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Extended Chronology of Drought in South Central, 
Southeastern and West Texas

Abstract: Short instrumental climatic records prevent appropriate statistical and historical characterization of extreme events 
such as the extent, duration, and severity of multiyear droughts. The best solution is to extend climatic records through well-
understood proxies of climate. One of the best such proxies is climate-sensitive annual tree rings, which can be dated precisely to 
the year, are easily sampled, and are widely distributed. We created 3 new baldcypress chronologies in South Central Texas and 
used them, along with existing Douglas-fir chronologies from West Texas and a composite post oak chronology in Central Texas, 
to calibrate 1931–2008 and reconstruct June Palmer Drought Severity Index (PDSI) in Texas climate divisions 5 (Trans Pecos), 
6 (Edwards Plateau), 7 (S. Central), and 8 (Upper Coast) 1500–2008. We validated the reconstructions against observed data 
not used in calibration.  

Most water planners in Texas at present use the drought of the 1950s, 1950–1956, as a worst-case scenario. Our reconstruc-
tions show, however, that a number of extended droughts of the past were longer and/or more intense than the 1950s drought. 
Furthermore, extended droughts have been a consistent feature of southwestern climate since the 800s, including at least 4 
megadroughts 15- to 30-years long centered in central or northern Mexico (Stahle et al. 2009; 2011b). This and previous studies 
indicate that severe decadal-scale droughts have occurred in Texas at least once a century since the 1500s. Current use by water 
planners of the 1950s drought as a worst-case scenario, therefore, is questionable. When water managers consider past droughts, 
population growth, and climate change, it becomes highly probable that the future poses unprecedented challenges.  

Keywords: Texas, drought of record, Palmer Drought Severity Index (PDSI), paleoclimatology, dendrochronology, tree rings, 
baldcypress
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INTRODUCTION  

Limited water resources are a serious problem in Texas due 
to its partially semiarid drought-prone climate, particularly in 
West and Central Texas (Griffiths and Ainsworth 1981; Vot-
teler 2000). The 1980 heat wave, the worst since 1895 by some 
measures in some climatic divisions (NCDC Climate Diag-
nostic Center 2011), caused some $1.5 billion in losses (Karl 
and Quayle 1981). The drought of the 1950s caused more 
than $3 billion (about $27 billion in 2010 dollars) in losses to 
the agriculture sector alone, excluding ranching (Lowry 1959). 
The more recent droughts of 2006, 2008–2009, and 2011 
have also had devastating consequences for Texas agriculture 
(e.g., Jervis 2009; Parker 2011). The start of meteorological 
observations in Texas dates from the mid- to late-19th century, 
but this short record inadequately characterizes those events 
that occur irregularly, such as prolonged multiyear droughts 
(Namias 1981). Rodríguez-Iturbe (1969) has also demon-
strated that very large numbers of observations may be needed 
to derive accurate statistical parameters for hydrometeorologi-
cal phenomena. For these reasons it is highly probable that 
worse droughts than any seen in the instrumental record have 
occurred in the past (e.g., Stahle et al. 2000, 2007, 2011b) and 
such severe drought may have unforeseen consequences (e.g., 
that affect human health; cf. Acuna Soto et al. 2002).  

Prompted by the 1950s drought, Lowry (1959) was com-
missioned to investigate drought in Texas through rainfall 
records of deficits. His investigation shows that drought can 
be highly localized or more widespread. Most of the droughts 
he reports on occurred in the areas we reconstruct and appear 
in our reconstructions, but some droughts occurred complete-
ly outside of the areas we have reconstructed. Lowry’s (1959) 
report demonstrates that Texas is so large and has such a large 
precipitation gradient (Banner et al. 2010), that it is rare for 
the entire state to experience drought at the same time (Vot-
teler 2000). Nevertheless, the whole state and much of the sur-
rounding states can experience severe drought simultaneously, 
such as in 2011.  

One means of overcoming the lack of historically observed 
climate data investigates long-term drought history through 
substitutes, or “proxies,” for instrumental data. One of the 
best such proxies is tree rings because annually produced rings 
are often sensitive to climate, and such trees are widely distrib-
uted and readily available. Each ring can be dated precisely to 
the year in many long-lived trees due to the influence of cli-
mate on growth, and the climate information contained in the 
annual rings is relatively easy to extract from properly dated 
samples (Stahle 1996; Fritts 2001; Speer 2010).  

The paleoclimate of Texas since the last glacial maximum 
has been investigated with several proxies (e.g., COHMAP 
Members 1988). Previous efforts to analyze the climate of 
Texas with proxy series include pollen studies (Bryant 1977; 

Bryant and Holloway 1985), floral and faunal fossils (e.g., 
Lundelius 1967; Graham 1976), strontium isotopes (Cooke et 
al. 2003), carbon isotopes (e.g., Nordt et al. 1994), magnetic 
susceptibility (Ellwood and Gose 2006), speleothems (e.g., 
Musgrove et al. 2001), and some of the tree-ring studies by 
Stahle and Cleaveland (1988, 1992, 1995), Stahle et al. (1985, 
1988, 1998a, 1998b, 2007), Cleaveland (2000, 2004, 2006), 
Dunne et al. (2000), Dunne (2002), Mauldin (2003), and Fye 
and Cleaveland (2001).  Except for the tree-ring studies, all of 
these methods of reconstructing climate provide lower resolu-
tion millennial to centennial scale paleoclimatic data, which 
give little indication about the extent of multiyear droughts.  

The above tree-ring studies that were specifically concerned 
with Texas paleoclimate used central Texas chronologies but 
were limited to beginning in the mid- to late-1600s because 
they were based on post oak (Quercus stellata Wangenh.), which 
usually reaches a maximum age of less than 350 years. Even 
with the addition of post oak samples from historic buildings, 
the central Texas post oak record could only be extended to 
1648 (Therrell 2000). Very long climate reconstructions of 
averaged June, July and August (JJA) Palmer Drought Severity 
Index (PDSI; Palmer 1965) on a 0.5o X 0.5o grid have been 
produced by Dr. Edward Cook of Lamont-Doherty Earth 
Observatory (Cook et al. 1999, 2007). Although Cook’s grid-
ded central Texas JJA reconstructions are up to 1,000 years 
long, they extrapolate central Texas climate from distant chro-
nologies in far West Texas, New Mexico, and Louisiana (Cook 
et al. 1996, 1999, 2004; Cleaveland 2006). In addition, the 
best monthly PDSI variable to reconstruct in Texas is June, not 
a JJA average (Stahle and Cleaveland 1988; Cleaveland 2004). 
To improve central Texas reconstructions, we have produced 
3 new local climate sensitive chronologies in South Central 
Texas that enable us to reconstruct climate 1500–2008.  

Warm season drought in Texas is strongly linked to the 
strength of upper level high pressure that develops and persists 
in the southern United States and to atmospheric inversion 
caused by warm air transport from the Rocky Mountains and 
Mexican Plateau (Myoung and Nielsen-Gammon 2010b). 
These warm season droughts tend to persist because low soil 
moisture creates a feedback loop that inhibits convection, 
reducing warm season precipitation (Myoung and Nielsen-
Gammon 2010a).  

Evidence indicates that central and northern Mexico, the 
Southwest, and other regions of North America have expe-
rienced severe droughts (“megadroughts”) since the 800s 
(Stahle et al. 2011b), particularly in the mid- to late 1500s 
and early 1600s (Stahle et al. 1998a, 2000, 2007; Cleaveland 
et al. 2003; Cook et al. 2007). Paleoclimatic investigations 
have helped find links in U.S. southwestern climate to global 
circulation features such as the El Niño/Southern Oscillation 
(ENSO) (Cleaveland et al. 1992; Stahle and Cleaveland 1993; 
Stahle et al. 1998b; Fye and Cleaveland 2001; Cook et al. 
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tidecadal scale (Mantua et al. 1997; Nigam et al. 1999). Such 
links to recognized recurring circulation and SST features not 
only offer clues to the causes of multiyear drought; they also 
are one path to a reliable, long lead-time climate prediction 
capability (Barnston et al. 1994).  

The negative impact of drought on past societies is undisput-
ed, such as the depopulation of the Mesa Verde region because 
of drought in the late 1200s (e.g., Burns 1983; Stahle and 
Dean 2011; Stahle et al. 2011b). The case of climatic effects 
on modern civilization is more complicated because of the 
widespread detrimental anthropogenic effects facilitated by 
technology, e.g., “sod-busting” that led to the epic dust storms 
of the Dust Bowl era (Stahle and Dean 2011). Advanced soci-
eties also suffer from climate extremes but can mitigate the 
effects through advanced technology and organization (IPCC 
2007a). This mitigation may become even more critical in the 
future because there is strong evidence that weather variability 
is being made more extreme by anthropogenic climate change 

2007; Stahle et al. 2011a). La Niña conditions, the cold phase 
of ENSO, cause drought across northern Mexico and the 
southern United States (Trenberth et al. 1998; Aguado and 
Burt 2007; Cook et al. 2007; Stahle et al. 2011a) and may 
play a role in extended droughts. La Niña conditions are char-
acterized by below normal sea surface temperature (SST) in 
the eastern equatorial Pacific (Aguado and Burt 2007). Slade 
and Chow (2011) investigated the effects of La Niña and El 
Niño on central Texas precipitation and runoff. La Niña and 
El Niño each occurred about 25% of the time 1950–2009. 
Comparing La Niña and El Niño, La Niña August averaged 
more precipitation, June and July were about equal, and the 
other 9 months had less precipitation than El Niño. Mean 
streamflow was less year round under La Niña conditions at 
all gauges and the differences became greater farther south in 
central Texas (Slade and Chow 2011). Other patterns of SST, 
such as the Pacific Decadal Oscillation and the North Pacific 
mode, may play a role in modulating Texas climate on a mul-

Fig. 1.  Map of Texas, showing the climate divisions and chronology locations. June PDSI was 
reconstructed in climate divisions 5 (Trans Pecos), 6 (Edwards Plateau), 7 (S. Central), and 8 
(Upper Coast). The red triangles are locations of baldcypress chronologies and the green triangles 
are locations of Douglas-fir chronologies. See Table A1 for the locations of the 7 individual 

chronologies averaged into the Central Texas post oak chronology.
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(Min et al. 2011; Pall et al. 2011; Schiermeier 2011).  
Another factor is the increasing population of Texas. 

Since 1950 Texas population has grown from 7,711,194 to 
25,145,561 (326% increase) and has experienced a 20.6% 
increase from 2000 to 2010 (Texas State Library 2011). A 
population growing at this rate will undoubtedly put stress 
on water resources regardless of the frequency and duration of 
future drought.  

We have not analyzed the other end of the climate spectrum 
from drought: extreme wetness. There are several reasons for 
this. First, many of the most extreme effects of excess rainfall 
occur over short periods, with voluminous runoff that leads 
to little increase in soil moisture that trees can respond to. 
Second, some extreme events will occur when the trees are 
dormant, not during the growing season. Third, tree growth 
often responds less to wet conditions; when soil moisture is 
no longer the factor limiting growth of the tree, growth may 
become less synchronous among trees (Fritts 2001). Never-
theless, moisture surpluses can be reconstructed and analyzed 
(Woodhouse et al. 2005), e.g., the 20th century pluvial peri-
od, 1905–1917 that led to over-allocation of Colorado River 
streamflow (Stockton 1990). Even relatively short-duration 
floods can sometimes be detected and analyzed through ana-
tomical evidence in tree rings (Yanosky 1983, 1984) and flood 
damage to trees (McCord 1990).  

Ideally, water managers in Texas can use augmented knowl-
edge about past climate extremes to outline realistic worst-case 
scenarios and prepare for them (Rice et al. 2009). Of course, 
an ill-advised water manager might even choose to use a lesser 
drought than the 1950s drought as the “drought of record” 
for planning purposes (Casteel 2005), despite evidence that 
such droughts or worse recur in the long-term. Improved esti-
mates of climate variability and trends should prepare authori-
ties to cope with ongoing climate change, which is predicted 
to increase aridity in the Southwest (IPCC 2007b; Seager 
et al. 2007; Banner et al. 2010) and may help them to pre-
pare mitigation strategies (IPCC 2007a; Furniss et al. 2010). 
If climate does, in fact, change as has been predicted (IPCC 
2007b), then many assumptions of water managers based on 
stationarity of climate will prove invalid (Milly et al. 2008). 
In fact, in view of the extreme variability of climate found 
in this and other paleoclimatic studies, the stationarity of cli-
mate has always been an illusion based on a short-term view 
of climate, prompted by concepts like the National Oceanic 
and Atmospheric Administration’s (NOAA’s) 30-year “climat-
ic normals.” Paleoclimatic studies enable us to appreciate the 
magnitude of this variability temporally and geographically.  

CLIMATE RECORDS

In the following we refer to material contained in an appen-
dix that is relevant to the research but is too voluminous to 
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reside in the paper itself. Tables and figures contained in the 
appendix have the prefix “A”, e.g., “Table A1” or “Fig. A3”.  

Precipitation, temperature, and PDSI (Palmer 1965) data 
for the Texas climate divisions begin in 1895 (Fig. 1; See map 
in Karl et al. 1983, p. 19; NCDC Climate Diagnostic Center 
2011). The divisional climatic data often exhibit homogeneity 
that may be lacking in single stations, because the divisional 
data average all stations within the division, compensating for 
any problems that might occur at an individual station (Stah-
le and Cleaveland 1992). Computation of division averages 
began in 1931, while NOAA computes division averages from 
state averages before 1931 (Karl et al. 1983). Because divi-
sional data exhibit better stability and represent larger areas 
than station data, in this research we investigated past climate 
in divisions 5 (Trans Pecos), 6 (Edwards Plateau), 7 (South 
Central), and 8 (Upper Coast) (Fig. 1).  

We used the PDSI in our reconstructions of past climate. 
The PDSI incorporates temperature and precipitation, along 
with latitude, day length, and soil moisture capacity into a 2 
level soil moisture model that is zero centered. Positive indi-
ces indicate above normal soil moisture, while negative indices 
indicate some degree of drought. The degrees of drought and 
wetness in the PDSI are designated as follows: 0.5 to -0.5 = 
near normal; 0.5 to 1.0 (-0.5 to -1.0) = incipient  wetness 
(drought); 1.0 to 2.0 (-1.0 to -2.0) = mild wetness (drought); 
2.0 to 3.0 (-2.0 to -3.0) = moderate wetness (drought); 3.0 
to 4.0 (-3.0 to -4.0) = severe wetness (drought); >4.0 (<-4.0) 
= extreme wetness (drought) (Karl et al. 1983). The drought 
indices are standardized by taking into account local averages 
of temperature and precipitation, so that PDSI values will be 
comparable across different climate regimes (Palmer 1965; 
Karl et al. 1983). 

The PDSI computation incorporates strong persistence 
from month to month. Consequently, the single value for 
June or July PDSI in Texas usually gives a good picture of 
moisture conditions for the entire growing season as well as 
precursor conditions during the previous winter that may 
affect growing season soil moisture. Upon occasion an unusual 
meteorological event, such as a slow-moving tropical depres-
sion, can deliver enough moisture in a short time to reverse 
a long drought trend (Stahle et al. 1985). Initiation of dry 
conditions, however, reverses wet conditions more gradually, 
due to the persistent nature of the soil moisture model (Palmer 
1965). Therefore, PDSI seems a robust and appropriate mea-
sure of growing season climate and water resources that can be 
reconstructed from tree rings. Important for water resources, 
when PDSI values are negative, groundwater recharge will be 
reduced or eliminated altogether. Combined with increased 
reliance on groundwater in severe droughts, this means that 
aquifers will be used unsustainably in these periods (Slade and 
Chow 2011).  
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struct climate in the United States with considerable success 
(Stahle et al. 1985, 1988, 1998a; Stahle and Cleaveland 1992, 
1995; Cleaveland 2000). Because the chronologies began on 
different dates and had small sample sizes in the 1400s, we 
started our analyses at 1500.  

METHODS

We crossdated tree-ring samples by pattern matching to 
detect and correct for missing and false rings (Douglass 1941; 
Swetnam et al. 1985; Stokes and Smiley 1996; Speer 2010). 
Dated samples were then measured with 0.001mm accuracy, 
and we checked the crossdating and measurement accuracy 
with correlation analyses (Holmes 1983; Grissino-Mayer 
2001).  

Most tree-ring series have growth trends that must be 
removed in order to create time series with stationary statisti-
cal properties that reflect climate influence more accurately 
than the undetrended ring widths. We transformed individual 
ring width series (in mm) with different means and nonsta-
tionary statistical properties into dimensionless indices with 
a mean of 1.0 and stationary statistical properties. We used 
a computer program (ARSTAN) (Cook 1985; LDEO web-
site 2011) that transformed the ring widths then averaged the 
resulting indices into the ring width chronology and removed 
variance trend created by changing sample size (Shiyatov et al. 
1990). See item 1 in the appendix for more detail.  

To find the best variables for reconstruction, we correlated 
the chronologies with the monthly average temperature, total 
precipitation, and PDSI in each climate division (not shown). 

Extended Chronology of Drought

TREE-RING CHRONOLOGIES

Seven post oak (Q. stellata Wangenh.) tree-ring chronolo-
gies, 3 from living trees and 4 from timbers of old buildings 
located in divisions 7 and 8  were averaged into a well replicat-
ed composite oak chronology for Central Texas (CENOAK) 
(Therrell 2000; Table A1). The averaged chronology begins in 
1648 and ends in 1995. We extended the CENOAK post oak 
chronology 1996–2008 with regression estimates of the tree-
ring indices derived from an average of the June PDSI in divi-
sions 6, 7, and 8. In addition, on the basis of correlations, we 
chose 2 West Texas Douglas-fir (Pseudotsuga menziesii (Mirb.) 
Franco) chronologies, Guadalupe Peak National Park (GPM; 
1362–2008) and Big Bend National Park (BSC; 1473–1992), 
for possibly reconstructing divisions 5, 6, and 7. We elimi-
nated all the candidates from New Mexico (Table A1) based 
on their lack of correlation with Texas climate. We extended 
the indices of the Big Bend tree-ring chronology to 2008 with 
regression estimates derived from division 5 June PDSI. There 
is a small degree of circularity in using meteorological records 
to extend the shorter tree-ring chronologies to match the lon-
gest chronologies. We judge it to be minor, however, and pref-
erable to restricting some of the calibrations to end in 1992, 
the ending date of the unextended BSC chronology.  

Because the Central Texas post oak chronology has insuffi-
cient length to reconstruct the 1500s megadrought era (Stahle 
et al. 2000, 2007; Cleaveland et al. 2003; Cook et al. 2010), 
we collected 7 new sites and derived 3 new long baldcypress 
(Taxodium distichum (L.) Rich.) chronologies (Fig. 1; Table 
A2) that start in the 1400s. Baldcypress has been used to recon-
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Fig. 2. Climate division 5 (Trans Pecos) June PDSI reconstructed (solid line) and observed (dashed 
line) series 1895–2008 (Fig. 1, Table A3). R2 = 0.580.    
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The results show that the February–May or February–June 
precipitation is best correlated with tree growth in the 4 divi-
sions. Temperatures generally correlate negatively with tree 
growth but not nearly as strongly as the positive correlation of 
precipitation. June and July PDSI correlate positively with tree 
growth even more strongly than precipitation, and June PDSI 
is usually better correlated. Therefore, we chose to reconstruct 
June PDSI, which has been used to reconstruct divisional Tex-

as climate previously (Stahle and Cleaveland 1988).  
We created climate reconstructions with the program, 

PCREG (Cook et al. 1996, 1999; LDEO website 2011). 
PCREG is a complicated program that performs many opera-
tions to calibrate a reconstruction and validate that recon-
struction against independent climatic data not used in the 
calibration (Snee 1977). PCREG uses principal components 
analysis (PCA) (Cooley and Lohnes 1971) to make new tree-

Fig. 3.  Climate division 6 (Edwards Plateau) June PDSI reconstructed (solid line) and observed 
(dashed line) series 1895–2008 (Fig. 1, Table A4). R2 = 0.674.   
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Fig. 4.  Climate division 7 (S. Central) June PDSI reconstructed (solid line) and observed (dashed line) 
series 1895–2008 (Fig. 1, Table A6). R2 = 0.595.
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ring variables that maximize the common climate variance and 
do not correlate with each other. See item 2 in the appendix 
for further details on PCREG reconstructions.  

We did 2 “nested” reconstructions of a single variable (Cook 
et al. 1999) to make the best use of available tree-ring data 
(see item 2 in the appendix where we discuss the advantages of 
this approach and analyze the results). We analyzed the recon-
structions for the 20 driest single and multiple consecutive 2-, 
3-, 4-, 5-, 6-, 7-, and 10-year droughts, the 10 driest 15- and 
20-year droughts, and the 5 driest 30-year droughts, elimi-
nating all periods with overlapping intervals. Although the 
longest period of consecutive drought years analyzed was 30 
years, the reconstructions indicate that there may have been 
droughts of even longer duration in the past.  

RESULTS AND DISCUSSION

The new chronology characteristics are shown in Table A2. 
In general, high mean sensitivity (MS; a measure of year-to-
year variability), high standard deviation (SD; a measure of 
overall variability), and low serial correlation (r-1; a measure 
of persistence from year-to-year in the series) are considered 
favorable characteristics linked to climate sensitivity (Fritts 
2001; Speer 2010). Generally, the larger the sample size, the 
better although sample size does not by any means guarantee 
sensitivity to climatic influence. The San Bernard River (SBP) 
chronology seems the best by the first 3 criteria (MS=0.418, 
SD=0.409, r-1=0.235) and Krause Springs (KSS) the worst 
(MS=0.225, SD=0.243, r-1=0.422) although KSS is the best 

Table 1. Analysis of error in reconstruction of 1974 June PDSI in Texas climate divisions 5 (Trans Pecos), 6 (Edwards Plateau), 
7 (S. Central), and 8 (Upper Coast).

Divisions

5 6 7 8

Observed June PDSI -3.09 -2.98  1.83   2.35

Reconstructed June PDSI -7.52 -5.54 -1.66 -0.39

Residual -4.43 -2.56 -3.49 -2.74

Residual % of Observed 143.3% 85.9% 190.7% 116.6%

Observed Rank (1895-2008) 12           18 78 95

Reconstructed Rank (1895-2008) 1 2 37 55
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Fig. 5.  Climate division 8 (Upper Coast) June PDSI reconstructed (solid line) and observed (dashed 
line) series 1895–2008 (Fig. 1, Table A8). R2 = 0.416. 
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Fig. 6.  . Climate division 5 (Trans Pecos) June PDSI reconstruction 1500–2008 based on 2 baldcypress 
and 2 Douglas-fir chronologies (Fig. 1). The blue line is a cubic spline fitted with parameters that would 
reduce the amplitude of a 10-year sine wave by 50% (Cook and Peters 1981). Numbers along bottom 
of plot are the number of radii at that time. The 1500s megadrought and 1950s drought periods are 
indicated. The megadrought period conditions do not appear as severe as those that are known to have 

occurred farther west (Stahle et al. 2000, 2007; Cook et al. 2010).
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Fig. 7.  Climate division 6 (Edwards Plateau) June PDSI reconstruction 1500–2008 (1648–2008 
based on 3 baldcypress, 2 Douglas-fir, and a regional composite post oak chronology; 1500–1647 
based on the above, without the post oak chronology; Figs. 1 and A1, Tables A4 and A5). The blue 
line is a cubic spline fitted with parameters that would reduce the amplitude of a 10-year sine wave 
by 50% (Cook and Peters 1981). Numbers along bottom of plot are number of radii at that time. 
The 1500s megadrought and 1950s drought periods are indicated. Neither the megadrought nor the 

1950s drought conditions appear as severe as those that occurred in division 5 farther west.
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Fig. 8. Climate division 7 (S. Central) June PDSI reconstruction 1500–2008 (1648–2008 based on 3 
baldcypress and a regional composite post oak chronology; 1500–1647 based on the 3 baldcypress and 
2 Douglas-fir chronologies; Figs. 1 and A2, Tables A6 and A7). The blue line is a cubic spline fitted with 
parameters that would reduce the amplitude of a 10-year sine wave by 50% (Cook and Peters 1981). 
Numbers along bottom of plot are number of radii at that time. The 1500s megadrought and 1950s 
drought periods are indicated. Neither the megadrought nor the 1950s drought conditions appear as 

severe as those that occurred in divisions 5 or 6 farther west. 
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Fig.9.  Climate division 8 (Upper Coast) June PDSI reconstruction 1500–2008 (1648–2008 based 
on 3 baldcypress and a regional composite post oak chronology; 1500–1647 based on the 3 baldcypress 
chronologies; Figs. 1 and A3, Tables A8 and A9). The blue line is a cubic spline fitted with parameters 
that would reduce the amplitude of a 10-year sine wave by 50% (Cook and Peters 1981). Numbers 
along bottom of plot are number of radii at that time. The 1500s megadrought and 1950s drought 
periods are indicated. The megadrought effects have apparently disappeared and the 1950s drought 

appears much less severe than is seen in the climate divisions to the west. 
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replicated and SBP the least replicated (Table A2c). The per-
formance of these 3 chronologies in the PCA and regression 
analyses with climate (Tables A3-A9) confirms the apparent 

ranking in usefulness for climate reconstruction based on 
chronology statistics.

Site conditions of the new chronologies varied consider-

Table 2.  Climate division 5 (Trans Pecos) June PDSI, 1500–2008 reconstructed droughts of 1-7 and 10-year lengths in order of severity. 
Overlaps between time periods in a column have been eliminated.  

 

Case Single Year 2 Year Avg 3 Year Avg 4 Yr/Avg 5 Yr/Avg 6 Yr/Avg 7 Yr/Avg 10 Yr/ Avg

1 
Driest

1974*

-7.52
1667–68

-6.39
1666–68

-5.26
1667–70

-5.10
1953–57

-4.82
1952–57

-4.25
1951–57

-3.99
1948–57

-3.10

 2 1668
-7.44

1953–54
-5.66

1953–55
-5.05

1953–56
-4.98

1666–70
-4.68

1859–64
-3.91

1667–73
-3.64

1667–76
-3.02

 3 1528
-7.08

1632–33
-5.50

1818–20
-5.01

1860–63
-4.41

1860–64
-4.20

1665–70
-3.79

1859–65
-3.45

1748–57
-2.54

 4 1925
-6.64

1818–19
-5.30

1714–16
-4.30

1730–33
-4.26

1729–33
-3.74

1728–33
-3.51

1728–34
-2.78

1859–68
-2.38

 5 1538
-6.54

1789–90
-5.12

1862–64
-4.28

1805–08
-3.76

1804–08
-3.25

1752–57
-2.99

1571–77
-2.63

1804–13
-2.29

 6 1542
-6.50

1715–16
-5.10

1730–32
-3.94

1817–20
-3.31

1573–77
-3.03

1803–08
-2.96

1803–09
-2.62

1524–33
-2.18

 7 1954
-6.38

1524–25
-4.97

1631–33
-3.88

1714–17
-3.27

1786–90
-2.82

1704–09
-2.88

1751–57
-2.53

1571–80
-2.14

 8 1585
-6.36

1862–63
-4.74

1583–85
-3.82

1573–76
-3.11

1524–28
-2.81

1572–77
-2.77

1523–29
-2.51

1707–16
-2.00

 9 1757
-6.07

1528–29
-4.62

1523–25
-3.77

1522–25
-3.02

1705–09
-2.79

1785–90
-2.76

1703–09
-2.43

1773–82
-1.94

10 1910
-5.90

1584–85
-4.56

1573–75
-3.61

1582–85
-2.97

1713–17
-2.61

1524–29
-2.70

1785–91
-2.24

1994–2003
-1.85

11 1524
-5.82

1730–31
-4.54

1859–61
-3.55

2000–03
-2.78

1753–57
-2.60

1528–33
-2.47

1776–82
-2.17

1871–80
-1.45

12 1819
-5.76

1956–57
-4.48

1515–17
-3.36

1892–95
-2.72

1999–2003
-2.52

1777–82
-2.46

1579–85
-2.13

1886–95
-1.40

13 1990
-5.55

1841–42
-4.34

1806–08
-3.36

1752–55
-2.63

1778–82
-2.50

1818–23
-2.33

1818–24
-1.88

1583–92
-1.39

14 1632
-5.51

1989–90
-4.27

1527–29
-3.35

1704–07
-2.61

1748–52
-2.48

1998–2003
-2.30

1711–17
-1.86

1728–37
-1.21

15 1633
-5.49

1573–74
-4.25

1892–94
-3.34

1631–34
-2.59

1818–22
-2.36

1711–16
-2.14

1998–2004
-1.82

1891–1900
-1.17

16 1716
-5.42

1516–17
-4.08

1840–42
-3.17

1514–1517
-2.59

1777–81
-2.32

1890–95
-1.98

1890–96
-1.69

1538–47
-1.17

17 1863
-5.41

1860–61
-4.07

1789–91
-3.13

1673–76
-2.45

1785–89
-2.27

1808–13
-1.98

1542–48
-1.60

1597–1606
-1.10

18 1667
-5.33

1732–33
-3.99

1755–57
-3.06

1739–42
-2.39

1890–94
-2.20

1580–85
-1.96

1784–90
-1.60

1958–67
-1.01

19 1730
-5.24

1805–06
-3.97

1817–19
-2.93

1840–43
-2.38

1581–85
-2.19

1956–61
-1.82

1960–66
-1.38

1969–78
-0.78

20 1808
-5.24

1527–28
-3.96

1752–54
-2.91

1779–82
-2.38

1672–76
-2.15

1542–47
-1.75

1600–06
-1.35

1853–62
-0.76

*June PDSI estimates for 1974 had a large amount of error, and were consistently more negative in all 4 divisions reconstructed than the
observed values. See discussion of estimation error in general and for 1974 in particular on pages 68–71.
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ably. The Guadalupe River State Park (GRP) and SBP sites are 
confined to river banks with relatively minor human distur-
bance. The KSS site contains a long-established commercial 
park with considerable human disturbance, including bull-

dozer work, soil compaction by heavy human traffic, extensive 
modifications to the original hydrology, and anthropogenic 
damage to the trees. In addition, the KSS trees grow in a wide 
variety of hydrologic micro-sites, far more variable than the 

Table 3. Climate division 6 (Edwards Plateau) June PDSI, 1500–2008 reconstructed droughts of 1-7 and 10-year lengths in order of 
severity. Overlaps between time periods in a column have been eliminated.  

Case Single Year 2 Year Avg 3 Year Avg 4 Yr/Avg 5 Yr/Avg 6 Yr/Avg 7 Yr/Avg 10 Yr/ Avg

1 
Driest

1716
-7.71

1715–16
-6.64

1714–16
-6.02

1714–17
-4.67

1713–17
-3.75

1951–56
-3.21

1950–56
-3.16

1707–16
-2.60

 2 1925
-7.51

1785–86
-5.72

1840–42
-3.86

1953–56
-3.57

1952–56
-3.26

1711–16
-3.20

1711–17
-2.83

1948–57
-2.38

 3 1528
-6.84

1789–90
-5.70

1643–45
-3.82

1805–08
-3.44

1571–75
-2.73

1785–90
-3.07

1785–91
-2.35

1571–80
-1.75

 4 1538
-6.40

1644–45
-5.24

1741–43
-3.70

1728–31
-3.39

1641–45
-2.71

1704–09
-2.40

1571–77
-2.25

1777–86
-1.62

 5 1644
-6.35

1805–06
-5.08

1805–07
-3.63

1559–62
-3.23

1786–90
-2.66

1572–77
-2.33

1703–09
-2.24

1840–49
-1.62

 6 1786
-6.34

1841–42
-5.08

1785–87
-3.55

1642–45
-3.18

1804–08
-2.63

1750–55
-2.21

1749–55
-1.96

1854–63
-1.49

 7 1542
-6.24

1730–31
-4.67

1572–74
-3.51

1571–74
-3.08

1728–32
-2.50

1728–33
-2.12

1523–29
-1.88

1523–32
-1.46

 8 1789
-5.82

1632–33
-4.65

1729–31
-3.47

1839–42
-2.95

1559–63
-2.49

1803–08
-2.07

1664–70
-1.84

1748–57
-1.45

 9 1790/
-5.57

1886–87
-4.39

1523–25
-3.44

1522–25
-2.81

1838–42
-2.41

1559–64
-2.03

1772–78
-1.80

1800–09
-1.42

10 1715
-5.56

1742–43
-4.18

1954–56
-3.26

1741–44
-2.76

1521–25
-2.25

1523–28
-2.02

1801–07
-1.79

1885–94
-1.38

11 1730/
-5.56

1704–05
-4.13

1560–62
-3.22

1775–78
-2.49

1890–94
-2.15

1776–81
-1.98

1854–60
-1.71

1597–1606
-1.32

12 1974
-5.54

1819–20
-4.12

1776–78
-3.18

1749–52
-2.44

1705–09
-2.08

1838–43
-1.91

1838–44
-1.66

1559–68
-1.27

13 1971
-5.50

1524–25
-3.96

1703–05
-3.18

1891–94
-2.37

1774–78
-2.06

1601–06
-1.85

1600–06
-1.66

1664–73
-1.26

14 1601/
-5.48

1528–29
-3.95

1789–91
-3.16

1854–57
-2.25

1750–54
-2.04

1664–69
-1.75

1886–92
-1.58

1909–18
-1.24

15 1842/
-5.48

1561–62
-3.93

1818–20
-3.16

1703–06
-2.18

1739–43
-1.90

1855–60
-1.72

1728–34
-1.57

1962–71
-1.12

16 1742
-5.44

1953–54
-3.88

1750–52
-3.09

1971–74
-2.16

1528–32
-1.87

1641–46
-1.69

1559–65
-1.49

1696–1705
-0.88

17 1805
-5.28

1847–48
-3.75

1892–94
-3.08

1817–20
-2.12

1666–70
-1.87

1738–43
-1.66

1738–44
-1.41

1850–59
-0.83

18 1632/
-5.18

1538–39
-3.72

1631–33
-3.04

1949–52
-2.12

1963–67
-1.78

1889–94
-1.55

1961–67
-1.25

1925–34
-0.82

19 1785
-5.11

1892–93
-3.59

1847–49
-2.74

1915–18
-2.07

1859–63
-1.73

1847–52
-1.55

1642–48
-1.12

1994–2003
-0.83

20 1806
-4.87

1551–52
-3.55

1950–52
-2.62

1630–33
-2.05

1970–74
-1.70

1962–67
-1.52

1912–18
-1.10

1736–45
-0.70

Extended Chronology of Drought
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other sites. Some of the KSS trees grow on the stream banks 
with their roots in the water, while others grow on the val-
ley slopes at considerably higher elevations, far away from the 
stream, where they must depend on soil moisture to sustain 

growth. These heterogeneous site conditions may account for 
the relatively weak climate signal at the KSS site compared to 
the less disturbed and hydrologically more homogeneous GRP 
and SBP sites.  

Table 4. Climate division 7 (South Central) June PDSI, 1500–2008 reconstructed droughts of 1-7 and 10-year lengths in order of severity. 
Overlaps between time periods in a column have been eliminated.  

Case SingleYear 2 Year Avg 3 YearAvg 4 Yr/Avg 5 Yr/Avg 6 Yr/Avg 7 Yr/Avg 10 Yr/ Avg

1 
Driest

1806
-6.67

1715–16
-6.22

1714–16
-5.98

1714–17
-5.36

1713–17
-4.31

1712–17
-3.77

1711–17
-3.45

1708–17
-2.95

 2 1857
-6.58

1644–45
-5.78

1789–91
-4.44

1642–45
-3.47

1571–75
-2.85

1785–90
-3.03

1785–91
-2.98

1840–49
-2.43

 3 1528
-6.50

1805–06
-5.64

1643–45
-4.23

1805–08
-3.46

1952–56
-2.84

1750–55
-2.88

1950–56
-2.72

1947–56
-2.02

 4 1644
-6.46

1789–90
-5.33

1750–52
-4.06

1559–62
-3.43

1855–59
-2.81

1951–56
-2.80

1854–60
-2.38

1851–60
-1.99

 5 1715
-6.37

1785–86
-5.22

1805–07
-3.98

1775–78
-3.42

1559–63
-2.80

1855–60
-2.79

1571–77
-2.38

1571–80
-1.87

 6 1790
-6.19

1632–33
-4.95

1776–78
-3.97

1572–75
-3.40

1641–45
-2.78

1572–77
-2.66

1749–55
-2.35

1909–18
-1.83

 7 1716
-6.06

1841–42
-4.65

1840–42
-3.92

1839–42
-3.19

1786–90
-2.75

1838–43
-2.31

1912–18
-2.20

1523–32
-1.62

 8 1786
-6.03

1524–25
-4.47

1572–74
-3.86

1855–58
-3.10

1750–54
-2.74

1559–64
-2.28

1842–48
-2.18

1782–91
-1.56

 9 1538
-5.82

1730–31
-4.44

1523–25
-3.81

1728–31
-3.09

1838–42
-2.69

1912–17
-2.26

1523–29
-2.14

1597–1606
-1.48

10 1542
-5.73

1561–62
-4.33

1855–57
-3.78

1522–25
-3.06

1774–78
-2.54

1523–28
-2.16

1703–09
-2.02

1559–1568
-1.41

11 1971
-5.73

1742–43
-4.32

1741–43
-3.69

1915–18
-3.06

1741–45
-2.47

1773–78
-2.07

1772–78
-1.92

1962–71
-1.32

12 1925
-5.58

1776–77
-4.27

1785–87
-3.63

1840–43
-3.04

1521–25
-2.42

1601–06
-2.03

1600–06
-1.78

1772–81
-1.28

13 1963
-5.58

1528–29
-4.27

1560–62
-3.62

1741–44
-2.99

1845–49
-2.36

1704–09
-1.94

1559–65
-1.70

1925–34
-1.09

14 1714
-5.52

1750–51
-4.20

1703–05
-3.60

1750–53
-2.98

1805–09
-2.35

1641–46
-1.88

1835–41
-1.65

1736–45
-1.06

15 1601
-5.46

1704–05
-4.17

1915–17
-3.46

1950–53
-2.83

1913–17
-2.21

1845–50
-1.78

1886–92
-1.47

1885–94
-1.00

16 1645
-5.10

1916–17
-3.98

1729–31
-3.42

1846–49
-2.78

1749–53
-2.21

1741–46
-1.60

1748–54
-1.31

1748–57
-0.89

17 1730
-5.10

1856–57
-3.92

1847–49
-3.27

1788–91
-2.49

1703–07
-2.03

1804–09
-1.59

1642–48
-1.31

1819–28
-0.80

18 1632
-5.04

1538–39
-3.87

1841–43
-3.24

1702–05
-2.43

1727–31
-2.00

1962–67
-1.47

1961–67
-1.23

1977–86
-0.77

19 1562
-5.03

1847–48
-3.86

1632–34
-3.18

1631–34
-2.26

1528–32
-1.94

1705–10
-1.45

1661–67
-1.14

1661–70
-0.76

20 1956
-4.97

1963–64
-3.86

1690–92
-3.10

1784–87
-2.23

1960–64
-1.72

1906–11
-1.45

1725–31
-1.06

1994–2003
-0.65

Extended Chronology of Drought
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The nature and amount of error in the reconstructions 
deserve consideration. Figs. 2-5 show that very few of the 
reconstructed PDSI values match the observations exactly. 
The basic regression equation contains an error term (Draper 

and Smith 1981) to account for the imperfect relationship 
between the climate and tree growth variables. Because the 
new variables created by PCA of the tree-ring chronologies 
calibrate less than 100% of the climate variance, some amount 

Table 5.  Climate division 8 (Upper Coast) June PDSI, 1500–2008 reconstructed droughts of 1-7 and 10-year lengths in order of severity. 
Overlaps between time periods in a column have been eliminated.  

Case Single Year 2 Year Avg 3 YearAvg 4 Yr/Avg 5 Yr/Avg 6 Yr/Avg 7 Yr/Avg 10 Yr/Avg

1 
Worst

1790
-4.81

1790–91
-4.43

1789–91
-4.11

1714–17
-3.18

1713–17
-2.46

1786–91
-2.23

1785–91
-2.31

1708–17
-1.60

 2 1925
-4.77

1805–06
-4.19

1714–16
-3.16

1789–92
-2.52

1521–25
-2.23

1712–17
-2.22

1520–26
-2.05

1840–49
-1.34

 3 1521
-4.76

1714–15
-4.09

1750–52
-2.95

1805–08
-2.38

1750–54
-2.17

1750–55
-2.18

1711–17
-1.97

1947–56
-1.31

 4 1857
-4.71

1561–62
-3.37

1560–62
-2.79

1518–21
-2.32

1952–56
-2.14

1521–26
-2.15

1950–56
-1.95

1517–26
-1.28

 5 1806
-4.53

1750–51
-3.31

1703–05
-2.70

1559–62
2.30

1787–91
-2.04

1951–56
-2.00

1749–55
-1.85

1855–64
-1.25

 6 1714
-4.12

1520–21
-3.12

1519–21
-2.60

1749–52
-2.19

1751–55
-1.90

1640–45
-1.82

1857–63
-1.43

1909–18
-1.07

 7 1715
-4.06

1916–17
-3.03

1915–17
-2.52

1702–05
-2.15

1641–45
-1.86

1912–17
-1.45

1640–46
-1.39

1783–92
-1.02

 8 1791
-4.05

1785–86
-2.98

1805–07
-2.51

1953–56
-2.14

1559–63
-1.71

1559–64
-1.42

1703–09
-1.29

1604–13
-0.98

 9 1956
-4.00

1704–05
-2.91

1840–42
-2.49

1775–78
-2.11

1838–42
-1.66

1855–60
-1.38

1912–18
-1.28

1746–55
-0.97

10 1561
-3.95

1730–31
-2.83

1776–78
-2.34

1728–31
-2.10

1804–08
-1.65

1641–46
-1.35

1772–78
-1.25

1769–78
-0.85

11 1691
-3.93

1691–92
-2.68

1954–56
-2.31

1642–45
-2.09

1913–17
-1.63

1838–43
-1.34

1586–91
-1.10

1994–2003
-0.81

12 1971
-3.91

1955–56
-2.67

1729–31
-2.29

1857–60
-2.01

1587–91
-1.58

1998–2003
-1.34

1840–46
-1.07

1639–48
-0.76

13 1587
-3.86

1962–63
-2.65

1862–64
-2.27

1915–18
-1.95

1774–78
-1.55

1773–78
-1.30

1559–65
-1.02

1559–68
-0.72

14 1805
-3.85

1841–42
-2.63

1846–48
-2.23

1839–42
-1.95

1845–49
-1.52

1603–08
-1.28

1600–06
-1.00

1962–71
-0.68

15 1590
-3.79

1776–77
-2.53

1642–44
-2.21

1846-49
-1.90

1856–60
-1.46

1702–07
-1.23

1608–14
-0.99

1818–27
-0.60

16 1608
-3.69

1847–48
-2.51

1559–61
-2.14

1523–26
-1.77

1702–06
-1.39

1585–90
-1.09

1994–2000
-0.90

1581–90
-0.50

17 1963
-3.64

1590–91
-2.47

1524–26
-2.14

1587–90
-1.68

1604–08
-1.34

1560–65
-1.05

1819–25
-0.89

1661–70
-0.46

18 1750
-3.55

1524–25
-2.36

1785–87
-2.13

1522–25
-1.60

1727–31
-1.33

1819–24
-1.05

1621–27
-0.86

1886–95
-0.40

19 1789
-3.46

1857–58
-2.36

1690–92
-2.08

1961–64
-1.57

1998–2002
-1.26

1844–49
-1.03

1847–53
-0.80

1698–07
-0.40

20 1730
-3.44

1754–55
-2.35

1998–2000
-2.07

1603–06
-1.54

1579–83
-1.16

1610–15
-0.94

1886–92
-0.78

1925–34
-0.36
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Table 6. Average June PDSI reconstructed drought for non-overlapping periods of 15, 20, and 30 consecutive years from Texas climate 
divisions 5-8, 1500–2008. The driest10 periods are shown for 15- and 20-year periods, but only five 30-year periods are shown because it is 

difficult to get 10 non-overlapping 30-year periods of drought.  

A. Division 5

Case 15-Year 
Period

Avg June 
PDSI

20-Year 
Period

Avg June
PDSI

30-Year
Period

Avg June
PDSI

1 1951–65 -2.29 1950–69 -1.86 1949–78 -1.63

2 1571–85 -1.98 1572–91 -1.72 1568–97 -1.29

3 1662–76 -1.88 1860–79 -1.71 1728–57 -1.07

4 1703–17 -1.79 1654–73 -1.53 1517–46 -1.03

5 1515–29 -1.73 1801–20 -1.37 1797–1826 -0.96

6 1861–75 -1.68 1517–36 -1.26

7 1799–1813 -1.59 1697–1716 -1.22

8 1522–36 -1.49 1772–91 -1.16

9 1777–91 -1.39 1738–57 -1.01

10 1730–44 -1.34 1668–87 -0.90

B. Division 6

Case 15-Year 
Period

Avg June 
PDSI

20-Year 
Period

Avg June
PDSI

30-Year
Period

Avg June
PDSI

1 1703–17 -2.20 1697–1716 -1.74 1949–78 -1.24

2 1776–90 -1.59 1841–60 -1.49 1837–66 -0.89

3 1841–55 -1.51 1950–69 -1.40 1573–1602 -0.81

4 1950–64 -1.48 1560–79 -1.16 1688–1717 -0.79

5 1515–29 -1.29 1772–91 -1.14 1728–57 -0.68

6 1729–43 -1.10 1801–20 -0.86

7 1806–20 -1.06 1738–57 -0.72

8 1572–86 -1.04 1513–32 -0.67

9 1884–98 -0.95 1870–89 -0.66

10 1662–76 -0.90 1657–76 -0.60

C. Division 7

Case 15-Year 
Period

Avg June 
PDSI

20-Year 
Period

Avg June
PDSI

30-Year
Period

Avg June
PDSI

  1 1703–17 -2.54 1841–60 -2.21 1835–64 -1.53

  2 1846–60 -2.11 1698–1717 -1.80 1949–78 -1.02

  3 1777–91 -1.68 1773–92 -1.36 1573–1602 -0.89

  4 1742–56 -1.41 1561–80 -1.30 1688–1717 -0.88
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5 1515–29 -1.37 1948–67 -1.17 1763–92 -0.72

6 1950–64 -1.31 1737–56 -0.98

7 1561–75 -1.11 1703–22 -0.72

8 1903–17 -0.94 1590–1609 -0.72

9 1590–1604 -0.91 1514–33 -0.65

10 1971–85 -0.83 1971–90 -0.52

Division 8

Case
15-Year 
Period

Avg June 
PDSI

20-Year 
Period

Avg June
PDSI

30-Year
Period

Avg June
PDSI

1 1703–17 -1.53 1841–60 -1.15 1835–64 -0.90

2 1846–60 -1.14 1699–1718 -0.92 1949–78 -0.58

3 1777–91 -1.00 1773–92 -0.88 1598–1627 -0.47

4 1742–56 -0.99 1948–67 -0.82 1702–31 -0.36

5 1949–63 -0.94 1598–1617 -0.75 1763–92 -0.35

6 1598–1612 -0.87 1737–56 -0.64

7 1513–27 -0.82 1548–67 -0.36

8 1903–17 -0.57 1508–27 -0.33

9 1553–67 -0.55 1605–24 -0.26

10 1829–43 -0.47 1821–40 -0.22

of reconstruction error is inevitable. At present, unfortunately, 
there is no universally accepted way to put confidence limits 
on the reconstructions.  

One factor that influences reconstruction error is replica-
tion, that is the variable number of radii in the chronologies 
through time. Replication diminishes as the number of rel-
atively young samples decreases. This is a reason for begin-
ning the analyses of reconstructions at 1500 although all the 
baldcypress and Douglas-fir chronologies begin earlier (Tables 
A1, A2a). This diminished replication tends to inflate variance, 
which is the reason we detrended the variance when creating 
chronologies. The number of radii at 1500, 1600, 1700, 1800, 
1900, and 1990 are shown along the bottom of the X-axis of 
Figs. 6–9. In the division 5 reconstruction, for example, repli-
cation ranges from a minimum of 15 at 1500, to a maximum 
of 243 at 1900 (Fig. 6). The degree of replication in the earliest 
part of these reconstructions is judged to be acceptable, but 
the amount of error in the estimates necessarily increases as 
sample size diminishes. In the division 6 reconstruction (Fig. 
7) the largest sample size was 401 at 1900, which far exceeds 
the replication in many tree-ring studies. The number of trees 

in each chronology is shown in Tables A1 and A2.  
An example of a large amount of error in a single year is 

the reconstruction of 1974. For some reason, the degree of 
drought was overestimated in all divisional reconstructions, 
that is, soil moisture conditions must have consistently 
decreased tree growth more than the observed PDSI would 
indicate (Table 1). Since the positive and negative deviations 
from the regression estimates were tested and found to be 
consistently random (Tables A3–A9), and are constrained to 
sum to 0.0 in the calibration (Draper and Smith 1981), there 
should be no systematic errors over the period of calibration, 
1931–2008. Errors of the type encountered in 1974, where 
the PDSI is overestimated, must be balanced by underestima-
tion of other years. The instrumental PDSI rankings of 1974 
(12, 18, 78, and 95) in the 1895–2008 period become wet-
ter from west to east, as do the rankings (1, 2, 37, and 55) 
of 1974 reconstructed PDSI in the 1895–2008 period (Table 
1). This shows that the estimates follow the observed climate 
trend, albeit with considerable error. We cannot explain an 
error reconstructing a year that seems to be consistent in direc-
tion over all the reconstructions, but the error may be created 

Table 6 (continued)
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by some inadequacy in the PDSI soil moisture model, which 
was created for measurement of the effects of drought on row 
crops, not trees (Palmer 1965).  

The worst extended drought in the instrumental climatic 
data appears to be what is referred to as the 1950s drought. 
These data show that the 1950s drought actually may have 
begun in 1948 or even 1947, because 1947, 1948, and 1949 
are below average in some of the divisional data (Table A11). 
We analyzed and compared the reconstructed drought series 
through time (below) to gauge the relative severity of the 
1950s drought. Although the Dust Bowl drought of the 1930s 
was the overall worst experienced nationally during the 20th 
century (Cook et al. 1996, 1999), the worst effects in Texas 
occurred north of our area of reconstruction.  

Tables 2 to 5 summarize the 20 worst droughts in the 4 
climate divisions over different intervals ranging from a single 
year to 7 consecutive years, and finally, 10 consecutive years, 
1500–2008. We systematically excluded intervals that  over-
lapped, i.e., had 1 or more years in common with other inter-
vals from these tables, and this led to rejecting many possible 
droughts, especially in the decadal category. For example, in 
division 5, 145 ranked combinations had to be considered 
before the 20 in Table 2 could be tallied, so that 125 combina-
tions of 10 consecutive years with overlapping intervals had 
to be rejected. This shows that drought occurs randomly and 
sporadically but is concentrated in certain periods and may be 
a decade or more in length.  

The 1950s drought is among the worst, but droughts as bad 
or worse have occurred in other periods. Table 4 (S. Central, 
div. 7) shows that the early 1700s dominate the top rankings 
in that division, with 3 years (1714, 1715, 1716) in the single 
year category ranking among the most severe and all other 
time periods of the early 1700s worst in all other categories. 
Certain periods have experienced long and severe periods of 
drought, while other periods have been spared. Among these 
periods of anomalous drought, in rough order of severity from 
all climate divisions (because the order differs from division to 
division) are the early  1700s, the mid-1800s (1840–1863), 
the 1950s (1947–1957), and the 1500s (1571–1580, 1523–
1532, 1559–1568, 1581–1590, 1597–1606), the early 1900s 
(1909–1918, 1925–1934), the late 1700s (1777–1792), the 
late 20th century (1962–1971, 1977–1986, 1994–2003). Bad 
droughts clearly recur time after time in these 4 Texas climate 
divisions.  

There are clear differences among the climate divisions. For 
example, while division 7 has the early 1700s as driest in all 
categories, the other divisions show more variability. These 
reconstructions also appear to confirm other reconstructions 
created  using different chronologies (Cook et al. 1996, 1999; 
Stahle et al. 2000, 2007), e.g., division 5 (Table 2) has five 
10-year periods in the 16th and early 17th century (in order 
of decreasing severity, 1524–1533, 1571–1580, 1583–1592, 

1538–1547, 1597–1606). Some of those droughts occur in 
the period identified as the 1500s megadrought (Stahle et al. 
2000, 2007; Cook et al. 2004). The 16th century megadrought 
appears most clearly in division 5 (Fig. 6), although mega-
drought conditions were much worse in the region west of 
Texas (Stahle et al. 2000, 2007). It becomes less pronounced 
farther east in divisions 6 and 7 (Figs. 7, 8), disappearing 
almost completely in division 8, the wettest division (Table 
A2a; Table 5; Fig. 9). The same diminution in severity from 
west to east also holds true for the 1950s drought (Figs. 2–9, 
Tables 2–5).  

Decadal-length droughts seem to be distributed fairly equal-
ly, with one exception. The 1600s appears to have notably 
fewer droughts of that duration than the other 4 centuries. 
This appears to be a real phenomenon, another instance of 
long-term climate variability.  

Many of the 10-year droughts reconstructed actually were 
part of longer drought regimes, e.g., 1772–1781 and 1782–
1791, and 1559–1568 and 1571–1580 in division 7 and 
1840–1849 and 1854–1863 in division 6. We investigated 
droughts 15-, 20-, and 30-years long (Table 6). The 1950s 
drought appears in each division for all 3 drought durations. 
In division 5 the 1950s drought is the worst at the 15-, 20-, 
and 30-year durations, culminating in the 1949–1978 period 
with a 30-year average June PDSI of -1.63. Additional 30-year 
periods that occurred in 2 or more of the 4 divisions were the 
mid- to late-1500s, early-, mid-, and late-1700s, and the early- 
and mid-1800s. The long duration and severity that character-
izes megadroughts does not seem to be solely a 16th century 
phenomenon. Most of the megadroughts identified in the past 
(Stahle et al. 2000, 2007; Cook et al. 2009), however, appear 
to have been most extreme in areas west of Texas.  

The reconstruction of the 20th century seems to have as 
many long drought episodes as other centuries (Tables 2–6). 
While division 5 has only four 10-year periods in the 20th cen-
tury (Table 2), divisions 6 and 8 have 5 (Tables 3 and 5) and 
division 7 has 6 (Table 4). This, and the results with the 15-, 
20-, and 30-year drought intervals, clearly indicates that, over-
all, the 20th century in these 4 Texas climate divisions was not 
anomalously wet or dry and appears typical of the 1500–2008 
time period. Therefore, it can be expected that droughts as bad 
as or worse than the 1950s will occur in the future. A future 
that may very well see accelerating climate change and con-
tinuing rapid population growth does not bode well for Texas 
water resources (Cook et al. 2007; IPCC 2007a, b; Seager et 
al. 2007; Banner et al. 2010; Min et al. 2011; Pall et al. 2011).  

In the future these reconstructions could be improved by 
collecting more baldcypress chronologies and collecting sam-
ples from historical structures, such as the San Antonio mis-
sions, to improve the early replication of existing chronologies 
and to extend them into the past. In addition, each annual 
ring is divided into 2 parts, earlywood and latewood (Panshin 
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and de Zeeuw 1970). By measuring these separately and mak-
ing separate chronologies, the growing season can be divided 
temporally (Therrell et al. 2002; Cleaveland et al. 2003; Stahle 
et al. 2009). This temporal division may allow separate intra-
annual reconstructions, e.g., of spring and summer climate.  

SUMMARY AND CONCLUSIONS

The June Palmer Drought Severity Index (PDSI) for climate 
divisions 5–8 (Trans Pecos, Edwards Plateau, South Central, 
and Upper Coast, respectively) was successfully reconstructed 
for 1500–2008. Decadal or longer droughts appear to be ran-
domly distributed and occur frequently in the reconstructions, 
although the 1600s may have had fewer protracted droughts 
than the other 4 centuries. The reconstructions confirm that 
the 1950s drought was severe but also show that there have 
been periods when drought was more severe and/or more 
protracted than the 1950s and that the impact might have 
been considerably worse. The recurrence of severe prolonged 
drought in South Central Texas appears to be the norm, not 
the exception. It would be a questionable strategy for civil 
authorities to assume that the 1950s drought represents the 
worst-case scenario to be used for planning purposes in water 
resources management, at least for western and central Texas. 
This especially holds true when water managers consider the 
possible impacts of climate change, combined with a rapidly 
growing population and new demands on water resources. 
Water managers must consider intensive water conservation 
programs and development of new water resources (e.g., desal-
ination of seawater) to meet these challenges (Banner et al. 
2010).  

ACKNOWLEDGEMENTS

We thank the Guadalupe-Blanco River Authority for its 
financial and other support, the National Science Foundation 
grant ATM-0823665 to Banner, and the Geology Founda-
tion and Environmental Science Institute. We are indebted 
to Dr. David Stahle of the University of Arkansas Tree-Ring 
Lab, who helped develop the chronologies and Dr. Connie 
Woodhouse and doctoral student Dan Griffin of the Univer-
sity of Arizona, who updated and improved the Guadalupe 
Peak chronology and made it available for our use. Numerous 
private landowners, the Texas Parks & Wildlife Department 
(especially Guadalupe R. State Park), and Ft. Bend County 
generously gave us permission to sample. Dr. Dorian Bur-
nette assisted in creating some of the figures. We also thank 
three anonymous reviewers and the editors, whose suggestions 
helped improve the paper. 

REFERENCES

Acuna Soto R, Stahle DW, Cleaveland MK, Therrell MD. 
2002. Megadrought and megadeath in 16th century Mex-
ico. Emerging Infectious Diseases. 8(4):360-362.

Aguado E, Burt JE. 2007. Understanding weather and cli-
mate. 4th ed. Upper Saddle River (NJ): Pearson Prentice-
Hall. 562 p. 

Banner JL, Jackson CS, Yang Z-L, Hayhoe K, Woodhouse 
C, Gulden L, Jacobs K, North G, Lewis R, Washington 
W, Jiang X, Casteel R. 2010. Climate change impacts on 
Texas water: a white paper assessment of the past, present 
and future and recommendations for action. Texas Water 
Journal. 1(1):1-19. 

Barnston, AG, van den Dool HM, Rodenhuis DR, Ropelews-
ki CR, Kousky VE, O’Lenic EA, Livezey RE. 1994. Long-
lead seasonal forecasts – where do we stand? Bulletin of 
the American Meteorological Society. 75(11):2097-2114. 

Box GEP, Jenkins GM, Reinsel GC. 1994. Time series analy-
sis, forecasting and control. 3rd ed. Upper Saddle River 
(NJ): Prentice-Hall. 592 p. 

Bryant VM Jr. 1977. A 16,000 year pollen record of vegeta-
tional change in central Texas. Palynology. 1:143-156. 

Bryant VM Jr, Holloway RG. 1985. A Late-Quaternary 
paleoenvironmental record of Texas: an overview of the 
pollen evidence. In: Bryant VM Jr, Holloway RG, edi-
tors. Pollen records of Late-Quaternary North American 
sediments. Dallas (TX): American Association of Strati-
graphic Palynologists Foundation. p. 39-70. 

Burns BT. 1983. Simulated Anasazi storage behavior using 
crop yields reconstructed from tree rings: A.D. 652–1968 
[dissertation.] Tucson (AZ): University of Arizona. 2 vol, 
740 p. 

Casteel C. 2005 July 12. An open letter to the people of the 
Guadalupe River Basin. [Carter Casteel was the state rep-
resentative for District 73]. Capitol Office PO Box 2910, 
Austin, TX 78768-2910, tel (512) 463-0325; District 
Office PO Box 312404, New Braunfels, TX 78131, tel 
(830) 627-0215, Toll free (866) 687-4961. 1 p. 

Cleaveland MK. 2000. A 963-year reconstruction of summer 
(JJA) stream flow in the White River, Arkansas, USA, 
from tree-rings. The Holocene. 10(1):33–41. 

Cleaveland MK. 2004. Critique of the report “Exploring 
Drought in the San Antonio Area Between 1700 and 
1979” [cf. Mauldin RP 2003]. Report to the Guadalupe-
Blanco River Authority. 17 p.

Cleaveland MK. 2006. Extended chronology of drought in 
the San Antonio area. Revised Report to the Guadalupe-
Blanco River Authority. 26 p.

Cleaveland MK, Cook ER, Stahle DW. 1992. Secular vari-
ability of the Southern Oscillation in tree-ring data from 
Mexico and the southern United States. In: Diaz HF, 

Extended Chronology of Drought



Texas Water Journal, Volume 2, Number 1

73

Markgraf V, editors. El Niño: historical and paleoclimatic 
aspects of the Southern Oscillation. Cambridge (United 
Kingdom): Cambridge University Press. p. 271-291.  

Cleaveland MK, Stahle DW, Therrell MD, Villanueva-Diaz J, 
Burns BT. 2003. Tree-ring reconstructed winter precipi-
tation and tropical teleconnections in Durango, Mexico. 
Climatic Change. 59(3):369-388.  

COHMAP Members. 1988. Climatic changes of the last 
18,000 years: observations and model simulations. Sci-
ence. 241(4869):1043-1052.  

Conover WJ. 1980. Practical Nonparametric Statistics. 2nd 
ed. New York (NY): John Wiley & Sons. 493 p.   

Cook ER. 1985. A time series approach to tree ring standard-
ization [dissertation]. Tucson (AZ): University of Arizona. 
171 p.

Cook ER, Briffa K, Shiyatov S, Mazepa V. 1990. Tree-ring 
standardization and growth-trend estimation. In: Cook 
ER, Kairiukstis LA, editors. Methods of dendrochronolo-
gy: applications in the environmental sciences. Dordrecht 
(Netherlands): Kluwer Academic Publishers. p. 104-123. 

Cook ER, Meko DM, Stahle DW, Cleaveland MK. 1999. 
Drought reconstructions for the continental United 
States. Journal of Climate. 12(4):1145–1162. 

Cook ER, Peters K. 1981. The smoothing spline: a new 
approach to standardizing forest interior tree-ring width 
series for dendroclimatic studies. Tree-Ring Bulletin. 
41:45-53. 

Cook ER, Seager R, Cane MA, Stahle DW. 2007. North 
American drought: reconstructions, causes, and conse-
quences. Earth-Science Reviews. 81(1-2):93-134. 

Cook ER, Seager R, Heim Jr RR, Vose RS, Herweijer C, 
Woodhouse C. 2010. Megadroughts in North America: 
placing IPCC projections of hydroclimatic change in a 
long-term palaeoclimate context. Journal of Quaternary 
Science. 25(1):48-61. DOI: 10.1002/jqs.1303 

Cook ER, Stahle DW, Cleaveland MK. 1996. Tree-ring recon-
structions of past drought across the coterminous United 
States: tests of a regression method and calibration/verifi-
cation results. In: Dean JS, Meko DM, Swetnam TW, edi-
tors. Tree rings, environment and humanity. Tucson (AZ): 
Radiocarbon. p. 155-169.  

Cook ER, Woodhouse CA, Eakin CM, Meko DM, Stahle 
DW. 2004. Long-term aridity changes in the western 
United States. Science. 306(5698):1015-1018.  

Cooke MJ, Stern LA, Banner JL, Mack LE, Stafford Jr TW, 
Toomey III RS. 2003. Precise timing and rate of massive 
late Quaternary soil denudation. Geology 31(10):853-
856.

Cooley WW, Lohnes PR. 1971. Multivariate data analysis. 
New York (NY): John Wiley & Sons. 364 p.  

Douglass AE. 1941. Crossdating in dendrochronology. Jour-
nal of Forestry. 39(10):825-831.  

Draper NR, Smith H. 1981. Applied regression analysis. 2nd 
ed. New York: John Wiley & Sons. 709 p.

Dunne AM. 2002.  Investigations into recharge of the 
Edwards Aquifer using tree-rings. [Honors thesis]. Fay-
etteville (AR): University of Arkansas College of Arts & 
Sciences. 26 p.  

Dunne AM, Cleaveland MK, Therrell MD. 2000. Tree ring 
reconstruction of late Holocene precipitation in South-
Central Texas (abstract). In: American Quaternary Assoc. 
Program and Abstracts of the 16th Biennial Meeting. Fay-
etteville (AR): American Quaternary Assoc. p. 61.  

Ellwood BB, Gose WA. 2006. Heinrich H1 and 8200 yr B.P. 
climate events recorded in Hall’s Cave Texas. Geology 
34(9):753. DOI: 10.1130/G22549.1.

Fritts HC. 2001. Tree rings and climate. Caldwell (NJ): Black-
burn Press. 576 p. (Originally published in 1976 by Aca-
demic Press, London)  

Furniss MJ, Staab BP, Hazelhurst S, Clifton CF, Roby KB, 
Ilhadrt BL, Larry EB, Todd AH, Reid LM, Hines SJ, et 
al. 2010. Water, climate change and forests: watershed 
stewardship for a changing climate. Portland (OR): U.S. 
Dept. of Agriculture, Forest Service, Pacific Northwest 
Experiment Station. 75 p. Report No.: PNW-GTR-812.

Fye FK, Cleaveland MK. 2001. Paleoclimatic analyses of tree-
ring reconstructed summer drought in the United States, 
1700-1978. Tree-Ring Research. 57(1):31-44.  

Graham RW. 1976. Pleistocene and Holocene mammals, 
taphonomy, and paleoecology of the  Friesenhahn Cave 
local fauna, Bexar County, Texas [thesis]. Austin: Univer-
sity of Texas.

Griffiths JF, Ainsworth G. 1981. One hundred years of Texas 
weather 1880–1979. College Station (TX): Texas A&M 
University, Office of the State Climatologist. 205 p. 

Grissino-Mayer HD. 2001. Evaluating crossdating accuracy: 
a manual and tutorial for the computer program COFE-
CHA. Tree-Ring Research. 57(2):205-221.  

Holmes RL. 1983. Computer-assisted quality control in tree-
ring dating and measurement. Tree-Ring Bulletin. 43:69-
78.  

IPCC [Intergovernmental Panel on Climate Change]. 2007a. 
Climate change 2007: Impacts, adaptation and vulner-
ability. Contribution of working group II to the fourth 
assessment report of the Intergovernmental Panel on Cli-
mate Change. Parry ML, Canziani OF, Palutikov PJ, van 
der Linden PJ, Hanson CE, editors. Cambridge (United 
Kingdom): Cambridge University Press. 476 p.  

IPCC [Intergovernmental Panel on Climate Change]. 2007b. 
Climate Change 2007: the physical science basis. Contri-
bution of working group I to the fourth assessment report 
of the Intergovernmental Panel on Climate Change. Solo-
mon S, Qin D, Manning M, Chen Z, Marquis M, Averyt 
KB, Tignor M, Miller HL, editors. Cambridge (United 

Extended Chronology of Drought



Texas Water Journal, Volume 2, Number 1

74

Kingdom): Cambridge University Press. 996 p.  
Jervis R. 2009 March 18. Drought chokes cattle country: 

parched pastures forcing ranchers in Texas to sell off 
prized herds. USA Today. Sect. A p. 3.  

Kaennel M, Schweingruber HF. 1995. Multilingual glossary 
of dendrochronology. Berne (Switzerland): Paul Haupt 
Publishers. 467 p.  

Karl TR, Metcalf LK, Nicodemus ML, Quayle RG. 1983. 
Statewide average climatic history, Texas 1888–1982. His-
torical Climatology Series 6-1. Asheville (NC): NOAA 
National Climatic Data Center. 39 p.  

Karl TR, Quayle RG. 1981. The 1980 summer heat wave 
and drought in historical perspective. Monthly Weather 
Review. 109(10):2055-2073.  

LDEO [Lamont-Doherty Earth Observatory of Columbia 
University] website. 2011. Available from: http://www.
ldeo.columbia.edu/tree-ring-laboratory/resources/soft-
ware 

Lowry RL Jr. 1959. A study of droughts in Texas. Texas Board 
of Water Engineers Bulletin. 5914:1-87.

Lundelius EL Jr. 1967. Late Pleistocene and Holocene fau-
nal history of central Texas. In: Martin PS, Wright HE, 
editors. Pleistocene extinctions: a search for a cause. New 
Haven (CT): Yale University Press. pp. 287-319.  

Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis RC. 
1997. A Pacific interdecadal climate oscillation with 
impacts on salmon production. Bulletin of the American 
Meteorological Society. 78(6):1069-1079.  

Mauldin RP. 2003. Exploring drought in the San Antonio 
area between 1700 and 1979. San Antonio (TX): Uni-
versity of Texas at San Antonio, Center for Archaeological 
Research. 16 p. Report No.: 29. Prepared for the Edwards 
Aquifer Authority. 

McCord VASM. 1990. Augmenting flood frequency estimates 
using flood-scarred trees [dissertation]. Tucson (AZ): Uni-
versity of Arizona. 82 p.

Meko DM. 1981. Applications of Box-Jenkins methods of 
time series analysis to the reconstruction of drought from 
tree rings [dissertation]. Tucson (AZ): University of Ari-
zona. 149 p.

Milly PCD, Betancourt J, Falkenmark M, Hirsch RM, Kun-
dzewicz ZW, Lettenmaier DP, Stouffer RJ. 2008. Sta-
tionarity is dead: whither water management? Science. 
319(5863):573-574.  

Min S-K, Zhang X, Zwiers FW, Hegerl GC. 2011. Human 
contribution to more-intense precipitation extremes. 
Nature. 470(7334):378-381. DOI:10.1038/nature09763

Musgrove M, Banner JL, Mack LM, Combs DM, James EW, 
Cheng H, Edwards RL. 2001. Geochronology of late 
Pleistocene to Holocene speleothems from central Texas: 
implications for regional paleoclimate. Geological Society 
of America Bulletin. 113(12):1532-1543.  

Myoung B, Nielsen-Gammon JW. 2010a. The convective 
instability pathway to warm season drought in Texas. Part 
I: The role of convective inhibition and its modulation 
by soil moisture. Journal of Climate. 23(17):4461-4473.  

Myoung B, Nielsen-Gammon JW. 2010b. The convective 
instability pathway to warm season drought in Texas. Part 
II: Free-tropospheric modulation of convective inhibi-
tion. Journal of Climate. 23(17):4474-4488.  

Namias J. 1981. Severe drought and recent history. In: Rot-
berg RI, Rabb TK, editors. Climate and history. Princeton 
(NJ): Princeton University Press. p. 117-132.  

NCDC [National Climatic Data Center] Climate Diagnostics 
Center. 2011. Data are archived on the website: http://
www1.ncdc.noaa.gov/pub/data/cirs  

Nigam S, Barlow M, Berbery EH. 1999. Analysis links Pacific 
decadal variability to drought and streamflow in United 
States. Eos, Transactions, American Geophysical Union. 
80(51):621-622, 625.  

Nordt LC, Boutton TW, Hallmark CT, Waters MR. 1994.  
Late Quaternary vegetation and climate changes in cen-
tral Texas based on the isotopic composition of organic 
carbon. Quaternary Research. 41(1):109-120.  

Pall P, Aina T, Stone DA, Stott PA, Nozawa T, Hilberts AGJ, 
Lohmann D, Allen MR. 2011. Anthropogenic green-
house gas contribution to flood risk in England and 
Wales in autumn 2000. Nature. 470(7332):382-386. 
DOI:10.1038/nature09762

Palmer WC. 1965. Meteorological Drought. Research Paper 
No. 45. Washington (DC): U.S. Weather Bureau. 58 p.  

Panshin AJ, de Zeeuw C. 1970. Textbook of wood technol-
ogy: Vol. 1–Structure, identification, uses, and properties 
of the commercial woods of the United States. 3rd ed. 
New York (NY): McGraw-Hill. 643 p.  

Parker, R. 2011 August 14. As Texas dries out, life falters and 
fades. New York Times. Sunday Review:6.  

Rice JL, Woodhouse CA, Lukas JJ. 2009. Science and deci-
sion making: water management and tree-ring data in 
the western United States. Journal of the American Water 
Resources Association. 45(5):1248-1259.  

Rodríguez-Iturbe, I. 1969. Estimation of statistical param-
eters for annual river flows. Water Resources Research. 
5(6):1418-1421.  

Schiermeier Q. 2011. Increased flood risk linked to global 
warming. Nature. 470(7334):316.  

Seager R, Ting M, Held I, Kushnir Y, Lu J, Vecchi G, Huang 
H-P, Harnik N, Leetsmaa A, Lau N-C, et al. 2007. 
Model projections of an imminent transition to a more 
arid climate in southwestern North America. Science. 
316(5828):1181-1184.  

Shiyatov S, Mazepa V, Cook ER. 1990. Correcting for trend 
in variance due to changing sample size. In: Cook ER, 
Kairiukstis LA, editors. Methods of dendrochronology: 

Extended Chronology of Drought



Texas Water Journal, Volume 2, Number 1

75

applications in the environmental sciences. Dordrecht 
(Netherlands): Kluwer Academic Publishers. p. 133-137.  

Slade RM Jr, Chow TE. 2011. Statistical relations of precipita-
tion and stream runoff for El Niño and La Niña periods, 
Texas Hill Country. Texas Water Journal. 2(1):1-22.  

Snee RD. 1977. Validation of regression models: methods and 
examples. Technometrics. 19(4):415-428.  

Speer JH. 2010. Fundamentals of tree-ring research. Tucson 
(AZ): University of Arizona Press. 333 p.  

Stahle DW. 1996. The hydroclimatic application of tree-ring 
chronologies. In: Dean JS, Meko DM, Swetnam TW, edi-
tors. Tree rings, environment and humanity. Tucson (AZ): 
Radiocarbon. p. 119-126.  

Stahle DW, Burnette DJ, Villanueva Diaz J, Heim RR Jr, Fye 
FK, Cerano Paredes J, Acuna Soto R, Cleaveland MK. 
2011a. Pacific and Atlantic influences on Mesoamerican 
climate over the last millennium. Climate Dynamics. 
DOI:10.1007/s00382-011-1205-z

Stahle DW, Cleaveland MK. 1988. Texas drought history 
reconstructed and analyzed from 1698 to 1980. Journal 
of Climate. 1(1):59–74. 

Stahle DW, Cleaveland MK. 1992. Reconstruction and analy-
sis of spring rainfall over the southeastern U.S. for the 
past 1000 years. Bulletin of the American Meteorological 
Society. 73(12):1947-1961. 

Stahle DW, Cleaveland MK. 1993. Southern Oscillation 
extremes reconstructed with tree rings from the Sierra 
Madre Occidental and southern Great Plains. Journal of 
Climate. 6(1):129-140.

Stahle DW, Cleaveland MK. 1995. Texas paleoclimatic 
data from daily to millennial timescales. In: Norwine J, 
Giardino JR, North GR, Valdés JB, editors. The chang-
ing climate of Texas: predictability and implications for 
the future. College Station (TX): Texas A&M University 
GeoBooks. p. 49-69.  

Stahle DW, Cleaveland MK, Blanton DB, Therrell MD, Gay 
DA. 1998a. The lost colony and Jamestown droughts. Sci-
ence. 280(5363):564-567.  

Stahle DW, Cleaveland MK, Grissino-Mayer HD, Griffin RD, 
Fye FK, Therrell MD, Burnette DJ, Meko DM, Villanueva 
Diaz J. 2009. Cool- and warm-season precipitation recon-
structions over western New Mexico. Journal of Climate. 
22(13):3729-3750. DOI:10.1175/2008JCLI2752.1  

Stahle DW, Cleaveland MK, Hehr JG. 1985. A 450-year 
drought reconstruction for Arkansas, United States. 
Nature. 316(6028):530-532.  

Stahle DW, Cleaveland MK, Hehr JG. 1988. North Carolina 
climate changes reconstructed from tree rings: A.D. 372 
to 1985. Science. 240(4858):1517–1519. 

Stahle DW, Cook ER, Cleaveland MK, Therrell MD, Meko 
DM, Grissino-Mayer HD, Watson E, Luckman BH. 
2000. Tree-ring data document 16th century mega-

drought over North America. Eos, Transactions, Ameri-
can Geophysical Union. 81(12):121, 125

Stahle DW, D’Arrigo RD, Krusic PJ, Cleaveland MK, Cook 
ER, Allan RJ, Cole JE, Dunbar RB, Therrell MD, Gay 
DA, et al.1998b. Experimental dendroclimatic recon-
struction of the Southern Oscillation. Bulletin of the 
American Meteorological Society. 79(10):2137-2152.  

Stahle DW, Dean JS. 2011. North American tree rings, climat-
ic extremes and social disasters. In: Hughes MK, Swetnam 
TW, Diaz HF, editors. Dendroclimatology progress and 
prospects. Vol. 11 in the developments in paleoenviron-
mental research series. Dordrecht (Netherlands): Springer 
Verlag p. 297-327. 

Stahle DW, Fye FK, Cook ER, Griffin RD. 2007. Tree-
ring reconstructed megadroughts over North America 
since A.D. 1300. Climatic Change. 83(1-2):133-149. 
DOI:10.1007/ s10584-006-9171-x.  

Stahle DW, Villanueva Diaz J, Burnette DJ, Cerano Pare-
des J, Fye FK, Acuna Soto R, Therrell MD, Cleaveland 
MK, Stahle DK. 2011b. Major Mesoamerican droughts 
of the past millennium. Geophysical Research Letters. 
38:L05073. DOI:10.1029/2010GL046472.

Steel RGD, Torrie JH. 1980. Principles and procedures of sta-
tistics. 2nd ed. New York (NY): McGraw-Hill. 633 p.  

Stockton CW. 1990. Climatic, hydrologic & water supply 
inferences from tree rings. Civil Engineering Practice: 
Journal of the Boston Society of Civil Engineers Section/
ASCE. 5(1):37-52.  

Stokes MA, Smiley TL. 1996. An introduction to tree-ring 
dating. Tucson (AZ): University of Arizona Press. 73 p. 
(Originally published in 1968 by University of Chicago 
Press, Chicago)

Swetnam TW, Thompson MA, Sutherland, EK. 1985. Spruce 
budworms handbook: using dendrochronology to mea-
sure radial growth of defoliated trees. Washington (DC): 
U.S. Department of Agriculture Forest Service, Coopera-
tive State Research Service. Agriculture Handbook 639. 
39 p.  

Texas State Library. 2011. http://www.tsl.state.tx.us/ref/
abouttx/census.html 

Therrell MD. 2000. The historic and paleoclimatic signifi-
cance of log buildings in Southcentral Texas. Historical 
Archaeology. 34(2):25-37.  

Therrell MD, Stahle DW, Cleaveland MK. 2002. Warm 
season tree growth and precipitation over Mexico. Jour-
nal of Geophysical Research. 107(D14):4205. DOI: 
10.1029/2001JD000851.  

Trenberth K, Branstator GW, Karoly D, Kumar A, Lau N, 
Ropelewski C. 1998. Progress during TOGA in under-
standing and modeling global teleconnections associated 
with tropical sea surface temperature. Journal of Geo-
physical Research. 103(C7):14291-14324.  

Extended Chronology of Drought



Texas Water Journal, Volume 2, Number 1

76

Votteler T. 2000. Drought. Texas Parks & Wildlife. 58(7):16-
25.  

Woodhouse CA, Kunkel KE, Easterling DR, Cook ER. 2005. 
The twentieth-century pluvial in the western United 
States. Geophysical Research Letters. 32:L07701. DOI: 
10.1029/2005GLO22413.  

Yanosky TM. 1983. Evidence of floods on the Potomac River 
from anatomical abnormalities in the wood of flood-plain 
trees. Reston (VA): U.S. Geological Survey. Professional 
Paper 1296. 42 p.  

Yanosky, TM. 1984. Documentation of high summer flows 
on the Potomac River from the wood anatomy of ash 
trees. Water Resources Bulletin. 20(2):241-250.   

Extended Chronology of Drought



Texas Water Journal, Volume 2, Number 1

77Extended Chronology of Drought

APPENDIX 

CONTENTS

1. The transformation of ring widths into chronologies. 

2. Reconstructions, the “nesting” concept and climate reconstruction program PCREG. 

3. Table A1. Chronologies available for reconstruction of South Central Texas climate.  

4. Table A2. Characteristics of baldcypress chronologies collected in South Central Texas used in recon-  
 structions.  

5. Table A3. Texas div. 5 (Trans Pecos) reconstruction 1500–2008 of June PDSI.  

6. Table A4. Texas div. 6 (Edwards Plateau) reconstruction 1648–2008 of June PDSI.  

7. Table A5. Texas div. 6 (Edwards Plateau) reconstruction 1500–2008 of June PDSI.  

8. Table A6. Texas div. 7 (South Central) reconstruction 1648–2008 of June PDSI.  

9. Table A7. Texas div. 7 (South Central) reconstruction 1500–2008 of June PDSI.  

10. Table A8. Texas div. 8 (Upper Coast) reconstruction 1648–2008 of June PDSI.  

11. Table A9. Texas div. 8 (Upper Coast) reconstruction 1500–2008 of June PDSI.  

12. Table A10.  Statistics of the Trans Pecos (div. 5) June PDSI reconstruction 1500–2008 and nested June   
 PDSI reconstructions of Edwards Plateau (div. 6), South Central (div. 7), and Upper Coast (div. 8)   
 1500–2008.  

13. Table A11.  Reconstructed (1500–2008) and observed (1895–2008) June PDSI data for 4 divisions. 

14. Fig. A1. Climate div. 6 (Edwards Plateau), 2 reconstructions of June PDSI in the 1648–2008 overlap   
 period.  

15. Fig. A2. Climate div. 7 (S. Central), 2 reconstructions of June PDSI in the 1648–2008 overlap period.  

16. Fig. A3. Climate div. 8 (Upper Coast), 2 reconstructions of June PDSI in the 1648–2008 overlap   

 period.  



Texas Water Journal, Volume 2, Number 1

78 Extended Chronology of Drought

1. THE TRANSFORMATION OF RING WIDTHS INTO CHRONOLOGIES 

2. RECONSTRUCTIONS, THE “NESTING” CONCEPT AND CLIMATE RECONSTRUCTION      
PROGRAM PCREG 

We generated chronologies with program ARSTAN (Cook 
1985) (LDEO website 2011). Most trees have growth trends 
that must be removed in order to create time series with sta-
tionary statistical properties that reflect climate influence 
more accurately than undetrended ring widths. This program 
transforms individual ring width series (in mm) with differ-
ent means and nonstationary statistical properties into dimen-
sionless indices with a mean of 1.0 and stationary statistical 
properties. These index series are then averaged into the ring 
width chronology.  

For example, many trees have a trend from relatively wide 
rings when young to much narrower rings as they mature. In 
addition, competition with adjacent trees may create growth 
suppression and release that leads to reduction and accelera-
tion in growth rates, respectively, during a tree’s lifespan (Cook 
1985; Fritts 2001; Speer 2010). If these nonclimatic influences 
are not minimized, it is difficult to make reliable paleoclimatic 
inferences from tree rings. Among the curves used, depending 
on the series, are a negative exponential declining to a fixed 
value, a flexible cubic spline (Cook and Peters 1981; Cook 

1985; Cook et al. 1990), or a regression line (Draper and 
Smith 1981). After the curve is fitted to a series, the program 
divides each annual measurement by the corresponding curve 
value. This process transforms the measurements into new 
dimensionless time series, with a mean of 1.0 that remains 
approximately statistically stationary through time. We used 
an option in the program that performs a second detrending 
with a stiff cubic spline (Cook and Peters 1981) to improve 
trend removal.  

The program averages the transformed individual radii into 
a single time series, the standard chronology. One addition-
al step in processing the chronology removes variance trend 
caused by reduction of sample size in the earliest part of the 
chronology (Shiyatov et al. 1990). Although the program gen-
erates several other types of chronologies, we used the stan-
dard chronologies in this research. Statistical properties of the 
3 new baldcypress chronologies are shown in Table A2. The 
chronologies were further transformed by program PCREG 
(below) in the process of making reconstructions.  

The climate division 5 reconstruction (Table A3), the 
only one not nested, uses 2 series of principal compo-
nent factor scores that together incorporate 76.4% of the 
tree-ring variability in the 4 chronologies and account for 
58% of the climate variance in calibration (Table A3a). 
The BSC and GPM Douglas-fir chronologies on the 
western edge of climate division 5 correlate better with 
June PDSI than the 2 baldcypress chronologies, GRP and 
KSS, on the eastern edge. KSS has the lowest correlation 
of the 4 chronologies. The superior climate sensitivity of 
the Douglas-fir chronologies is attributable in part to the 
more arid climate of their location in West Texas (Banner 
et al. 2010).   

Except for division 5, the divisional reconstructions 
combine 2 different reconstructions, the first 1648–2008 
that uses the Central Texas post oak chronology in com-
bination with longer chronologies, but is limited to begin 
in 1648 by PCA (Tables A4, A6, A8). The second recon-
structions for divisions 6, 7, and 8 only use long chro-
nologies that span at least 1500–2008. The nonoverlap-
ping portion of the longer reconstruction was appended 
to the shorter series after adjusting its mean and variance 

to match the shorter series in the overlap period. The reason 
this technique is preferred over averaging all the chronologies 
together into a single series or using multiple regression with 
the tree-ring chronologies, is that it permits the optimal use 
of all the available tree-ring data and the PCA methodology, 
which requires all the series input to be the same length. The 
reconstruction characteristics in Tables A4 through A10 dem-
onstrate the utility of the nested reconstruction concept and 
chronology response to climate.  

How well do the longer reconstructions match the short 
reconstructions in the 1648–2008 overlap period? The 1500–
2008 reconstruction’s 1648–2008 overlap period is not used, 
except for this comparison. The 2 division 6 reconstructions 
correlate very well in the overlap period (N=361, r=0.954, 
P<0.0001), indicating that they share about 91% of the vari-
ance and that the composite post oak chronology makes only 
a small improvement in the shorter reconstruction. The agree-
ment is evident when the 2 reconstructions are overlaid (Fig. 
A1).  The division 7 reconstructions do not correlate nearly 
as well (N=361, r=0.679, P<0.0001), sharing only 46% of 
the variance 1648–2008 (Fig. A2). The post oak chronology 
apparently does make a substantial improvement in that case. 
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The real surprise is that the 2 division 8 reconstructions share 
64% of their variance and agree well (Fig. A3), considering 
that the longer reconstruction R2 was only 0.18.   

The nested reconstructions of divisions 6, 7, and 8 show 
that the advantages of using the shorter Central Texas post 
oak chronology (CENOAK; Table A1) vary from division to 
division. In each case, however, the 1648–2008 PCA factor 
scores account for more climate variance in regression than the 
1500–2008 factor scores that do not include CENOAK, and 
CENOAK is consistently better correlated with climate than 
the other chronologies (Tables A4 to A9). Based on climate 
variance accounted for in regression alone, the reconstructions 
of division 6 (Tables A4 and A5) are the best, closely followed 
by division 5 (Table A3), and division 7 (Tables A6 and A7).  

The case of reconstructing PDSI in division 8 deserves 
special consideration. The 1648–2008 reconstruction only 
accounts for 41.6% of the climate variance in regression 
(Table A8a). Of the 4 chronologies used (GRP, KSS, SBP and 
CENOAK), CENOAK is best correlated (r=0.67, P<0.001) 
and SBP is next (r=0.43, P<0.001), but the GRP correlation 
is barely significant (r=0.22, P=0.048), and KSS is barely 
positively and not significantly correlated (r=0.06, P=0.590) 
(Table A8a). The 1500–2008 division 8 calibration is the 
poorest, with only 18% of climate variance calibrated (Table 
A9a). Nevertheless, the long reconstruction passes all valida-
tion tests (Table A9b), indicating that the calibration percent-
age may be misleading. A trial 1500–2008 reconstruction that 
included the Big Cypress baldcypress chronology from North 
Central Louisiana (Table A1) fared worse (not shown). One 
of the 3 living tree oak chronologies averaged into the central 
Texas composite oak chronology and one baldcypress chronol-
ogy, SBP, are actually located in division 8 (Fig. 1; Table A1). 
The other 2 new baldcypress chronologies are relatively far 
away, which decreases their correlation with division 8 PDSI. 
This result also confirms the importance of having long, cli-
mate-sensitive chronologies available locally for the best local 
reconstructions.  

Some further analysis also indicates that the division 8 
1500–1647 reconstruction may be better than the R2 statistic 
indicates. Comparison of the 2 division 8 nested reconstruc-
tions, 1648–2008 and 1500–2008 in the period of overlap, 
shows stronger correlation (r=0.80, P<0.0001, 64% of the 
variance shared) than one would expect, given the disparity 
in the 2 percentages calibrated, R2=0.42 and R2=0.18, respec-
tively. For this reason, the 1500–1647 segment of the division 
8 nested reconstruction may actually be quite accurate.  

The residuals, differences between the observations and the 
regression line (i.e., the predicted observation), should be ran-
domly distributed if the model is valid, and are forced to sum 
to 0.0 (Draper and Smith 1981). The Durbin-Watson statistic 
(Draper and Smith 1981) tests for the serially random distri-

bution of differences between the regression predictions and 
the actual observations (residuals), and all the regression mod-
els pass this test (Tables A3-A9). Another way to evaluate the 
relationships between climate and tree growth and the amount 
of error that might be expected in estimates is by the variance 
accounted for in regression, the R2 (Draper and Smith 1981). 
By this criterion, the 1648–2008 portions of the nested recon-
structions ought to contain less error than the 1500–1647 
parts and the divisions 5, 6, and 7 reconstructions must con-
tain less error than the division 8 reconstruction, although we 
have seen that some aspects of the latter assumption are open 
to question.  

Program PCREG

We created climate reconstructions with program PCREG 
(Cook et al. 1994, 1999; LDEO website 2011). PCREG is a 
complicated program that performs many operations to cali-
brate a reconstruction with linear regression and validate that 
reconstruction against independent climatic data not used in 
the calibration. The sequence of PCREG operations is as fol-
lows:

1. Reads in multiple tree-ring chronologies and the single 
climate series to be reconstructed.  

2. Autoregressively models (“whitens”; Meko 1981; Box et 
al. 1994) both the tree-ring chronologies and the climate 
series to remove persistence. This makes linear regres-
sion more efficient because the observations in the series 
become independent of each other (Draper and Smith 
1981).  

3. Performs a principal components analysis (PCA) (Cooley 
and Lohnes 1971) on the whitened tree-ring chronolo-
gies to generate new variables (factor scores) that maxi-
mize the common variance in the tree-ring chronologies. 
The factor score series are orthogonal (uncorrelated), so 
use of more than one in multiple regression does not run 
the risk of multicollinearity (Draper and Smith 1981).  

4. Calibrates the reconstruction model by regressing (Drap-
er and Smith 1981) the PCA factor score(s) (independent 
variable(s)) derived from the whitened tree-ring chronol-
ogies against the whitened climate variable (dependent 
variable).  

5. Multiplies the PCA factor score(s) by the regression coef-
ficients from operation 4 above to derive an intermediate 
reconstruction.  

6. Adds the climatic AR model (Box et al. 1994; Meko 
1981) removed in operation 2 above to the intermediate 
reconstruction in order to generate the final “reddened” 
reconstruction.  

7. Compares the standard deviations of the observed and 
reconstructed climate variable in their overlap period. 
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3.       Table A1.  Chronologies available for reconstruction of South Central Texas climate.  
  Species codes: QUST=post oak, PSME=Douglas-fir, TADI=baldcypress, PIPO= ponderosa pine, PIED=pinyon pine.  

Site Name/State/Code Species No. Trees Latitude Longitude Dates/Comments

**Central Texas Post Oak 
   Chronology/TX/CENOAK QUST 187

Approx. 
 center
29°45’N

Approx.
center

  97°10’W

1648–1995/Composite of the 
7 sites immediately 

following

*Yegua Creek/ TX/ YEG QUST 37 30°19’N   96°38’W 1658–1995

*Lavaca River/ TX/ HAL QUST 42 29°18’N   96°58’W 1668–1995

*Coleto Creek/ TX/ COL QUST 34 28°46’N   96°43’W 1682–1995

*Gonzales County Pioneer 
  Village/TX/GPV QUST 28 29°30’N   97°27’W 1649–1995

*Eggleston House/TX/EGG QUST 18 29°31’N   97°25’W 1669–1845 

*McBryde Log House/ TX/ YOK QUST 21 29°15’N   97°05’W 1668–1847

*West-Adkisson Cabin/ TX/ WAD QUST  7 30°30’N   97°46’W 1648–1853

**Big Bend National Park/ TX/
   BSC PSME 54 29°15’N 103°18’W 1473–1992 

**Guadalupe Peak National
   Park/ TX/ GPM PSME 55 30°26’N 104°51’W 1362–2008

Big Cypress State Park/ LA/ BIG TADI 32°15’N   92°58’W   997–1988 

El Malpais National Monument/ 
NM/ MLC PSME 34°58’N 108°06’W -136–1992

Echo Amphitheater/ NM /171 PSME 36°21’N 106°31’W 1362–1989

Satan Pass/ NM PSME 35°36’N 108°08’W 1312–1990

Fort Burgwin/ NM PIPO 36°15’N 105°31’W 1482–1989

Elephant Rock/ NM/ ERE PIPO 36°42’N 105°29’W 1391–1987

Agua Fria/ NM/ AFN PIED 34°14’N 108°37’W 1403–1987

Ft. Wingate/ NM/ 283 PIED 35°26’ 108°32’W 1478–1972 

Turkey Springs/ NM/ 273 PIED 35°24’ 108°31’W 1411–1972 

 *  Part of the composite Central Texas post oak chronology used in reconstructions
 ** Used in reconstructions

The program makes the reconstructed variance match 
the observed variance by subtracting the reconstruction 
mean from that series, then multiplying the resulting 
anomaly series by the ratio of the observed and recon-
structed standard deviation, and finally, adding the mean 

of the observed data back into the reconstructed series.  
8. Compares the reconstruction to independent observed 

data not used in the calibration to measure the validity 
of the paleoclimatic estimates (Snee 1977; Fritts 2001).  
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4.    Table A2a.  Characteristics of chronologies collected in South Central Texas used in reconstructions.   
      All are baldcypress (Taxodium distichum). 

Site Name/Code Lat./Long. Elev. (m)  No. Radii No.Trees Dates  County Site Type

Guadalupe R St Pk/GRP 29°52’N/
98°30’W 300  37 13 1486–2009 Kendall Hill country,

riverine

Krause Springs/KSS 30°29’N/
98°09’W 230  55 28 1423–2009 Burnet Hill country,

stream

San Bernard R Pk/SBP 29°26’N/
96°01’W 27 27 13 1447–2009 Ft. Bend, 

Wharton
Coastal plain,

riverine

Table A2a. (Contd.)

Site Code Annual Precip. Substrate Hydrology Additional information

GRP 29-33” (74-84cm) Limestone River bank Some human impact

KSS 29-33” (74-84cm) Limestone Mixed: stream bank,
valley slopes Very large human impact

SBP   49-53” (124-135cm) Alluvium River bank Minimal human impact

Table A2b.  Chronology statistics.  

Site name/Code Mean Sens.a Std. Dev. Serialb 
Corr. AR Model

  Division June PDSI Correlation/
      Probability  (1931–2008)

5 6 7 8

Guadalupe R. State Park/GRP 0.275 0.291 0.398 2  0.22/
<0.05

 0.65/
<0.001

0.32/
<0.01

0.25/
<0.03

Krause Springs/KSS 0.225 0.243 0.422 3  0.06/
=0.14

 0.29/
<0.01

0.19/
<0.09

0.02/
=0.88

San Bernard R. Pk/SBP 0.418 0.409 0.235 3  0.18/
=0.12

 0.51/
<0.001

0.53/
<0.001

0.45/
<0.001

 

Table A2c.  Common period statistics.  

Site name/Code Common 
 Period

Signal/
 Noise

Pearsonc

Corr.
Meana

Sens.
Std.
Dev.

Serialc

Corr.

Guadalupe R. State Park/GRP 1890–2008 6.692 0.255 0.388 0.461 0.392

Krause Springs/KSS 1905–2008 10.947 0.225 0.388 0.497 0.467

San Bernard R. Bates Allen Park/SBP 1905–2008 10.418 0.451 0.522 0.529 0.297

aMean sensitivity: “… the average relative difference from one ring width to the next, calculated by dividing the absolute value of the differ-
ences between each pair of measurements by the average of the paired measurements, then averaging the quotients for all pairs in the tree 
ring series …” (Kaennel and Schweingruber 1995) (Fritts 2001). 
bThe Pearson product moment correlation coefficient (Steel and Torrie 1980) between Yeart and Yeart-1, a measure of persistence in the time 
series. The relatively high persistence at the KSS site may indicate a lesser sensitivity to climate in that chronology relative to the others.  
cPearson product moment correlation coefficient between radii (Steel and Torrie 1980). The low KSS correlation may indicate a lesser sensi-
tivity to climate in that chronology relative to the others.  
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5.   Table A3a. Texas climate division 5 (Trans Pecos) reconstruction 1500–2008 of June PDSI, calibration 1931–2008.  

PCA % Variance Regression Serial Corr. 
Residuals

Durbin-Watson 
Statisticb

Chronologies Used 1st PC 2nd PC #PCs Used R2 adj.a

GRP,KSS,BSC,GPM 50.2 26.2 2 0.580 -0.135 2.24NS

NS  Not significant, i.e., there is greater than a 5% probability that the result occurred by chance.
aR2 adjusted downward for loss of degrees of freedom (Draper and Smith 1981).
bAutocorrelation of the residuals from regression, tested with the Durbin-Watson statistic (Draper and Smith 1981). Failure to reject the 
null hypothesis indicates that the residuals occur randomly, an indication that the regression model is valid.

Table A3a. (Cont’d)

Chronology  Beta# Std. Error Corr. Prob.

GRP: Guadalupe R.  0.0990 0.0260 0.29 0.010

KSS: Krause Springs -0.0134 0.0402 0.20 0.072

BSC: Big Bend NP  0.4145 0.0309 0.69 0.001

GPM: Guadalupe Peak NP  0.3966 0.0272 0.70 0.001

#Regression coefficient in terms of original variable.

Table A3b. Validation 1895–1930 for reconstruction 1500–2008 of Texas climate division 5 (Trans Pecos) June PDSI.

Test  Statistic Difference t-stat. or 
z-score Prob. Remark 

Equality of meansa ------- -0.38 -0.734   0.530 No sig. dif. is desired result

Cross-product meansb -------  3.81 3.390 <0.001

Sign test (+/-)c 21/15 -------- 0.833   0.202 Only validation failure

d 0.53 -------- 3.620 <0.0000

Reduction of Errore 0.28 --------

e 0.27 --------

aPaired comparison of observed and reconstructed data means (Steel and Torrie 1980). Note that no difference is the desired result.
bTests the relative magnitude of departures from the mean in the same or opposite directions when reconstruction and observed are com-
pared for each year. Means are subtracted from each series and the residuals are multiplied. A positive product is a “hit.” If either observed 
or reconstructed data lie very near the mean, the year is omitted from the test. 
cNonparametric test of the ratio of the number of “hits” to “misses” in the cross-product means test above (Conover 1980).  
dPearson product moment correlation coefficient (Steel and Torrie 1980).  
e Varies from 1.0 to negative infinity. Any positive result is considered evidence of useful information in the paleoclimatic reconstruction 
(Fritts 2001). The coefficient of efficiency is the more stringent test.
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6.  Table A4a. Texas climate division 6 (Edwards Plateau) reconstruction 1648–2008 of June PDSI, calibration 1931–2008.  

Chronologies Used
PCA % Variance Regression

Serial Corr.b of 
Residuals

Durbin-Watson
Statisticb

1st PC 2nd PC #PCs Used R2 adj.a

GRP,KSS,SBP,CENOAK,BSC,GPM 67.0 ------ 1 0.674 -0.075 2.12NS

NS  Not significant, i.e., there is greater than a 5% probability that the result occurred by chance.
aR2 adjusted downward for loss of degrees of freedom (Draper and Smith 1981).
bAutocorrelation of the residuals from regression, tested with the Durbin-Watson statistic (Draper and Smith 1981). Failure to reject the 
null hypothesis indicates that the residuals occur randomly, an indication that the regression model is valid.

Table A4a. (Cont’d)

Chronology Beta# Std. Error Corr.   Prob.

GRP: Guadalupe R. 0.2118 0.0071 0.53 <0.000

KSS: Krause Springs 0.1561 0.0039 0.37 <0.001

SBP: San Bernard R. 0.1793 0.0051 0.51 <0.000

CENOAK: Central TX postoak 0.2411 0.0092 0.67 <0.000

BSC: Big Bend NP 0.2345 0.0087 0.66 <0.000

GPM: Guadalupe Peak NP 0.1984 0.0062 0.49 <0.000

#Regression coefficient in terms of original variable.

Table A4b. Validation 1895–1930 for reconstruction 1648–2008 of Texas climate division 6 (Edwards Plateau) June PDSI.

Test  Statistic Difference t-stat. or
  z-score Prob. Remark 

Equality of meansa ------- -0.12 -0.020   0.982 No sig. dif. is desired result

Cross-product meansb ------- 5.68  3.183 <0.002

Sign test (+/-)c 27/9 --------  2.833   0.002

d 0.73 --------  6.159 <0.0000

Reduction of Errore 0.50 --------

e 0.50 --------

aPaired comparison of observed and reconstructed data means (Steel and Torrie 1980). Note that no difference is the desired result.
bTests the relative magnitude of departures from the mean in the same or opposite directions when reconstruction and observed are com-
pared for each year. Means are subtracted from each series and the residuals are multiplied. A positive product is a “hit.” If either observed 
or reconstructed data lie very near the mean, the year is omitted from the test. 
cNonparametric test of the ratio of the number of “hits” to “misses” in the cross-product means test above (Conover 1980).  
dPearson product moment correlation coefficient (Steel and Torrie 1980).  
e Varies from 1.0 to negative infinity. Any positive result is considered evidence of useful information in the paleoclimatic reconstruction 
(Fritts 2001). The coefficient of efficiency is the more stringent test.  
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7.   Table A5a. Texas climate division 6 (Edwards Plateau) reconstruction 1500–2008 of June PDSI, calibration 1931–2008. Used   
   1500–1647 in combination with 1648-2008 reconstruction (Table A4).

Chronologies Used
PCA % Variance Regression Serial Corr.b of 

Residuals
Durbin-Watson

Statisticb
1st PC 2nd PC #PCs Used R2 adj.a

GRP,KSS,SBP,BSC,GPM 43.6 23.1 1 0.599 -0.031 2.04NS

NS  Not significant, i.e., there is greater than a 5% probability that the result occurred by chance.
aR2 adjusted downward for loss of degrees of freedom (Draper and Smith 1981).
bAutocorrelation of the residuals from regression, tested with the Durbin-Watson statistic (Draper and  Smith 1981). Failure to reject the 
null hypothesis indicates that the residuals occur randomly, an indication that the regression model is valid.

Table A5a. (Cont’d)

Chronology  Beta# Std. Error Corr. Prob.

GRP: Guadalupe R. SP 0.2512 0.0111 0.53 <0.000

KSS: Krause Springs 0.2068 0.0075 0.37 <0.001

SBP: San Bernard R. 0.1916 0.0065 0.51 <0.000

BSC: Big Bend NP 0.2519 0.0112 0.49 <0.000

GPM: Guadalupe Peak NP 0.2668 0.0125 0.66 <0.000

#Regression coefficient in terms of original variable.

Table A5b. Validation 1895–1930 for reconstruction 1500–2008 of Texas climate division 6 (Edwards Plateau) June PDSI.

Test  Statistic Difference t-stat. or
  z-score Prob. Remark 

Equality of meansa -------  0.194 0.327  0.742 No sig. dif. is desired result

Cross-product meansb ------- 5.25 3.648 <0.0005

Sign test (+/-)c 25/11 -------- 2.167  0.015

d 0.73 -------- 6.159 <0.0000

Reduction of Errore 0.50 --------

e 0.50 --------

aPaired comparison of observed and reconstructed data means (Steel and Torrie 1980). Note that no difference is the desired result.
bTests the relative magnitude of departures from the mean in the same or opposite directions when reconstruction and observed are com-
pared for each year. Means are subtracted from each series and the residuals are multiplied. A positive product is a “hit.” If either observed 
or reconstructed data lie very near the mean, the year is omitted from the test. 
cNonparametric test of the ratio of the number of “hits” to “misses” in the cross-product means test above (Conover 1980).  
dPearson product moment correlation coefficient (Steel and Torrie 1980).  
e Varies from 1.0 to negative infinity. Any positive result is considered evidence of useful information in the paleoclimatic reconstruction 
(Fritts 2001). The coefficient of efficiency is the more stringent test.  
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8.   Table A6a. Texas climate division 7 (South Central) reconstruction 1648–2008 of June PDSI, calibration 1931–2008.  

Chronologies Used
PCA % Variance Regression Serial Corr.b of 

Residuals
Durbin-Watson 

Statisticb
1st PC 2nd PC #PCs Used R2 adj.a

GRP,KSS,SBP,CENOAK 51.7 20.8 2 0.595 0.084 1.83NS

NS  Not significant, i.e., there is greater than a 5% probability that the result occurred by chance.
aR2 adjusted downward for loss of degrees of freedom (Draper and Smith 1981).
bAutocorrelation of the residuals from regression, tested with the Durbin-Watson statistic (Draper and Smith 1981). Failure to reject the 
null hypothesis indicates that the residuals occur randomly, an indication that the regression model is valid.

Table 6a. (Cont’d)

Chronology  Beta# Std. Error Corr. Prob.

GRP: Guadalupe R. 0.2013 0.0178 0.45 <0.000

KSS: Krause Springs 0.0116 0.0557 0.30 <0.008

SBP: San Bernard R. 0.3746 0.0251 0.52 <0.000

CENOAK: Central TX postoak 0.4077 0.0314 0.79 <0.000

#Regression coefficient in terms of original variable.

Table 6b. Validation 1895–1930 for reconstruction 1648–2008 of Texas climate division 7 (South Central) June PDSI.

Test  Statistic Difference t-stat. or
z-score Prob. Remark 

Equality of meansa ------- -0.43 -0.678 0.505 No sig. dif. is desired result

Cross-product meansb -------  4.24  2.149  0.0184

Sign test (+/-)c 32/4 --------  4.500 0.000

d 0.76 --------  6.797 <0.0000

Reduction of Errore 0.52 --------

e 0.52 --------

aPaired comparison of observed and reconstructed data means (Steel and Torrie 1980). Note that no 
  difference is the desired result.
bTests the relative magnitude of departures from the mean in the same or opposite directions when reconstruction and observed are com-
pared for each year. Means are subtracted from each series and the residuals are multiplied. A positive product is a “hit.” If either observed 
or reconstructed data lie very near the mean, the year is omitted from the test. 
cNonparametric test of the ratio of the number of “hits” to “misses” in the cross-product means test above (Conover 1980).  
dPearson product moment correlation coefficient (Steel and Torrie 1980).  
eVaries from 1.0 to negative infinity. Any positive result is considered evidence of useful information in the paleoclimatic reconstruction 
(Fritts 2001). The coefficient of efficiency is the more stringent test.  
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9.   Table A7a. Texas climate division 7 (South Central) reconstruction 1500–2008 of June PDSI, calibration 1931–2008. Used   
   1500–1647 in combination with 1648–2008 reconstruction (Table A6).

Chronologies Used
PCA % Variance Regression Serial Corr.b 

 of Residuals
Durbin-Watson

Statisticb
1st PC 2nd PC #PCs Used R2 adj.a

GRP,KSS,SBP,BSC,GPM 43.6 23.1 1 0.433 0.086 1.81NS

NS  Not significant, i.e., there is greater than a 5% probability that the result occurred by chance.
aR2 adjusted downward for loss of degrees of freedom (Draper and Smith 1981).
bAutocorrelation of the residuals from regression, tested with the Durbin-Watson statistic (Draper and Smith 1981). Failure to reject the 
null hypothesis indicates that the residuals occur randomly, an indication that the regression model is valid.

Table A7a. (Cont’d)

Chronology Beta# Std. Error Corr. Prob.

GRP: Guadalupe R. SP 0.2143 0.0132 0.45 <0.000

KSS: Krause Springs 0.1764 0.0090 0.30 <0.008

SBP: San Bernard R. 0.1634 0.0077 0.52 <0.000

BSC: Big Bend NP 0.2149 0.0133 0.40 <0.000

GPM: Guadalupe Peak NP 0.2726 0.0149 0.52 <0.000

#Regression coefficient in terms of original variable.

Table A7b. Validation 1895–1930 for reconstruction 1500–2008 of Texas climate division 7 (South Central) June PDSI.

Test  Statistic Difference t-stat. or
  z-score Prob. Remark 

Equality of meansa ------- -0.189 -0.345   0.730 No sig. dif. is desired result

Cross-product meansb -------  4.32  3.474 <0.0008

Sign test (+/-)c 24/12 --------  1.833   0.0334

d 0.65 --------  4.986 <0.0000

Reduction of Errore 0.42 --------

e 0.42 --------

aPaired comparison of observed and reconstructed data means (Steel and Torrie 1980). Note that no 
  difference is the desired result.
bTests the relative magnitude of departures from the mean in the same or opposite directions when reconstruction and observed are com-
pared for each year. Means are subtracted from each series and the residuals are multiplied. A positive product is a “hit.” If either observed 
or reconstructed data lie very near the mean, the year is omitted from the test. 
cNonparametric test of the ratio of the number of “hits” to “misses” in the cross-product means test above (Conover 1980).  
dPearson product moment correlation coefficient (Steel and Torrie 1980).  
e Varies from 1.0 to negative infinity. Any positive result is considered evidence of useful information in the paleoclimatic reconstruction 
(Fritts 2001). The coefficient of efficiency is the more stringent test.  
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10.   Table A8a. Texas climate division 8 (Upper Coast) reconstruction 1648–2008 of June PDSI, calibration 1931–2008.  

Chronologies Used
PCA % Variance Regression Serial Corr.b 

 of Residuals
Durbin-Watson

Statisticb
1st PC 2nd PC #PCs Used R2 adj.a

GRP,KSS,SBP,CENOAK 51.7 20.8 2 0.416 0.093 1.81NS

NS  Not significant, i.e., there is greater than a 5% probability that the result occurred by chance.
aR2 adjusted downward for loss of degrees of freedom (Draper and Smith 1981).
bAutocorrelation of the residuals from regression, tested with the Durbin-Watson statistic (Draper and Smith 1981). Failure to reject the 
null hypothesis indicates that the residuals occur randomly, an indication that the regression model is valid.

Table A8a. (Cont’d)

Chronology  Beta# Std. Error Corr. Prob.

GRP: Guadalupe R.  0.0830   0.0214 0.22 <0.048

KSS: Krause Springs -0.2072   0.0668 0.06 <0.590

SBP: San Bernard R.  0.3590   0.0302 0.43 <0.000

CENOAK: Central TX postoak  0.4021   0.0377 0.67 <0.000

#Regression coefficient in terms of original variable.

Table A8b. Validation 1895–1930 for reconstruction 1648–2008 of Texas climate division 8 (Upper Coast) June PDSI.

Test  Statistic Difference t-stat. or
  z-score Prob. Remark 

Equality of meansa ------- -0.43 -0.904   0.630 No sig. dif. is desired result

Cross-product meansb -------  3.25  3.952 <0.0003

Sign test (+/-)c 30/6 --------  3.833 <0.0001

d 0.78 --------  7.285 <0.0000

Reduction of Errore 0.57 --------

e 0.57 --------

aPaired comparison of observed and reconstructed data means (Steel and Torrie 1980). Note that no difference is the desired result.
bTests the relative magnitude of departures from the mean in the same or opposite directions when reconstruction and observed are com-
pared for each year. Means are subtracted from each series and the residuals are multiplied. A positive product is a “hit.” If either observed 
or reconstructed data lie very near the mean, the year is omitted from the test. 
cNonparametric test of the ratio of the number of “hits” to “misses” in the cross-product means test above (Conover 1980).  
dPearson product moment correlation coefficient (Steel and Torrie 1980).  
e Varies from 1.0 to negative infinity. Any positive result is considered evidence of useful information in the paleoclimatic reconstruction 
(Fritts 2001). The coefficient of efficiency is the more stringent test.  
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Texas Water Journal, Volume 2, Number 1

88

11.   Table A9a. Texas climate division 8 (Upper Coast) reconstruction 1500–2008 of June PDSI, calibration 1931–2008. Used 
   1500–1647 in combination with 1648–2008 reconstruction (Table A8).

Chronologies Used
PCA % Variance Regression Serial Corr.b 

 of Residuals
Durbin-Watson

    Statisticb
1st PC 2nd PC #PCs Used R2 adj.a

GRP,KSS,SBP 55.9 24.3 2    0.180 0.090 1.82NS

NS  Not significant, i.e., there is greater than a 5% probability that the result occurred by chance.
aR2 adjusted downward for loss of degrees of freedom (Draper and Smith 1981).
bAutocorrelation of the residuals from regression, tested with the Durbin-Watson statistic (Draper and Smith 1981). Failure to reject the 
null hypothesis indicates that the residuals occur randomly, an indication that the regression model is valid.

Table A9a. (Cont’d)

Chronology  Beta# Std. Error Corr.   Prob.

GRP: Guadalupe R. SP  0.0786 0.0338 0.22 <0.046

KSS: Krause Springs -0.0674 0.0645 0.06 <0.583

SBP: San Bernard R.  0.4338 0.1023 0.43 <0.000

#Regression coefficient in terms of original variable.

Table A9b. Validation 1895–1930 for reconstruction 1500–2008 of Texas climate division 8 (Upper Coast) June PDSI.

Test  Statistic Difference t-stat. or
  z-score Prob. Remark 

Equality of meansa ------- -0.075 -0.185   0.848 No sig. dif. is desired result

Cross-product meansb -------  1.36  2.841 <0.0037

Sign test (+/-)c 27/9 --------  2.833   0.0023

d 0.60 --------  4.425 <0.0001

Reduction of Errore 0.34 --------

e 0.34 --------

aPaired comparison of observed and reconstructed data means (Steel and Torrie 1980). Note that no difference is the desired result.
bTests the relative magnitude of departures from the mean in the same or opposite directions when reconstruction and observed are com-
pared for each year. Means are subtracted from each series and the residuals are multiplied. A positive product is a “hit.” If either observed 
or reconstructed data lie very near the mean, the year is omitted from the test. 
cNonparametric test of the ratio of the number of “hits” to “misses” in the cross-product means test above (Conover 1980).  
dPearson product moment correlation coefficient (Steel and Torrie 1980).  
e Varies from 1.0 to negative infinity. Any positive result is considered evidence of useful information in the paleoclimatic reconstruction 
(Fritts 2001). The coefficient of efficiency is the more stringent test.  
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12.   Table A10.  Statistics of the Trans Pecos (division 5) June PDSI reconstruction 1500–2008 and nested June PDSI reconstruc-  
  tions of Edwards Plateau (division 6), South Central (division 7), and Upper Coast (division 8) 1500–2008.  

Statistic
Reconstructed Data (Divisions) Observed Data (Divisions)1895–2008

5 6 7 8 5         6 7 8

N 509 509 509 509 114 114 114 114

Mean -0.11  0.02  0.07  0.24 -0.22 -0.00 -0.11  0.04

Median -0.07  0.06 -0.01 -0.06 -0.76 -0.23 -0.34 -0.21

Std.Dev.  2.98  2.82  2.94  2.30  2.71  2.78  2.74  2.21

Variance  8.90  7.96  8.62  5.29  7.33  7.72  7.52  4.87

Range 16.18 16.15 17.54 13.62 13.61 10.91 12.28 10.06

Maximum  8.66  8.44 10.87  8.81  9.44  5.33  6.39  5.31

Minimum -7.52 -7.71 -6.67 -4.81 -4.17 -5.58 -5.89 -4.75

Seriala
Corr.  0.34  0.20  0.32  0.12  0.14 -0.01  0.16  0.08

Normalb
Distrib.?

P>0.15
Yes

P>0.15
Yes

P>0.15
Yes

P<0.01
No

P<0.01
No

P=0.11
Yes

P=0.04
No

P=0.12
Yes

Skewness  0.11  0.05  0.26  0.47  1.13  0.23  0.07  0.11

Kurtosis -0.23 -0.14  0.16  0.22  1.52 -0.94 -0.70 -0.65

aThe Pearson product moment correlation coefficient (Steel and Torrie 1980) between Yeart and Yeart-1.  
bKolmogorov-Smirnov nonparametric test of distribution normality (Conover 1980; Steel and Torrie 1980).  
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13.  Table A11. Reconstructed, observed June PDSI data for TX divs 5,6,7,8(Trans Pecos, Edwards Plateau, S. Central, Upper Coast,   
  respectively); The observed data 1895–2009 was downloaded from the NOAA National Climatic Data Center website: 
      http://www1.ncdc.noaa.gov/pub/data/cirs.  

Chronologies used (#s 1-3 baldcypress [Taxodium distichum], #4 post oak [Quercus stellata] an average of 3 living tree and 4 historic timber 
chronologies, #s 5-6 Douglas-fir [Pseudotsuga menziesii]):
 1. Guadalupe R. St. Park (GRP) 1486–2009, 29o52.294’N, 98o29.958’W; 37 radii
 2. Krause Springs Park (KSS) 1423–2009, 30o28.789’N, 98o08.69’W; 55 radii
 3. San Bernard R., Bates-Allen Park (SBP)1447–2009, 29o25.901’N, 96o00.552’W; 27 radii
 4. Central TX post oak chronology (CENOAK) 1648–1995,composed of 3 live tree and 4 historical chronologies; extended to 2008 by         
regression with the average of climate divisions 6,7 and 8; Constituent chronologies: YEG (Yegua Ck 30.317oN 96.633oW, 1658–995); 
HAL (Lavaca R [or Hallettsville] 29.308oN 96.967oW, 1668–1995); COL (Coleto Ck 28.767oN 97.183oW, 1682–1995); GPV (Gonzales 
Pioneer Village 29.500oN 97.450oW, 649–1995); EGG (Eggleston House 29.517oN 97.417oW, 1669–1845); YOK (McBryde [or Yoakum] 
Log House 29.250oN 97.083oW, 1668–1847); WAD (West-Adkisson House 30.50oN 97.767oW, 1648–1853)
 5. Big Bend Nat. Park (BSC) 1473–1992, 29.245oN 103.294oW; 95 radii; extended to 2008 by regression with climate division 5
 6. Guadalupe Peak Nat. Park (GPM) 1362–2008, 31.892oN, 104.851oW; 105 radii
Reconstructions:
 RTX5: from GRP,KSS,BSC,GPM
 RTX6: 1648–2008 from GRP, KSS, SBP, CENOAK, BSC, GPM
             1500–1647 from GRP, KSS, SBP, BSC, GPM
 RTX7: 1648–2008 from GRP, KSS, SBP, CENOAK
             1500–1647 from GRP, KSS, SBP, BSC, GPM (better than reconstruction from GRP,KSS,SBP only)
 RTX8: 1648–2008 from GRP, KSS, SBP, CENOAK
             1500–1647 from GRP, KSS, SBP (adding BIG, a long LA baldcypress chronology, did not help)    

YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1500  1.07 -0.05  0.01 -2.25   .     .     .     .  
1501 -2.40 -0.81 -0.76  0.22   .     .     .     .  
1502 -1.69 -1.77 -1.84  0.77   .     .     .     .  
1503 -1.99 -0.71 -0.95  1.07   .     .     .     .  
1504 -1.15 -2.44 -2.53  1.72   .     .     .     .  
1505  0.36 -0.19 -0.54  1.98   .     .     .     .  
1506  1.13  2.19  2.15  4.96   .     .     .     .  
1507  2.90  3.19  3.57  1.95   .     .     .     .  
1508  3.02  1.53  2.14  0.56   .     .     .     .  
1509  4.07  4.51  4.88  1.40   .     .     .     .  
1510  2.19  2.68  3.49  0.41   .     .     .     .  
1511  6.09  7.29  7.87  1.29   .     .     .     .  
1512  0.74  0.64  1.93  0.52   .     .     .     .  
1513  4.10  4.48  4.82  3.01   .     .     .     .  
1514 -0.27 -1.58 -0.77 -3.13   .     .     .     .  
1515 -1.92 -2.24 -2.31  0.12   .     .     .     .  
1516 -3.36 -2.13 -2.44 -0.67   .     .     .     .  
1517 -4.80 -0.86 -1.19  4.59   .     .     .     .  
1518  0.04  1.17  1.02 -1.48   .     .     .     .  
1519  3.23  1.31  1.51 -1.57   .     .     .     .  
1520  2.15  0.44  0.73 -1.47   .     .     .     .  
1521  0.55 -0.00  0.16 -4.76   .     .     .     .  
1522 -0.78 -0.91 -0.83 -1.05   .     .     .     .  
1523 -1.37 -2.42 -2.49 -0.65   .     .     .     .  
1524 -5.82 -4.38 -4.71 -2.30   .     .     .     .  
1525 -4.11 -3.53 -4.22 -2.41   .     .     .     .  
1526  3.81  3.93  3.29 -1.70   .     .     .     .  
1527 -0.83  1.11  1.68  5.31   .     .     .     .  
1528 -7.08 -6.84 -6.50 -1.10   .     .     .     .  
1529 -2.15 -1.06 -2.03 -0.50   .     .     .     .  
1530  1.61  3.88  3.59  5.30   .     .     .     .  
1531 -1.55 -1.52 -0.90 -1.50   .     .     .     .  
1532 -4.24 -3.79 -3.87  1.74   .     .     .     .  
1533 -1.41  0.59  0.02  2.39   .     .     .     .  
1534 -0.08  2.99  3.03  2.95   .     .     .     .  
1535 -0.65  0.23  0.76 -0.12   .     .     .     .  
1536  5.54  3.81  3.96  1.67   .     .     .     .  

YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1537  3.60  2.57  3.24 -0.35   .     .     .     .  
1538 -6.54 -6.40 -5.82  2.05   .     .     .     .  
1539 -0.27 -1.04 -1.92 -2.50   .     .     .     .  
1540  4.31  4.72  4.45  1.55   .     .     .     .  
1541  1.28  2.07  2.81 -0.10   .     .     .     .  
1542 -6.50 -6.24 -5.73  2.62   .     .     .     .  
1543  2.07  4.87  3.99  2.31   .     .     .     .  
1544 -0.69 -1.08 -0.40 -2.53   .     .     .     .  
1545 -1.04 -0.03 -0.04  2.43   .     .     .     .  
1546 -0.16  2.50  2.53  2.52   .     .     .     .  
1547 -4.16 -0.38  0.07 -0.39   .     .     .     .  
1548 -0.71  0.87  0.93  1.04   .     .     .     .  
1549  0.56  0.30  0.49 -1.72   .     .     .     .  
1550  2.34  0.49  0.61  2.89   .     .     .     .  
1551 -1.10 -4.14 -3.98 -0.82   .     .     .     .  
1552 -1.14 -2.96 -3.54 -0.51   .     .     .     .  
1553  2.49  1.90  1.38 -2.09   .     .     .     .  
1554  6.11  3.77  4.02  0.04   .     .     .     .  
1555  6.65  4.93  5.59  1.88   .     .     .     .  
1556  7.35  5.34  6.25 -1.19   .     .     .     .  
1557  2.66  1.28  2.31  2.30   .     .     .     .  
1558 -0.69  1.84  2.24  2.57   .     .     .     .  
1559 -2.82 -3.25 -2.84 -0.84   .     .     .     .  
1560 -0.58 -1.80 -2.20 -1.64   .     .     .     .  
1561 -1.72 -3.34 -3.63 -3.95   .     .     .     .  
1562 -3.17 -4.52 -5.03 -2.78   .     .     .     .  
1563  1.03  0.45 -0.30  0.64   .     .     .     .  
1564  1.72  0.31  0.30  0.04   .     .     .     .  
1565  3.96  1.70  1.79  1.38   .     .     .     .  
1566  2.44 -0.25  0.08  0.34   .     .     .     .  
1567 -2.95 -2.91 -2.84 -2.16   .     .     .     .  
1568 -1.04  0.95  0.55  1.77   .     .     .     .  
1569 -0.94  3.89  4.01  6.80   .     .     .     .  
1570  0.31  6.04  6.70  3.30   .     .     .     .  
1571 -1.77 -1.79 -0.68  0.08   .     .     .     .  
1572 -1.46 -4.28 -4.33 -2.41   .     .     .     .  
1573 -4.58 -2.19 -2.82  0.92   .     .     .     .  
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YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1574 -3.91 -4.05 -4.44 -2.03   .     .     .     .  
1575 -2.34 -1.35 -2.00  3.28   .     .     .     .  
1576 -1.62  0.06 -0.21  2.22   .     .     .     .  
1577 -2.71 -2.18 -2.16 -1.11   .     .     .     .  
1578  0.91  2.84  2.54  5.28   .     .     .     .  
1579 -3.16 -3.70 -3.24 -2.92   .     .     .     .  
1580 -0.77 -0.87 -1.33 -0.75   .     .     .     .  
1581  0.93  0.65  0.48 -1.15   .     .     .     .  
1582 -0.44 -0.63 -0.51 -1.05   .     .     .     .  
1583 -2.34 -0.80 -0.83  0.07   .     .     .     .  
1584 -2.75  1.07  0.98  3.64   .     .     .     .  
1585 -6.36 -0.80 -0.60 -1.86   .     .     .     .  
1586  1.59  2.50  2.44  2.07   .     .     .     .  
1587  1.22 -2.00 -1.56 -3.86   .     .     .     .  
1588  1.73  2.01  1.80  1.73   .     .     .     .  
1589 -2.64 -2.87 -2.53 -0.81   .     .     .     .  
1590 -0.34 -0.39 -0.74 -3.79   .     .     .     .  
1591 -2.56 -2.11 -2.18 -1.15   .     .     .     .  
1592 -1.47  1.35  1.05  4.14   .     .     .     .  
1593 -1.09  2.39  2.59  6.13   .     .     .     .  
1594  2.63  2.49  2.94 -0.89   .     .     .     .  
1595  0.74 -2.15 -1.63 -0.39   .     .     .     .  
1596  0.12 -1.47 -1.68  2.45   .     .     .     .  
1597 -0.40 -2.52 -2.74 -2.36   .     .     .     .  
1598  0.13 -0.03 -0.41 -0.40   .     .     .     .  
1599 -1.22  0.89  0.87  0.46   .     .     .     .  
1600 -1.14 -0.50 -0.32 -0.58   .     .     .     .  
1601 -4.90 -5.48 -5.46 -1.44   .     .     .     .  
1602 -0.05  1.11  0.29  1.17   .     .     .     .  
1603  1.96  0.91  1.00 -0.97   .     .     .     .  
1604 -0.43 -1.91 -1.70 -1.54   .     .     .     .  
1605 -2.90 -2.35 -2.57 -0.68   .     .     .     .  
1606 -2.00 -3.37 -3.71 -2.97   .     .     .     .  
1607  0.13  2.49  1.94  2.19   .     .     .     .  
1608  0.28 -0.64 -0.28 -3.69   .     .     .     .  
1609  2.43  1.84  1.84  2.02   .     .     .     .  
1610  3.81  1.71  2.04 -0.63   .     .     .     .  
1611  2.89  2.98  3.34 -1.20   .     .     .     .  
1612  3.99 -0.02  0.55 -1.32   .     .     .     .  
1613  1.17 -0.85 -0.71 -2.00   .     .     .     .  
1614 -3.58 -3.57 -3.63 -0.10   .     .     .     .  
1615 -3.13 -1.15 -1.67 -0.37   .     .     .     .  
1616  1.49  0.39  0.17 -0.62   .     .     .     .  
1617  0.21  1.64  1.71  2.24   .     .     .     .  
1618  0.53  0.17  0.48  1.68   .     .     .     .  
1619  0.91 -2.16 -2.03 -1.63   .     .     .     .  
1620  2.84  3.47  3.18  6.96   .     .     .     .  
1621  2.60  0.38  0.93 -0.99   .     .     .     .  
1622  1.63  0.43  0.63 -1.33   .     .     .     .  
1623 -1.39 -3.11 -2.95 -1.40   .     .     .     .  
1624 -3.46 -2.48 -2.90  0.01   .     .     .     .  
1625 -0.33  0.90  0.49  0.60   .     .     .     .  
1626 -2.40 -2.78 -2.65 -2.35   .     .     .     .  
1627  2.81  2.62  2.24 -0.56   .     .     .     .  
1628  0.44 -0.01  0.39 -0.40   .     .     .     .  
1629  5.27  4.05  4.14  3.33   .     .     .     .  
1630  2.84  0.93  1.63  3.47   .     .     .     .  
1631 -0.65  0.19  0.50  2.84   .     .     .     .  
1632 -5.51 -5.18 -5.04 -2.15   .     .     .     .  
1633 -5.49 -4.12 -4.85 -0.37   .     .     .     .  
1634  1.28  1.06  0.34  3.40   .     .     .     .  
1635  2.20  2.47  2.56  0.71   .     .     .     .  
1636  0.03  1.78  2.23  1.79   .     .     .     .  
1637  2.00  4.81  5.20  2.38   .     .     .     .  
1638  0.84  0.80  1.67 -1.32   .     .     .     .  
1639  4.18  6.20  6.49  3.76   .     .     .     .  
1640  4.23  3.61  4.67 -1.64   .     .     .     .  

YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1641  2.91 -0.81 -0.02 -0.93   .     .     .     .  
1642  0.99 -1.25 -1.20 -2.17   .     .     .     .  
1643  2.00 -0.98 -1.12 -1.94   .     .     .     .  
1644 -3.87 -6.35 -6.46 -2.52   .     .     .     .  
1645 -3.32 -4.14 -5.10 -1.74   .     .     .     .  
1646  3.51  3.38  2.61  1.20   .     .     .     .  
1647  3.89  4.73  5.17  0.46   .     .     .     .  
1648 -2.83 -3.21 -3.08 -2.07   .     .     .     .  
1649  0.40  4.72  5.78  4.93   .     .     .     .  
1650  0.70  6.51 10.87  8.81   .     .     .     .  
1651  3.11  2.43  1.97  0.15   .     .     .     .  
1652  2.19  2.86  1.65  0.10   .     .     .     .  
1653 -2.35  0.84  2.64  1.54   .     .     .     .  
1654 -2.60 -2.12 -0.85 -0.67   .     .     .     .  
1655  0.96  2.44  3.24  3.02   .     .     .     .  
1656 -0.41  0.94  1.26 -0.07   .     .     .     .  
1657 -2.23 -0.64 -0.01 -0.44   .     .     .     .  
1658  0.35  2.17  2.75  2.45   .     .     .     .  
1659  0.15 -1.76 -2.75 -2.13   .     .     .     .  
1660  1.72  0.78  1.33  3.04   .     .     .     .  
1661  3.64  0.84 -1.91 -2.13   .     .     .     .  
1662  0.05  0.44  0.44  0.72   .     .     .     .  
1663 -0.20 -0.87 -1.02 -0.17   .     .     .     .  
1664 -2.07 -4.39 -3.44 -0.71   .     .     .     .  
1665  0.65  0.82  0.76  1.46   .     .     .     .  
1666 -3.01 -2.89 -3.39 -3.10   .     .     .     .  
1667 -5.33 -0.87  0.55 -0.24   .     .     .     .  
1668 -7.44 -0.72  3.94  3.03   .     .     .     .  
1669 -3.01 -2.46 -2.01 -1.99   .     .     .     .  
1670 -4.60 -2.39 -1.55 -1.45   .     .     .     .  
1671  0.93  1.89  1.23  1.01   .     .     .     .  
1672 -0.99  1.31  2.29  1.45   .     .     .     .  
1673 -5.04 -2.93 -0.47 -0.32   .     .     .     .  
1674 -0.67  1.05  0.64 -0.15   .     .     .     .  
1675 -0.94 -1.86 -1.07  0.13   .     .     .     .  
1676 -3.13 -3.44 -1.44  0.12   .     .     .     .  
1677  2.56  4.49  5.13  4.31   .     .     .     .  
1678  0.61  0.33 -0.24 -1.15   .     .     .     .  
1679  1.68  1.05 -0.24 -0.59   .     .     .     .  
1680  4.41  4.06  2.63  1.95   .     .     .     .  
1681  1.75 -0.47 -1.00 -0.11   .     .     .     .  
1682  2.60 -0.75 -2.45 -0.89   .     .     .     .  
1683  3.89  2.85  1.26  1.77   .     .     .     .  
1684 -0.28 -0.85 -1.07 -0.91   .     .     .     .  
1685 -4.64 -3.58 -1.84 -1.11   .     .     .     .  
1686  2.18  1.80  3.09  4.59   .     .     .     .  
1687  0.04 -0.78 -0.07  0.33   .     .     .     .  
1688 -3.34 -1.08  1.17  1.32   .     .     .     .  
1689  3.05  2.08  0.66  0.36   .     .     .     .  
1690  3.88  0.11 -1.98 -0.88   .     .     .     .  
1691 -1.11 -3.02 -4.91 -3.93   .     .     .     .  
1692  3.39  1.18 -2.42 -1.43   .     .     .     .  
1693  2.86  3.93  3.01  2.38   .     .     .     .  
1694 -0.07  1.36  3.89  3.88   .     .     .     .  
1695  1.51  6.13  8.41  5.53   .     .     .     .  
1696 -4.57 -1.94  1.87  0.84   .     .     .     .  
1697 -0.27 -0.38  1.97  2.87   .     .     .     .  
1698 -0.76 -1.63  0.23  1.41   .     .     .     .  
1699  1.71 -1.36 -2.04 -0.41   .     .     .     .  
1700  2.15  1.16 -0.41 -0.25   .     .     .     .  
1701  4.82  3.54  2.33  2.63   .     .     .     .  
1702 -0.04  1.34  1.10 -0.50   .     .     .     .  
1703  0.24 -1.27 -2.48 -2.27   .     .     .     .  
1704 -3.30 -4.03 -4.32 -3.26   .     .     .     .  
1705 -4.33 -4.23 -4.01 -2.56   .     .     .     .  
1706 -1.04  0.80  1.16  1.63   .     .     .     .  
1707 -1.78 -1.01 -0.52 -0.40   .     .     .     .  
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YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1708 -1.85 -1.52 -0.77 -0.09   .     .     .     .  
1709 -4.97 -4.43 -3.18 -2.08   .     .     .     .  
1710  1.43  0.16 -1.38 -0.06   .     .     .     .  
1711 -1.06 -1.53 -1.58 -0.47   .     .     .     .  
1712  1.07  0.48 -1.06 -1.03   .     .     .     .  
1713  0.04 -0.10 -0.11  0.44   .     .     .     .  
1714 -2.70 -4.78 -5.52 -4.12   .     .     .     .  
1715 -4.78 -5.56 -6.37 -4.06   .     .     .     .  
1716 -5.42 -7.71 -6.06 -1.29   .     .     .     .  
1717 -0.17 -0.61 -3.48 -3.25   .     .     .     .  
1718  3.60  6.38  3.49  1.56   .     .     .     .  
1719 -1.96  4.39  8.38  6.42   .     .     .     .  
1720  0.73  3.00  5.46  3.86   .     .     .     .  
1721  4.93  5.77  5.52  3.45   .     .     .     .  
1722  5.65  2.72  0.37 -0.49   .     .     .     .  
1723  3.67  5.39  5.60  3.94   .     .     .     .  
1724  1.80  1.09 -0.05 -1.31   .     .     .     .  
1725 -1.18 -0.99 -0.61 -0.47   .     .     .     .  
1726  7.88  5.68  3.19  3.21   .     .     .     .  
1727  3.99  2.76  2.35  1.71   .     .     .     .  
1728 -2.41 -3.16 -2.07 -1.51   .     .     .     .  
1729 -1.63 -1.07 -1.39 -1.22   .     .     .     .  
1730 -5.24 -5.56 -5.10 -3.44   .     .     .     .  
1731 -3.84 -3.78 -3.78 -2.21   .     .     .     .  
1732 -2.75  1.05  2.94  2.82   .     .     .     .  
1733 -5.22 -0.20  4.35  3.43   .     .     .     .  
1734  1.63  1.76  1.22  0.20   .     .     .     .  
1735  1.74  3.21  3.25  2.63   .     .     .     .  
1736  1.78 -0.82 -2.98 -2.89   .     .     .     .  
1737  3.80  1.86 -0.30  0.27   .     .     .     .  
1738  1.30 -0.45 -2.58 -2.75   .     .     .     .  
1739 -4.49 -0.56  1.64  1.14   .     .     .     .  
1740 -1.19  2.18  5.93  6.17   .     .     .     .  
1741  0.25 -2.76 -2.44 -1.04   .     .     .     .  
1742 -4.11 -5.44 -4.35 -1.90   .     .     .     .  
1743 -1.11 -2.91 -4.29 -2.50   .     .     .     .  
1744  0.55  0.06 -0.90  0.30   .     .     .     .  
1745  3.00  1.81 -0.36 -0.41   .     .     .     .  
1746  7.25  6.18  2.73  1.47   .     .     .     .  
1747  7.14  6.46  2.43 -0.17   .     .     .     .  
1748 -3.59  0.76  3.67  1.97   .     .     .     .  
1749 -2.28 -0.47  0.84  0.11   .     .     .     .  
1750 -1.88 -3.15 -4.28 -3.55   .     .     .     .  
1751  0.24 -1.54 -4.11 -3.06   .     .     .     .  
1752 -4.91 -4.58 -3.78 -2.25   .     .     .     .  
1753 -2.71 -0.46  0.26  0.48   .     .     .     .  
1754 -1.11 -0.48 -1.80 -2.47   .     .     .     .  
1755 -1.81 -3.07 -3.55 -2.22   .     .     .     .  
1756 -1.31  0.49  1.45  1.88   .     .     .     .  
1757 -6.07 -1.98  2.40  2.48   .     .     .     .  
1758  0.47  2.62  4.89  4.43   .     .     .     .  
1759  2.90  2.18  2.39  1.94   .     .     .     .  
1760 -0.27 -1.18 -0.93 -0.68   .     .     .     .  
1761  2.33  2.02  0.91  0.86   .     .     .     .  
1762  3.83  2.84  2.98  3.53   .     .     .     .  
1763 -2.45 -2.75 -0.08  1.14   .     .     .     .  
1764  0.36 -0.98 -0.75  0.22   .     .     .     .  
1765 -0.05 -0.07 -1.21 -1.33   .     .     .     .  
1766  5.01  3.17  1.24  1.85   .     .     .     .  
1767  1.83  0.98  0.95  1.31   .     .     .     .  
1768  2.47  1.46  0.55  0.28   .     .     .     .  
1769  3.29  1.73 -0.46 -0.70   .     .     .     .  
1770  3.86  3.33  1.71  0.89   .     .     .     .  
1771  2.38  1.73  0.72  0.04   .     .     .     .  
1772 -0.45 -1.08 -1.01 -0.97   .     .     .     .  
1773 -3.54 -1.20  0.28 -0.05   .     .     .     .  
1774 -2.29 -0.35  0.94  0.69   .     .     .     .  

YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1775  1.57 -0.40 -1.76 -1.42   .     .     .     .  
1776 -0.38 -2.47 -4.15 -3.05   .     .     .     .  
1777 -2.30 -3.97 -4.38 -2.00   .     .     .     .  
1778 -2.96 -3.11 -3.37 -1.97   .     .     .     .  
1779 -1.37  2.10  2.87  2.20   .     .     .     .  
1780 -2.66 -2.15 -0.66 -0.17   .     .     .     .  
1781 -2.31 -2.29 -1.51 -0.75   .     .     .     .  
1782 -3.18  0.75  2.75  2.33   .     .     .     .  
1783  2.33  1.11  0.53  0.87   .     .     .     .  
1784  5.37  2.78  1.97  2.89   .     .     .     .  
1785 -2.43 -5.11 -4.42 -2.81   .     .     .     .  
1786 -4.65 -6.34 -6.03 -3.14   .     .     .     .  
1787 -0.91  0.79 -0.45 -0.45   .     .     .     .  
1788  1.69  3.66  3.39  2.55   .     .     .     .  
1789 -5.04 -5.82 -4.46 -3.46   .     .     .     .  
1790 -5.20 -5.57 -6.19 -4.81   .     .     .     .  
1791  0.85  1.92 -2.68 -4.05   .     .     .     .  
1792  2.28  5.28  3.87  2.23   .     .     .     .  
1793  5.97  7.05  5.90  3.60   .     .     .     .  
1794  3.23  1.95  2.29  1.98   .     .     .     .  
1795  4.55  3.56  2.24  1.30   .     .     .     .  
1796 -0.92  1.08  2.25  1.36   .     .     .     .  
1797 -1.35  0.48  2.24  1.84   .     .     .     .  
1798 -1.14 -1.14 -1.38 -1.68   .     .     .     .  
1799  1.76  4.49  4.18  2.85   .     .     .     .  
1800  0.51  0.31  0.92  0.92   .     .     .     .  
1801 -2.12 -2.93 -1.09  0.51   .     .     .     .  
1802 -0.05 -0.08  1.28  2.53   .     .     .     .  
1803 -1.49  0.77  4.23  4.58   .     .     .     .  
1804 -1.21  0.58  2.21  1.25   .     .     .     .  
1805 -4.96 -5.28 -4.60 -3.85   .     .     .     .  
1806 -2.98 -4.87 -6.67 -4.53   .     .     .     .  
1807 -1.86 -0.74 -0.67  0.84   .     .     .     .  
1808 -5.24 -2.86 -1.89 -1.98   .     .     .     .  
1809 -0.58  0.87  2.10  2.93   .     .     .     .  
1810  0.16  2.60  2.65  1.16   .     .     .     .  
1811  0.59  0.99  3.52  4.09   .     .     .     .  
1812 -2.31 -1.60  1.59  2.19   .     .     .     .  
1813 -4.48 -3.23 -0.20  0.81   .     .     .     .  
1814  0.13  2.58  4.22  3.96   .     .     .     .  
1815  3.23  2.00  0.43 -0.22   .     .     .     .  
1816  8.58  4.79  1.78  2.35   .     .     .     .  
1817  1.81  0.98  1.65  2.16   .     .     .     .  
1818 -4.84 -1.23  1.40  0.62   .     .     .     .  
1819 -5.76 -4.20 -2.34 -1.83   .     .     .     .  
1820 -4.44 -4.04 -3.73 -2.50   .     .     .     .  
1821  3.46  3.64  0.11 -0.79   .     .     .     .  
1822 -0.24 -0.77 -0.79 -0.38   .     .     .     .  
1823 -2.14  0.14  1.68  1.09   .     .     .     .  
1824  0.80 -1.17 -2.39 -1.86   .     .     .     .  
1825  2.60  2.40  0.48  0.06   .     .     .     .  
1826  4.31  0.94 -1.17 -0.27   .     .     .     .  
1827  8.66  3.83 -0.41 -0.14   .     .     .     .  
1828  3.83  1.63  0.54  1.05   .     .     .     .  
1829  4.87  4.01  1.28 -0.13   .     .     .     .  
1830  1.39  0.48  0.72  1.00   .     .     .     .  
1831 -1.79 -0.44  0.52 -0.16   .     .     .     .  
1832 -1.98  1.19  1.62 -0.13   .     .     .     .  
1833  3.83  4.60  4.31  3.43   .     .     .     .  
1834  3.32  2.46  1.55  0.71   .     .     .     .  
1835  2.94 -0.14 -2.75 -2.64   .     .     .     .  
1836  0.17  0.04 -0.21  0.39   .     .     .     .  
1837  2.96  0.80  0.01  0.88   .     .     .     .  
1838  0.40 -0.24 -0.70 -0.53   .     .     .     .  
1839  1.18 -0.22 -1.00 -0.30   .     .     .     .  
1840 -0.83 -1.43 -2.45 -2.21   .     .     .     .  
1841 -3.90 -4.67 -4.47 -2.83   .     .     .     .  
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Table A11 (Cont’d)

YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1842 -4.77 -5.48 -4.83 -2.44   .     .     .     .  
1843 -0.03  0.59 -0.42  0.26   .     .     .     .  
1844  1.58 -0.19 -0.29  1.39   .     .     .     .  
1845  3.19  0.83 -0.68  0.01   .     .     .     .  
1846  5.01  2.42 -1.31 -1.66   .     .     .     .  
1847 -4.67 -4.19 -3.07 -2.07   .     .     .     .  
1848 -1.29 -3.30 -4.65 -2.96   .     .     .     .  
1849 -0.40 -0.73 -2.08 -0.90   .     .     .     .  
1850  1.86  1.43  1.09  2.24   .     .     .     .  
1851 -2.08 -0.73 -0.03 -0.37   .     .     .     .  
1852 -0.56 -1.76 -2.23 -1.41   .     .     .     .  
1853  2.57  0.78 -0.98 -0.11   .     .     .     .  
1854 -3.44 -1.66  0.11  0.61   .     .     .     .  
1855 -0.74 -3.76 -3.51 -0.99   .     .     .     .  
1856  3.03  0.39 -1.26  0.75   .     .     .     .  
1857  0.28 -3.97 -6.58 -4.71   .     .     .     .  
1858  5.39  2.73 -1.05 -0.00   .     .     .     .  
1859 -2.50 -1.77 -1.63 -1.45   .     .     .     .  
1860 -4.91 -3.94 -2.73 -1.88   .     .     .     .  
1861 -3.23  1.08  3.13  2.57   .     .     .     .  
1862 -4.07 -1.83 -0.97 -2.13   .     .     .     .  
1863 -5.41 -2.20 -1.61 -2.40   .     .     .     .  
1864 -3.36  0.79 -0.07 -2.28   .     .     .     .  
1865 -0.64  2.24  3.39  3.15   .     .     .     .  
1866 -0.06  1.60  2.61  1.56   .     .     .     .  
1867 -1.21  3.42  6.80  5.41   .     .     .     .  
1868  1.63  2.05  2.98  2.13   .     .     .     .  
1869  4.97  7.19  7.65  5.46   .     .     .     .  
1870  0.62  1.75  3.60  2.14   .     .     .     .  
1871 -2.35 -3.40 -2.39 -1.40   .     .     .     .  
1872 -3.13 -0.52  0.77  0.48   .     .     .     .  
1873 -0.15  2.18  3.27  2.76   .     .     .     .  
1874 -2.19 -0.79  1.36  1.37   .     .     .     .  
1875 -2.39  0.91  4.66  4.59   .     .     .     .  
1876  1.44  1.53  1.69  0.70   .     .     .     .  
1877  0.29 -0.17 -0.30  0.17   .     .     .     .  
1878  0.26  1.08  1.10  0.83   .     .     .     .  
1879 -2.90 -2.12 -0.57  0.16   .     .     .     .  
1880 -3.38 -0.37  1.31  0.96   .     .     .     .  
1881  2.36  2.27  1.36  1.21   .     .     .     .  
1882  3.46  1.45  0.69  1.33   .     .     .     .  
1883  1.85 -0.46 -1.29 -0.52   .     .     .     .  
1884  0.22  0.75  2.17  2.72   .     .     .     .  
1885  1.30  1.66  2.79  2.72   .     .     .     .  
1886 -4.05 -4.34 -2.53 -1.81   .     .     .     .  
1887 -3.33 -4.44 -4.40 -2.88   .     .     .     .  
1888  3.57  2.64  0.92  1.70   .     .     .     .  
1889  1.70  1.44  0.68  0.08   .     .     .     .  
1890 -2.93 -1.26  1.08  1.07   .     .     .     .  
1891  1.95 -0.25 -1.93 -1.24   .     .     .     .  
1892 -4.10 -4.82 -4.09 -2.37   .     .     .     .  
1893 -2.76 -2.36 -1.20  0.43   .     .     .     .  
1894 -3.16 -2.05 -1.36 -1.41   .     .     .     .  
1895 -0.88  2.80  3.89  2.40  4.81  2.78  2.91  2.10
1896  0.08 -2.21 -2.32 -1.01 -1.34 -2.16 -2.05 -1.93
1897  0.14  0.08 -0.35 -0.23 -0.13  0.86 -0.98 -1.67
1898  1.03  1.27  1.02  1.22  0.72  0.52 -0.67  0.70
1899 -1.69 -1.55  0.85  2.47  0.36  1.16  1.84  1.47
1900 -2.35  2.75  6.79  5.85  0.57  3.21  3.05  2.81
1901  2.39  0.18 -1.71 -2.45 -1.51 -2.02 -1.28 -0.98
1902 -1.26 -2.76 -3.15 -2.09 -2.88 -3.74 -3.80 -3.14
1903  4.81  6.58  3.82  1.66  2.83  3.26  3.27  2.02
1904 -3.92 -0.49  0.95 -0.76 -2.02 -0.78  0.56  0.44
1905  3.36  3.88  5.37  6.07  2.60  4.65  3.91  3.40
1906  2.62 -1.29 -3.41 -2.94 -1.01  2.88  2.42 -0.78
1907  2.06  0.99 -1.13 -0.62 -1.33 -0.22 -0.54 -0.70
1908  5.95  2.16 -1.26  0.04 -1.16  0.00 -0.40  1.34

YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1909 -1.66 -1.23 -1.16 -1.10 -2.68 -2.92 -3.21 -1.83
1910 -5.90 -3.65 -1.18 -0.48 -2.76 -2.21 -2.22 -0.66
1911 -0.19  0.18 -0.54 -0.18 -0.39 -2.80 -3.39 -1.95
1912 -0.25 -2.01 -2.48 -0.58 -0.06 -0.76 -0.28  1.33
1913  0.48  0.25 -2.31 -2.77  1.12 -1.03 -0.40  0.31
1914  2.60  2.38  1.61  2.21  2.83  4.60  4.57  3.22
1915  2.73 -0.68 -2.41 -1.52  2.94  3.91 -1.08 -1.11
1916 -1.89 -2.37 -3.45 -3.37 -2.13 -2.30 -3.35 -3.30
1917 -0.22 -2.89 -4.51 -2.68 -2.89 -4.11 -5.34 -3.88
1918 -2.69 -2.35 -1.87 -0.22 -3.44 -4.65 -5.42 -4.47
1919  2.95  8.44  8.97  6.34  3.74  4.83  4.11  3.41
1920  5.44  6.15  5.05  2.10  3.42  4.79  3.79  2.32
1921  0.87  2.55  4.09  2.76  1.63 -0.03  0.97  0.74
1922 -2.78  0.95  5.17  4.23  0.61  2.54  2.74  2.43
1923  0.27  0.20  1.27  1.13 -0.93 -1.00 -0.96  1.04
1924  2.06  3.67  4.68  4.07 -0.77  3.30  0.02 -0.15
1925 -6.64 -7.51 -5.58 -4.77 -2.99 -4.56 -4.39 -4.75
1926  2.77  0.61  0.16  2.90  1.82  2.55  3.11  2.83
1927  1.72  0.45 -1.07 -0.96 -2.14 -1.13 -1.00 -0.07
1928 -0.07 -1.65 -1.93 -0.52 -1.94 -1.88 -2.08 -1.13
1929 -0.35  0.43  0.88  1.55 -0.79 -0.09 -0.32 -0.41
1930 -0.05 -0.21  0.62  1.57 -1.34 -0.03 -0.06 -0.77
1931  3.90  2.41  0.06 -0.30  5.33  4.29 -0.34 -1.05
1932  0.67 -0.57 -1.16 -0.31  1.70  1.87 -0.75 -0.82
1933  1.61  0.36 -1.17 -0.82 -0.42 -1.04 -1.99 -2.67
1934 -4.59 -2.58 -1.75 -1.97 -3.36 -2.81 -1.44 -1.21
1935 -2.08  3.55  7.45  6.85 -3.36  4.83  2.85  1.02
1936  2.65  5.22  5.67  2.58 -1.86  3.64  2.98 -0.67
1937  0.37 -0.87 -1.23 -1.66 -0.41 -0.48 -1.09 -1.75
1938  0.50  0.32  1.98  2.90  1.59  1.10 -0.16 -0.67
1939 -1.36 -3.15 -3.30 -2.53 -0.76 -3.23 -3.45 -2.02
1940  2.16  1.20 -1.69 -1.96  2.92  2.75  1.56 -2.01
1941  7.15  5.50  2.59  2.30  9.44  5.33  5.46  3.46
1942  5.82  0.48 -1.84 -0.70  4.18 -1.57 -1.70  2.09
1943  0.94 -0.62 -1.25 -0.64  0.65 -1.61 -1.73 -1.43
1944  1.66  2.25  1.65  1.16 -0.30  2.64 -0.15 -0.62
1945  0.49  0.49  1.26  1.32 -2.13 -0.35  0.17  0.51
1946 -0.85  0.85  2.74  2.65 -0.42  0.70  2.08  3.44
1947  0.16  0.07  0.76  0.90 -0.21 -0.26 -0.34 -0.21
1948 -1.05 -0.67 -1.06 -1.31 -2.56 -1.51 -1.66 -1.36
1949  1.19 -0.61 -0.83  0.94  2.00  2.70 -0.81 -1.23
1950 -3.16 -2.87 -2.25 -1.66  0.10 -0.81 -0.17 -0.12
1951 -2.44 -2.95 -2.61 -1.25 -1.87 -3.05 -3.45 -3.28
1952 -1.40 -2.03 -3.13 -2.17 -2.62 -3.23 -3.36 -1.70
1953 -4.94 -4.51 -3.33 -1.62 -4.17 -2.36 -2.47  0.63
1954 -6.38 -3.24 -1.53 -1.59 -2.57 -3.48 -3.86 -2.46
1955 -3.82 -1.78 -1.23 -1.34 -3.15 -4.19 -4.89 -3.46
1956 -4.77 -4.76 -4.97 -4.00 -3.64 -5.58 -5.89 -4.04
1957 -4.19 -0.39  1.95  2.43 -3.46  4.01  2.49  2.28
1958  0.37  2.33  1.33 -0.75  2.37  4.37  2.41 -1.76
1959  0.35  3.49  4.00  2.03 -0.94  2.46  2.16  1.51
1960 -1.62 -1.66  0.12  0.69 -1.34  0.79  1.68  1.61
1961 -1.06  0.33  0.24 -0.80  1.43  1.24  0.88  2.80
1962 -0.63 -0.17 -1.22 -1.65 -2.34 -2.43 -2.07 -1.23
1963 -0.88 -3.95 -5.58 -3.64 -1.74 -3.60 -4.11 -3.39
1964 -2.14 -2.62 -2.14 -0.19 -2.36 -2.64 -2.84 -2.73
1965 -1.42  1.96  2.63  1.65 -1.58  2.06 -0.02 -2.70
1966 -1.92 -0.59  0.93  1.02  1.03 -0.52  1.91  2.31
1967 -1.11 -3.72 -3.45 -1.59 -1.64 -4.33 -4.42 -3.07
1968  4.62  3.83  1.53  1.36 -1.33  2.81  4.75  3.22
1969 -1.56 -0.56  0.78  0.80 -0.64  1.46  3.08 -0.39
1970  1.25  0.14 -0.91 -0.65  2.17 -0.06  2.23  1.47
1971 -3.06 -5.50 -5.73 -3.91 -2.90 -3.51 -4.24 -2.86
1972 -0.87  0.75  1.20  1.92  0.89  0.54  2.29  0.61
1973  3.08  1.65  1.12  2.10  0.84  0.52  3.69  3.54
1974*-7.52 -5.54 -1.66 -0.39 -3.09 -2.98  1.83  2.35
1975  1.07  3.96  3.27  1.82  5.31  3.57  2.56  1.50
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Table A11 (Cont’d)

YEAR  RTX5  RTX6  RTX7  RTX8  OTX5  OTX6  OTX7  OTX8
1976  0.42  2.02  1.25 -0.09  0.19 -0.53  1.50  0.58
1977  0.35 -2.47 -2.91 -1.02 -0.60 -0.24 -0.10 -0.32
1978 -0.98 -3.20 -4.74 -3.26 -1.69 -2.83 -1.83 -1.40
1979  4.40  2.85  0.31  1.34  3.53  1.66  3.06  2.24
1980 -2.28 -2.61 -0.48  1.24 -2.54 -2.08 -1.28 -0.66
1981  2.29  1.06  1.46  2.39  3.06  3.47  2.12  2.18
1982  2.55  2.50  2.57  2.41 -0.26 -0.16 -0.33 -0.21
1983  0.86 -1.35 -2.41 -1.95 -0.59 -0.18  1.03  1.52
1984  0.64 -1.95 -2.53 -0.46  1.70 -3.41 -2.29 -1.67
1985  4.09  2.62  0.99  1.44  0.45  0.30  1.88 -0.51
1986  1.99  1.41  0.02 -0.95  1.81  0.69  0.99  1.02
1987  6.53  4.42  1.31  0.64  8.35  5.28  4.04  2.43
1988  2.51  1.26 -0.41 -1.31 -1.53 -1.90 -1.60 -1.23
1989 -2.99 -1.84 -0.23  0.07 -2.12 -1.72 -2.52  2.17
1990 -5.55 -4.26 -2.34 -1.52 -3.44 -0.96 -3.06 -0.64
1991  2.23  3.85  4.14  4.15  1.07  0.24  1.85  3.46
1992  3.33  4.59  5.04  3.77  8.29  5.01  6.39  5.10
1993 -0.48  2.54  6.79  6.19 -1.51 -0.54  5.59  5.31
1994 -3.12 -1.57  1.23  0.49 -1.86 -1.83 -0.15 -0.09
1995 -2.11 -0.53 -0.05 -0.63 -2.04  0.87  2.05  2.48
1996 -1.41 -2.59 -4.02 -3.29  0.40 -3.82 -3.73 -1.80
1997  1.97  5.06  4.58  3.33  1.55  4.60  3.08  3.18
1998 -1.18 -1.22 -2.13 -3.06 -3.00 -2.35 -2.33 -2.12
1999 -1.49 -0.25 -0.98 -1.51 -1.95 -1.01 -0.36 -0.85
2000 -3.63 -3.18 -2.60 -1.63 -3.25 -3.89 -2.42 -3.11
2001 -1.13  0.03  0.52  0.80 -2.97 -1.35 -0.90  1.67
2002 -3.83 -1.81 -0.69 -0.91 -4.09 -2.22 -1.72  0.15
2003 -2.54 -2.15 -2.35 -1.70 -2.16  0.30 -1.70  0.00
2004  1.09  2.97  4.67  4.99  1.38  2.30  2.96  4.00
2005  3.43  3.08  2.10  0.60  3.60  2.50 -1.05 -1.25
2006 -2.21 -3.59 -2.17 -0.73 -3.77 -3.72 -4.95  0.51
2007  3.75  4.08  1.98  1.05  3.98  4.81  2.65  2.92
2008 -0.98 -2.63 -2.96 -2.00 -3.06 -2.97 -3.34 -1.59
2009     .     .     .     . -0.88 -3.41 -5.85 -2.87
2010     .     .     .     .  1.35  1.98  2.55 -0.93
2011     .     .     .     . -5.20 -5.10 -4.04 -3.95
*June PDSI estimates for 1974 had a large amount of 
error, and were consistently more negative in all 4 
divisions reconstructed than the observed values. See 
discussion of estimation error in general and for 1974 
in particular on pages 68–71.
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14.    Fig. A1.  Climate division 6 (Edwards Plateau), 2 reconstructions of June PDSI in the 1648–2008  
  overlap period. Blue is the long reconstruction (1500–2008) and red is the short reconstruction 

(1648–2008).

15.    Fig. A2.  Climate division 7 (S. Central), 2 reconstructions of June PDSI in the 1648–2008 overlap  
               period. Blue is the long reconstruction (1500–2008) and red is the short reconstruction (1648–2008).  
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16.  Fig. A3.  Climate division 8 (Upper Coast), 2 reconstructions of June PDSI in the 1648–2008 overlap period. Blue is the long   
  reconstruction (1500–2008) and red is the short reconstruction (1648–2008).
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