemagnetic sec-
ular variation (PSV) record with a well-dated western USA
s archeomagnetic record (Lund, 1996), and the age model ac-

S U N curance was considered within 50-100yr. The PLC98-4 was
-6000  -5000  -4000  -3000  -2000  -1000 0 1000 2000 . .
Years (AD.) taken to recover older Holocence-age sediments, which cov-
ers the period from 5680 BC to 1480 BC, and 538 records
Fig. 3. (a) Contours of the normalized scanningest for the pre-  were read in unequal intervals between 4 and 14 years. Ra-
cipitation reconstruction series at confidence level 95%. Contourdiocarbon ages were determined on the TOC (Total Organic
interval is 0.25 but the zero-contour is hidden. Solid lines denotecarhon fraction) of this core and probably remained as larger

positive values, dashed lines negative valfesChange points and errors. Further descriptions of the TIC ado data sets can
episode averages (solid line) from panel (a), 101-year Gaussian filbe found in Benson et al. (2002)

tering of the precipitation reconstruction (dashed line), the average
over the entire time series is zero after standardization.

A
-6000 -5000 -4000 -3000 -2000 -1000 0 1000

reconstruction

S
[

Standardized Precipitation

4 Significant changes in precipitation reconstruction se-
ries

(Hughes and Graumlich, 2000). The series contains a recon-
structed annual (prior July-current June) precipitation (incm)4.1 Results from the scanningest
for the Nevada Climate Division 3 (see the NVCD3 in Fig. 1),
including a total of 7997 years from 6000 BC to 1996 AD (re- The scanning-test was computed for time scales (subsam-
ferred to as the precipitation reconstruction hereafter). It wagple sizes) ranging from 54 to 2896 years following equation
reconstructed by using the whitened Methuselah Walk treg1) and (2) at a 95% confidence level. We calculate the time
ring chronology from the White Mountains of California; the scales up to 2896 years in consideration mainly of two rea-
location is shown as number “0” in Fig. 1. Other numbered sons: one is the mathematical capability, and the other reason
sites in Fig. 1 will be mentioned below and in Sect. 6. This is that more than 10 tree ring series cover the whole period
tree ring chronology is the longest absolutely dated in a sin-after 6000 BC. Based on the local maxima and minima of
gle species of the bristlecone pine, at almost 9000 years longhe ¢-test values, twelve positive (increases in precipitation
It is made up of 285 tree ring samples with a mean length ofreconstruction) and ten negative (decreases in precipitation
748 years, of which about 14 series are present in each yedeconstruction) centers were picked up, i.e. 22 significant
for the whole period after 6000 BC. These tree ring sampleshange points were discovered by our computing program
were collected by the Laboratory of tree ring Research, Uni-(Fig. 3a).
versity of Arizona. In order to remove any growth trend of  For example, the first significant change point towards an
the trees, they standardized all tree ring samples with eitheincrease in precipitation reconstruction is detected with a
negative exponential or a straight line with a zero or nega-positive center of the contours around 5865 BC on a 128-year
tive slope. The Box-Jenkins model was fitted (ARMA 1, 1), time scale. It was followed by a negative center, a decrease
which accounted for only 5.74% of the series variance, andn precipitation, in about 5706 BC on a little shorter time
the series was whitened by computing the residuals from thiscale. Then the precipitation reconstruction increased once
model. The whitened Methuselah Walk chronology was cal-more around 5339 BC on a 91-year scale and in 4606 BC on
ibrated in regression to annual precipitation observations ira 304-year scale. The second decrease point is in 4313 BC
the Nevada Climate Division 3 during the period from 1932 on time scale of 362 years. Then two significant increases
to 1979, and then extrapolated to other years. This regresaccurred in 3770 BC and 3205 BC around time scales of 724
sion fitted 35% variance of the precipitation observations.years. This may reveal a step-wise approximation to what
Both power spectrum and singular spectrum analyses indiappears to have been a longer period of increasing precipita-
cate that very little of the variance of this chronology can betion in the series. A few local centers of the contours on time
represented by trend, or by periodic or quasi-period composcales longer than 750 years, such as in around 3400 BC,

Ann. Geophys., 25, 151953Q 2007 www.ann-geophys.net/25/1519/2007/
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Table 1. Change points and Wet /Normal/Dry episodes in the Precipitation reconstruction series, and sources of collaborative evidence (TIC,

8180, paleoclimate references) for each episode.

1523

Change- Episode TIC 8180 Quoted Global Climate
years Span, Grads, Change change references Change in
(AD) & Variance years years China
(—6000) 135,SD,s [1,2,3,4] w W& w
—5865¢ 159, W, s [5, 6] W&c
—5706, 367,D,s 5680) (~5680) [1,2,3,4] w W& w
—5339+ 733,N,u [5, 7] W&c D&c
—4606f 293, W, s —4704 —4603¢ [5, 8] D&c
—4313, 543,D,s —4236] [1, 2,3, 4]. w W&w
—3770t 565,N,u —3646¢ [4,5,6,9] W&c c
—3205¢ 560, SW, u -3114 —3249t [4,5,6,9] W& w
—2645, 263,D,s —2803, ? —2795, Fig. 24 in [4] w W&w
—2382t 500,N,u —2317% [1, 10, 11, 12] W&c W&c
—1882, 465,N,s —2043,? [4,5,13] W& w
—1417% 143, W,s 1480) (1480) [4,5,13] W&c
—1274, 196, SD, s [3] w
—1078t 294, W, s [4,5,13] W&c D&c
—784) 506, SD, s £793) =793) [4] D&w W&w
—278t 736, SW, u —113t7? -2771 W&c D&c
458 194, D, s 441 [3, 14]
6521 246, N, u 538 529 [5] c
898, 422,D,s 794 768 [4, 5, 15, 16, 17, D&c
18]
13201 171, W, s 1308 [1,2,4] c
1491, 219,D,u 1477 [3, 14] W&c
1710t 131, SW, u 1606 [4] W&c sc
1841, 155,N, s (1839) (1839) [1,2,3,4] sc
(1996)

*Notes: A minus sign denotes years in BC.

4 indicates a change to weft;change to dry.

Numbers in the second column denote the span from a given change year to the next.
SD: Severely Dry; D: Dry; N: Normal; W: Wet; SW: Severely Wet.
s: Steady; u: Unsteady; w: Warm; c: Cold; sc: Severe cold.

(): The beginning and ending years of the data.
[1] Benson et al. (2002)2] Feng and Epstein (1994)3] Hughes and Graumlich (1996)] Wigand (1987)]5] Madsen et al. (2001]6]
Murchison and Mulvey (2000]7] Rhode and Madsen (19988] Madsen (1985)[9] Madsen and Currey (19791 0] Hattori (1982);[11]
Long and Rippeteau (19741 2] Stine (1990){13] Murchison (1989){14] Hughes and Funkhouser (1998)5] Harper and Alder (1970);
[16] Harper and Alder (1972]17] Madsen and Simms (1998} 8] Stine (1994)

possibly result from those tree ring series covering the wholeHughes and Graumlich (1996), who analyzed the bidecadally
period after 6000 BC. Each change point is shown in Fig. 3bfiltered precipitation reconstruction series, the eight years la-
and listed in Table 1. beled as extreme droughts in their Table 2 are ranked as Se-
These 22 change points partition the unfiltered precip-vere Dry or Dry episodes in our analysis. The striking multi-
itation reconstruction series into 23 episodes of relativelydecadal droughts between 900 AD and 1400 AD in Hughes
stable mean precipitation, which are estimated from the2nd Graumlich (1996) are very similar to the Dry episode
episode averages of precipitation reconstruction for tha898-1319 AD in our partition.
episode (Fig. 3b). The episode averages can be sorted The 23 episodes span between 131 years (the SW-episode
into 5 grades of climate-scale wetness: Severely Dryin 1710 AD-1840 AD) and 736 years (the SW-episode in
(SD) <19.1cm; 19.kxDry (D)<19.6cm; 19.&cNormal 278 BC—-457 AD). The average duration is 348 years (Ta-
(N)<19.9cm; 19.%Wet (W)<20.3cm and Severely Wet ble 1). This suggests that the precipitation changes on multi-
(SW)>20.3cm, respectively (Table 1). It suggests that thiscentennial time scales in this analysis. This result might be
region is in an arid-semiarid climatic category. Compared totechnologically reasonable in the dentrochronology, because

www.ann-geophys.net/25/1519/2007/ Ann. Geophys., 25, 18333-2007
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Statistically from Table 1, there are 8 steady in proportion
to 1 unsteady for a total of 9 episodes in the SD-D grads,
5 steady in ratio to 3 unsteady for a total of 8 episodes in
the W-SW grads, while 2 steady comparing to 4 unsteady
of 6 episodes in the N-grad. Why the W-SW grads have a
slightly higher ratio of unsteady episodes than those in the
SD-D grads, is perhaps partly influenced by the tree growth,
o which is not perfectly removed in the reconstruction process,

I because it results in a high mean (increased tree ring growth
304 |— = . . . . . .
A SN Y e OO IY Eog or width) which is naturally related to a high variance (in-

—~ 2048

,_.
a9
28
SN
T T

Time Scale (Yr

128

2.0 4T Bl rTHRRY BT TEEE T T ey STIRMA IR [ s - s

' creased growth variance) by factors that are internal to tree
growth, not to climate (Cook and Peters, 1997). However,
five steady of the eight high-mean episodes W-SW are still
dominant. This implies here that thiétest of the precipita-
RN tion reconstruction can reflect mainly the significant climate-

R e R
-6000 -5000 4000 -3000 -2000 1000 0 1000 2000 H H
Vears (AD) change information.

1.0
wq n—t 1 r—— il r-
404
2.0
304

Standardized deviation of
Precipitation reconstruction

4.0

Fig. 4. (a)Contours of the index of scannirfgttest on precipitation

reconstruction series at 95% significance level. Contour interval isD Comparison with sedimentary records

0.25 but the zero-contour hidden. Solid lines denote positive values,

dashed lines negative valugb) change points and period averages This section presents some approximately synchronous

of standard deviation (red line) from panel (a), change points andchanges in subseries means in the precipitation reconstruc-

episode averages of precipitation (blue line) same as in Fig. 3b, angion with those in the TIC 0880 records, which are built

unfiltered precipitation reconstruction values (green dashed line). from cored sediments of Pyramid Lake, Nevada (Benson et
al. 2002). Their coherency analyses of subseries-variance

the longest episode duration of 736 years is shorter than thehanges are not included, because there are multi-millennial
average length of 748 years of the tree ring samples. Amongrénds in both the TIC anéf®O series, especially in the ear-
the 5 grads, the SD and D-grads take over a total of 2848ier period from 5680 BC to 1480 BC (see Fig. 7). Benson
years, around 35.6% of the total 7997 years, the N-grad oc€t al. (2002) stated that the lake volume fluctuations, as well
cupies the sum of 2664 years, 33.3%, and the W-SW grad@s fluctuations of thé80 or TIC records are not simply lin-

cover 2487 years in sum, i.e. 31.1% of the total 7997 years. €arly correlated. In general, droughts 16480 to increase
initially as the lake’s volume decreases, but the steady-state

4.2 Results from the scanniffgtest value of§180 for a long drought period is much smaller than
that in a wetter period. During wet episodes, Pyramid Lake
The scanningr-test (Eg. 4) of the precipitation reconstruc- receives more inflows from its source, the Truckee River,
tion series was calculated on the same time scales as iand thus has highe¥'80 values. TIC is expected to paral-
Fig. 3. Figure 4a shows many frequent variations on shortel changes id*€0 for long dry and wet periods.
time scales. On time scales longer than 128 years, how- The coherency of significant changes in the precipitation
ever, seven positive (increases of subseries variances) améconstruction series with those in the TIC series for ear-
eight negative (decreases of subseries variances) significafier years (Fig. 5e) shows four positive coherency (in-phase),
changes were detected, with local maxima and minima in thecenters around 4700 BC and 4230 BC on a 256-year scale, in
contours (Fig. 4a). The change years are usually differenB680 BC on a 2048-year scale, and in 3100 BC on a 512-year
from those in the first moment (subseries means). Generscale, respectively, despite the presence of three weak nega-
ally, a smaller standard deviation is featured, which meandive coherency centers. Some but not all of the change points
a steadier climate, in the latter period after 2000 BC, thanin the individual series (Figs. 5a and c) coincide closely.
that in the earlier period. We may characterize each episod€or instance, the TIC change points (centers in Fig. 5a) in
as a steady or unsteady feature by combining these resul¥704 BC, 4236 BC, 3646 BC and 3114 BC are close to those
with those episodes that were partitioned in Sect. 4.1. Foin 4606BC, 4313BC, 3770BC, and 3205BC in the precip-
instance, the episode 5339 BC-4607 BC is featured as untation reconstruction series (centers in Figs. 3a or 5c), re-
steady (symbolized as “u” in the second column of Table 1),spectively, by differences within 150 years. The last weak
because a large standard deviations (Fig. 4b) corresponds thange around 2803 BC in TIC (Fig. 5a) preceeded that in
that. The feature steady (symbolized as “s” in the secondhe precipitation reconstruction series by 158 years, so that
column of Table 1) for the episodes 4606 BC—4314 BC andthe coherency is not obvious; we listed this in Table 1 with a
4313 BC-3771 BC follow, because smaller standard deviaquestion mark. Two possible explanations for the differences
tion (Fig. 4b) coincides with them comparatively, and so on. in significant change years between the two series are firstly,
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Fig. 5. Contours of the normalized scanningest at a 90% signifi-
cance level{a—b)for the TIC series from Pyramid Lake sediments Fig. 7). In addition, thé*0 change point in 2043 BC was
(c—d) for the precipitation reconstruction series at same year/time-161 years earlier than that in the precipitation reconstruction
scale grids as in panels (a—g:-f) the coherency of abrupt changes (Table 1 or Fig. 7), the coherency index (Fig. 6c) is negative
between panels (a) and (c), (b) and (d), respectively. Contour inin sign, so we list it with a question mark in Table 1. Because
terval is 0.25 bu_t contour zero hidden. Solid lines denote positiveihe time scale of the positive coherency center in 3710 BC
values, dashed lines negative values. (Fig. 6¢) is too long to identify changes in multi-centenary
time scales in thé180 series, no corresponding change year

. R . is listed in Table 1.
chronological errors, especially in the sediment records com-

paring to the tree ring reconstruction, and secondly, different FOF the later period, in Fig. 6d, most coherency centers are
locations where the data were collected from. positive (in-phased changes) on longer time scales, except for
For later years, Fig. 5f displays 5 positive coherency cen-2 neggtive coherency center during 300-500 AD,.v_vhiIe more
ters at 200 BC, 190 AD, 330 AD, 640 AD and 870 AD (com- negative centers _(anu—phased changes) than posmve ones ap-
paratively weaker) on scales longer than 300 years, exceﬂ??af on shorte.r tl'me scales. This feature basically c0|nC|d.es
for some weak, negative coherency centers on time scale‘é"th _the description by B_enson_ et al. (2002), as quoted in
shorter than 300 years, i.e. significant changes in the TIC seln€ first paragraph of this section. Though the coherency
ries are mainly in-phase with those in the precipitation reconIS Obviously weaker than that in Fig. 5f, there are six in-
struction series on time scales longer than 300 years, whil@hased changes around 200 BC, 230 AD, 640 AD, 890 AD,
anti-phased are on scales shorter than 300 years. This ré=>20 AD and 1500 AD on scales longer than 100 years. The
sult agrees with Benson et al. (2002), as mentioned above ifPTUPt changes 277 ?SC 441AD, 529 AD, 768 AD, 1308 AD
the first paragraph of this section. The TIC change pointsand 147_7 AD_ for the*O SEeres may correspond to thpse In
(Fig. 5b) in 113 BC, 538 AD, 794 AD and 1606 AD are ap- the precipitation reconstruction series (Table 1 and Fig. 7).
proximately close to those in the precipitation reconstruction Further comparisons, by calculating the episode averages
at 278 BC, 652 AD, 898 AD and 1710 AD, respectively (Ta- for each series based on the detected change points for that
ble 1 or Fig. 7). As the TIC change year 113 BC occurredseries and by using a 101-year Gaussian filter to low-pass
165 years later than the Change point in 278 BC in the pre.f”ter each series, are illustrated in Flg 7. An obvious differ-
cipitation reconstruction, we list it in Table 1 with a question €nce is that the millennial-scale trends in both the TIC and
mark. The TIC change year 214 AD, which preceded thed180 series in the earlier period, from 5680 BC to 1480 BC,
change point 458 AD in the precipitation reconstruction by are much more apparent than that in the precipitation recon-
244 years, is not listed in Table 1. struction. As mentioned in Sect. 3, the precipitation series is
Similarly, Fig. 6¢c demonstrates the coherency of signif- reconstructed from tree rings with an average length shorter
icant changes between t14&80 (Fig. 6a) and the precip- than 750 years and with a standardization of every tree ring
itation reconstruction (see Fig. 5c) for the earlier period, Sample, which may preclude any millennial-scale trend in the
and unmasks five weak, positive coherency centers arounBrecipitation reconstruction series.
4620BC-3710BC, 3300 BC, 2750 BC and 2240 BC, respec- Even so, there are common features in the episode av-
tively. The coherency here is weaker than that between the&rages and smoothed data of the three series. In the mid-
TIC and the precipitation reconstruction series (Fig. 5e), be-dle Holocene, the Dry episode in 5706-5340 BC, the Wet
cause changes in t13é80 series itself are weaker. However, episode in 4606-4314 BC, the Severely Wet episode in
the change points detected in 0 series in 4603 BC— 3205-2646 BC and the Dry episode in 2645-2383 BC iden-
3249 BC, 2795 BC and 2317 BC (Fig. 6a), are comparabldified in the partitioned precipitation reconstruction series
to those in the precipitation reconstruction series (Table 1 oi(Fig. 7a) have rough equivalents to those in the other two
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periods. Thus, we can consider the changes in the precipi-
tation reconstruction series as an epitome of what happened
in the western USA. Given this, we may try to use previously
‘ published archaeological reports about that region to further
G000 o 100 collaborate our partition results.
(®) & 15, Some related papers published in the last 30 years
| g ] have examined climatic fluctuations in precipitation or air-
] temperature in the western USA based on analyses of sedi-
I ments, pollen, vegetation and tree rings, besides Hughes and
2000 0000 000 Graumlich (1996) and Benson et al. (2002). For example,
Madsen et al. (2001) analyzed remains of small animals from
stratified raptor deposits, together with fossil woodrat mid-
den samples, to partition climate epochs in the eastern Great
A T I I Basin during the late Pleistocene and Holocene. Grayson
-6000 -5000 -4000 -3000 -2000 - . . .
Year (AD) (2000) interpreted a decrease in small mammal fauna in the
Bonneville Basin of north central Utah as evidence of a dry
Fig. 7. The change points and episode averages (solid line), 101climate during the Middle Holocene. Benson et al. (1997) in-
year Gaussian filter (dashed line) and averages over the entire tim@estigatedSlSO and TIC changes in Owens Lake of the Great
series (dotted line) in the three seri¢s) same as in Fig. 3ip) for  Basin for the period from 17 000 BP to 4500 BP. Feng and
the TIC and(c) for the $180 series from sediment cores in Pyramid Epstein (1994) studied a hydrogen isotope time series cover-
Lake. ing the last 8000 years from Bristlecone Pines in the White
Mountains of California. Stine (1994) synthesized data from

series (Figs. 7b and c). The Dry episode in 4313-3771 pgelict tree stumps in Mono Lake and Tenaya Lake in Califor-
and the Normal episode in 3770-3206 BC in the precipita-Ni& and in southernmost Patagonia in South America$48
tion reconstruction have analogs in the TIC series, while the>0” S), to determine extreme and persistent drought in Cal-
Normal episode in 2382-1883 BC and 1882-1418 BC ap_lfornla and Patagonia during medieval times. Stine (1990)
proximate those in th&'80 series. Only the Normal episode Presented lake-level fluctuations in Mono Lake, California,
in 5339-4607 BC is not collaborated by either the TIC or for the last 4000 years. Wigand (1987) described the changes
$180 series. in vegetation for the last 6200 years at Diamond Pond in
During the late Holocene, the Severely Dry episode inthe eastern Oregon desert. However, no report of variance
784~279 BC, the Severely Wet episode in 278 BC—457 AD, changes was found in these research studies, so we discuss
the Dry episode in 458651 AD, the Normal episode in 652-ONly changes in episode means in this section.
897 AD and the Dry episode in 8981320 AD are similar FOr comparison to these studies, we take 1950 as the
among the three series (Fig. 7). The Wet episode in 1320-Present year to convert years before present_(BP) into calen-
1490 AD and the Dry episode in 1491-1709 AD in the pre- dar years (BC/AD). As mgntloned above, sediment cores and
cipitation reconstruction (Fig. 7a) are roughly comparablePollen records have a dating accuracy of about 50-100 years,
to those in thes'80 series (Fig. 7c). The Severely Wet €ven morein multi-millennial chronology. The records from
episode in 17101840 AD in the precipitation reconstructionCOrés may aiso be biased in reflecting the extreme events
(Fig. 7a) is similar to that in the TIC series (Fig. 7b). of climatic droughts or floods, rather than the average con-
Interestingly, the period from 1479 to 794 BC, in which the ditions over multi-centennial periods. These will make the
TIC and 180 series were disconnected between the pistorignment of dates only approximate and for rough, but use-
cores PLC98-4 and PLC 97-1, is identified as a period offul: Verifications of the climate situations.

very strong changes on short time scales in the precipitation 1€ middle Holocene period from 6000 BC to 3300 BC
reconstruction (Fig. 7a). is commonly recognized to be dry and warm in the Great

Basin area, which covers most of Nevada and neighboring re-

gions of southeastern Oregon, eastern and southeastern Cal-
6 Verification with related studies ifornia, and western Utah (Benson et al., 2002; Madsen et

al., 2001; Grayson, 2000; Feng and Epstein, 1994; Wigand,
Although the precipitation reconstruction is for the Climate 1987). Five of the eight extreme droughts were distinguished
Division 3 in Nevada, the tree ring samples composed of thearound 5970, 5881, 5591, 4058 and 3948 BC, respectively,
unfiltered precipitation reconstruction were collected from by Hughes and Graumlich (1996). This epoch also coin-
the White Mountains in California. Moreover, because thecides with the global first long warm phase during the last
significant changes identified in this paper are presented oten thousand years, known as the Europe Climatic Opti-
multi-centennial time scales, climate changes usually ocimum period (Asakura, 1991). In our analysis (Table 1), the
curred in a large geographical area, especially during drySeverely Dry episode in 6000-5866 BC and Dry episodes

Reconstructed
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in 5706-5340 BC, 4313-3771 BC occurred in this period.oped again between 3500 BC and 2400 BC (Goodess et al.,
Moreover, the above-mentioned five of the eight years 0f1992). Fang et al. (2004) identified a cold period from 4050
extreme droughts in Hughes and Graumlich (1996) are into 3450 BC and a cold event in 2950 BC in China.

cluded in these three Dry episodes. In China, the climate in  For the Dry episode in 2645-2383 BC in our Table 1,
this period also featured warm and wet conditions, glaciersrig. 24 in Wigand (1987) shows decreases in the juniper
retreated in the western mountains while the desert shrunk irﬂ)onen percentage and in the ratio of grass to Sagebrush
Inner-Mongolia. The Lake Daihai (1139 E, 40°30'N), for  pollen, which mark a drier climate during this spell, though
example, was four times the area of that at present, and thgn accompanying description was lacking in the text.

Painted Pottery Literature” developed in the middle-reaches Benson et al. (2002) summed up the findings by Long and

ifgg]; Yellow River in China during this period (Ye and Chen, Rippeteau (1974), Hattori (1982), Wigand and Mehringer
H )- h . velv sh lis d (1985), Grayson (1993), Stine (1990), and others, that there
owever, there exist comparatively short wet Spells dur-y ¢ 5 et phase from 2300 BC-1700 BC. This is consistent

ing this long warm phase. For instance, most glaciers 0'&/ith the Wet episode in 2382 BC-1883 BC in Table 1. Mad-
the Earth progressed around 5400 BC (Goodess et al., 1992, en et al. (2001) sorted the period from 2450 BC to 1000 BC

Around 5700 BC the Great Salt Lake level had risen up ©as cooler with higher water levels in the lakes, of which

its normal level at about 1283 m, which was estimated fromthe Great Salt Lake level peaked up to 1284 m in 1450 BC
marsh deposits (Mads_en etal., 2001_; Murc_hison and MU|Vey(Murchison, 1989), and the following period from 1000 BC
.2000)' This may CO”“”?‘ the Wet e.p|sode n 5865_5797 BCto 450 BC was regarded as much wetter and cooler. Wigand
in our Table 1. There is a good fit to the Normal eplsode(1987) found that the period from 2050 BC to 450 BC was
in 53:;9;]46%7 BC (TgZ'I;')eOlB)be lgligzgntt aRIh (%jOOl)aVI\‘;lh%very wet with the deepest late-Holocene pond (Diamond
quoted that _etween . an - (Rho eandMa pond) around 1750 BC. These descriptions have some corre-
sen, 1998) single-leaf pinyon nut hulls first appeared in thespondence with the Normal episode in 1882 BC-1418 BC
archaeological record from the Danger Cave (see Fig. 1) in,o \vet episodes in 1417 BC-1275 BC and 1078 BC—’
the west of the Great Salt Lake Desert, suggesting a Weltey a5 BC in our Table 1, of which the Wet episode in 1078 BC—

climatic environment than earlier. Other reports by Madsen o : : ;
785 BC also coincided roughly with the glacier advances in
et al. (2001) and Madsen (1985) state that a spell of greatef, . \orthern Hemisphere (Goodess et al., 1992).

effective moisture is indicated by a pronounced increase in Bond | (1997) found Id 42350 BC
the abundance of pine at the Potato Canyon Bog (see Fig. 1 ond et al. ( ) foun tWO. co events_ aroun .
nd 850 BC in the North Atlantic by analyzing concentration

in central Nevada between 4550 BC and 4050 BC; this agreeS, . X ; , :
with the Wet episode in 4606-4314 BC (Table 1). In China, of lithic grains and petrolc_>g|c _tracers in Holocene sed!ments
two comparatively low magnetization-rates were recordedOf FWO cores from opposrre' sides of the North Atlantic. In
around 5330 BC and 4700 BC in the loess sediments at Baxi hina, there were cold periods from 2050 BC to 1750 BC,
(10324 E, 3642 N) in Gansu province, denoting a rela- rom 1450 BC? to 12_50 BCand fro”_‘ 9.50 BC to 750 BC (Fan_g
tively cold and arid climate (Ye and Chen, 1992). Fang otet al., 2004), in which the Hanshm River had frozen twice in
al. (2004) summarized cold events around 5450 BC, 4750 80903 BC and 897 BC, respectively (Zhu, 1979).
and a cold period from 4450 BC to 4250 BC in China based The Severely Dry episode of 1274 BC-1079 BC (Table 1)
on a statistical analysis of cold events or periods based on 9gontains the year 1251 BC, one of the eight extreme dry years
investigation articles published before. found by Hughes and Graumlich (1996). No report of cold
Wigand (1987) classified the phase from 3510 to 1850 BCevents was presented for the years between 1200 BC and
into the first wet period that heralded the end of the mid-1000 BC by either Bond etal. (1997) or by Fang et al. (2004).
Holocene drought; it is evidenced that sagebrush pollen inlt was known as an optimal period of a warm and wet envi-
creases in the perennial Diamond Pond (Fig. 1) in the easterfPhment in China (Zhu, 1979), and was found that there were
Oregon desert, and that the littoral and aquatic plant macro€lephants in the north of Henan province, south of the Yel-
fossils and mollusk shells appeared with sudden abundanc®W River in eastern China during the spell from 1300 BC to
shortly before 3510 BC at Malheur Maar (Fig. 1) in the east1100 BC (Ye and Chen, 1992).
of Oregon. Madsen et al. (2001) stated that between 3350 BC Though the Severely Dry episode in 784 BC-279 BC
and 2450 BC, there was an increase in artiodactyl fecal pelin Table 1 diverges from the generally wet conditions for
lets at Homestead Cave (Fig. 1) in Utah, and quoted a meathis period suggested by Madsen et al. (2001) and Wigand
lake-level elevation of 1280 m or lower in the Great Salt Lake (1987), a brief but significantly drier period after 650 BC is
(Murchison and Mulvey, 2000) and markedly cooler condi- noted, in which it was reflected by less-abundant floating and
tions after 3350 BC at Snowbird Bog (Fig. 1) in Utah (Mad- submerged aquatic plants at Diamond Pond (Wigand, 1987).
sen and Currey, 1979). These suggest a normal or wetteburing this time most glaciers on the Earth receded (Good-
climate, and lend some credence to the Normal episode irss et al., 1992). In China, the climate returned to a warm
3770-3206 BC and the Wet episode in 3205-2646 BC inphase from 700 BC to 20 AD (Zhu, 1979), but with a relative
our Table 1. Meanwhile, most glaciers on the Earth devel-cold period from 350 to 250 BC (Fang et al., 2004).
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The Dry episodes of 458 AD-651 AD and 1491 AD- Europe, and the glaciers advanced on the Earth (Goodess
1709 AD in Table 1 are also recognizable as dry periods byet al., 1992). Bond et al. (1997) also reported a cold event
Hughes and Graumlich (1996), as well as by Hughes andaround 1650 AD in the North Atlantic. China also experi-
Funkhouser (1998), who showed that there was a greater irenced its coldest phase from 1601 AD to 1899 AD during
cidence of intense persistent moisture deficits after 400 ADthe last 5000 years (Zhu, 1979; Ye and Chen, 1992).
and before 1500 AD in the Great Basin of North America. Itis easy to understand that the last episode since 1841 AD
However, a cold event in 550 AD in the North Atlantic was is in the Normal category (Table 1), because the precipita-
reported by Bond et al. (1997). tion reconstruction is based on a regression analysis between

For the Normal episode in 652 AD—-897 AD in Table 1, the tree ring records and the precipitation observations in
Madsen et al. (2001) give evidence that around 750 AD athe Nevada Climate Division 3 during the same period from
kind of fish, at Utah chub, thrived and that hackberry en-1932 AD to 1979 AD (Hughes and Graumlich, 1996). This
docarps were common, which indicates significantly moisterepisode roughly corresponds to the third warm phase after
conditions in the Homestead Cave vicinity. During this pe- 1850 AD in the global change during the last ten thousand
riod most glaciers advanced again on the Earth, and the sunyears (Asakura, 1991). The declining trend (increase dry-
mer in Europe and America was comparatively cold (Good-ness) in the low-pass filtered curve of the precipitation re-
ess et al., 1992). In China, however, it was relatively warmconstruction (Fig. 7a) for the last 50 years might reflect the
between 600 AD and 1000 AD, droughts occurred in theglobal warming in the last century. The warming in China
middle-reaches of Yellow River and no snow and ice werefor the last 50 years has appeared obviously in the winters
seen in Xi'an city, the Capital of Shanxi province, for sev- and in the Northern China (Qing, 2005).
eral winters (Zhu, 1979; Ye and Chen, 1992), but Fang et The above-mentioned collaborating evidence is listed in
al. (2004) concluded a cold event around 850 AD. the fifth column as “quoted references” of Table 1. Only

Previous investigations also appear to be consistent withhe Severely Wet episode in 278 BC-457 AD is not col-
the Dry episode in 898 AD-1319 AD in Table 1. For ex- |aborated by related publications, but it is close to similar
ample, Stine (1994) designates the years from 900 AD tachanges which appeared in t#0 and TIC series. Also,
1200 AD as a period of extreme and persistent drought inthe glaciers mostly advanced on Earth in this period (Good-
California, based on analysis of the tree rings at Mono Lakeess et al., 1992). China transformed into the second cold
(Fig. 1). Madsen et al. (2001) summarized that betweermphase (20 AD to 600 AD) during the last 5000 years (Zhu,
1250 AD and 1320 AD, widespread droughts caused people 979), and Fang et al. (2004) reported a cold period from
to shift to full-time foraging in the Bonneville Basin (Madsen 150 AD to 550 AD in China.
and Simms, 1998), and the period from 950 AD to 1320 AD
may have been one of the warmest and driest phases in the
Holocene (Harper and Alder, 1970, 1972). Wigand (1987)7 Summary
concluded that around 1250AD and 1450 AD there were two
major droughts indicated by increases in greasewood valueBoth algorithms, the scanningtest and the scanning-test,
in Diamond Pond sediments. were applied to the 8000-year series of annual precipitation

Wigand's drought in 1450 AD is just earlier than the Dry reconstruction from tree rings in the southwestern USA. The
episode in 1491 AD-1709 AD in our Table 1 by less than 50precipitation reconstruction is calibrated in regression of tree
years, which might be considered as to coincide with eachring chronology to annual (prior July through current June)
other. The period from 900 AD to 1300 AD is called the Me- precipitation observations in the region of the Climate Di-
dieval Warm Epoch in the global change literature, the secvision 3 in Nevada. Based on the scannintgst, twenty-
ond warm phase during the last ten thousand years (Asakurdywo significant change points were identified in the subseries
1991). Most glaciers on the Earth retreated during this phaseneans and 23 wetness episodes were partitioned in the pre-
(Goodess et al., 1992). In China, however, the average tensipitation reconstruction series. All episodes were classified
perature was a little lower than at the present, though underinto 5 grades according to the episode mean values of the
going shorter fluctuations from warm (600 AD to 1000 AD), precipitation reconstruction and are characterized in steady
to cold (1000 AD to 1200 AD), to warm again (1200 AD to or unsteady features by combining with the results from the
1300 AD), and to another cold (1301 AD to 1600 AD) (Zhu, scanningF-test, which detects significant changes in sub-
1979), so that Fang et al. (2004) classified the period fromseries variances or standard deviation.

1150 AD to 1850 AD as a cold phase. The coherency detection of significant changes in the sub-

There is collaborative evidence for the Severely Wetseries mean was employed to compare the episodes parti-
episode in 1710 AD-1840 AD in Table 1. Wigand (1987) tioned in the precipitation reconstruction series with those
discerned 1650 AD-1800 AD as wet with abundant juniperin the TIC ands'80 records, which were derived from Pyra-
and grass pollen. Feng and Epstein (1994) concluded thanid Lake sediment cores in the northwest of Nevada. The
there was a cool climate spell peaking between 1700 AD andhlgorithm was modified to accommodate unequal time inter-
1900 AD. This period corresponds to the Little Ice Age in vals in the TIC and*80 time series. It is shown that 13 of
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the 23 wetness episodes in the precipitation reconstructioiseries means and subseries variances in a long-time series,

are approximately coincident with those in the TIC ah0D and for in-phase or out-phase significant changes between

records. two time series, even when they are sampled on unequal time
Collaborating evidence from related paleoclimate studiesintervals.

was found for 22 of the 23 episodes. The related paleoclimate _ _ )
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