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Abstract Freshwater discharge into Albemarle Sound and
many other large estuaries can have a major impact on the
physical and biological properties of the estuary. Earlywood
(EW) and latewood (LW) width tree ring chronologies recently developed from ancient trees and sub-fossil logs found at
Devil’s Gut of the Roanoke River, North Carolina, were used
with new EW and LW width data from Blackwater River,
Virginia, to reconstruct the July Palmer Hydrological Drought
Index (PHDI) over the drainage basin of Albemarle Sound
from 934 to 2005. This reconstruction is based on a principal
component regression using millennium-long chronologies of
both EW and LW widths, calibrated and verified against
instrumental July PHDI from 1895 to 1985. The reconstruction provides a lengthy representation of inter-annual to multidecadal growing season moisture variability that directly affects water quality in the Albemarle Sound estuarine ecosystem. Single-year drought and wetness extremes were more
common in the modern instrumental period (1895–2005), but
prolonged droughts reconstructed during the Medieval and
Early Colonial eras were more severe and sustained than the
reconstructed or observed droughts during the twentieth century. Several abrupt transitions between decadal drought and
wetness regimes are reconstructed, especially during the
Medieval Era. Composite analysis of lower-magnitude subdecadal regime shifts in the instrumental record during the
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twentieth century indicates that major changes in mid-latitude
circulation over the Northern Hemisphere may have been
involved in these longer decadal transitions between moisture
regimes over Albemarle Sound in prehistory.
Keywords Dendrochronology . PHDI . Estuarine water
quality . Climate regime shifts . Albemarle Sound

Introduction
Estuaries are the most productive ecosystems in the world and
represent a gradient between freshwater and marine ecosystems. The three largest estuaries of the Mid-Atlantic region are
Chesapeake Bay, Pamlico Sound, and Albemarle Sound. This
study concentrates on Albemarle Sound, a large 1,513-km2
shallow estuary located in northeastern North Carolina
(Fig. 1). Albemarle Sound is considered to be oligohaline
due to the high freshwater-to-saltwater ratio (Giese et al.
1985). Consequently, Albemarle Sound is sensitive to the
climate modulation of freshwater inflow and to artificial damming and land use changes in the drainage basins located in
Virginia and North Carolina. The Pamlico–Albemarle Sound
system is now impacted by municipal discharge and agricultural runoff, contributing to nutrient overload (Giese et al.
1985; Buzzelli et al. 2003), which can be worsened by the
reduction of freshwater inflow during drought.
Winds and tides control saltwater intrusion and the shortterm flow into and out of lower Albemarle Sound. However,
average yearly freshwater inflow rates control the net longterm water residence time and total salinity of Albemarle
Sound and Chesapeake Bay (Giese et al. 1985; Xu et al.
2012). Drought can exacerbate negative ecological conditions
in the estuary when low stream flow alters water residence
times and effectively concentrating contaminants in the sound,
often catalyzing algal blooms and low dissolved oxygen
levels, leading to a net decline in productivity and inducing
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Fig. 1 Map of Virginia and North Carolina showing the Roanoke
River, Chowan River, and the major estuaries of Chesapeake Bay,
Albemarle Sound, and Pamlico Sound. The Blackwater River and
Devil’s Gut tree ring collection sites are also located

harmful eutrophication (Giese et al. 1985; Anderson et al.
2002; Scavia et al. 2002). Eutrophication or excess nutrients
in the water column can attenuate light vital for submerged
aquatic vegetation beds, which can affect the life cycles of
crab and finfish, potentially threatening commercial fisheries
(Paul 2001). Xu et al. (2012) modeled the relationship between salinity levels and climate in Chesapeake Bay and
found that freshwater inflow is the predominate control on
the overall salinity variability of the estuary. Climate variability over eastern North America influences the coastal freshwater–saltwater interface. Climate variability in the region
may be related to large-scale ocean–atmospheric modes of
circulation such as the El Niño Southern Oscillation (ENSO),
Pacific Decadal Oscillation (PDO), and the North Atlantic
Oscillation (NAO; e.g., Liu and Alexander 2007).
The Roanoke River is the principal tributary of
Albemarle Sound, with a 15,556-km2 drainage basin covering much of southern Virginia and northern North Carolina
(Giese et al. 1985). On average, the Roanoke River discharges 252 cm of freshwater in Albemarle Sound each
year, nearly 54 % of the total recharge (Giese et al. 1985).
The annual inflow from the Chowan River is 130 cm, 28 %

of the total recharge (Giese et al. 1985). The remaining
freshwater inflow enters by way of direct precipitation and
runoff from the marginal land area surrounding the sound.
Major regulation of the Roanoke River began in 1951 when
seven dams were built over the following 15 years (Konrad
1998).
The river, reservoirs, floodplain forests, and estuary constitute a major natural resource, providing recreation, hydroelectric power, and municipal water to nearly 1.4 million
people (Lester 2011). Water management and planning is
largely based on the twentieth century hydroclimatology of
the drainage basin. Because drought and altered stream flow
are associated with negative ecological impacts on estuarine
function, it is important to understand the frequency and
persistence of drought years and wet years under the natural
climate conditions of the Late Holocene.
Modern instrumental climate records extend back to the
late 1800s, but climate-sensitive tree ring chronologies provide a longer-term perspective on the growing season moisture balance, stream flow, and water quality variability in the
Roanoke River, Chowan River, and Albemarle Sound estuary. This study used ancient bald cypress trees (Taxodium
distichum) and relict deadwood to reconstruct the growing
season moisture balance over the last 1,000 years. New
chronologies of earlywood (EW) and latewood (LW) widths
were developed from floodplain forests at Devil’s Gut on the
lower Roanoke River, North Carolina (Fig. 1). This project
also developed new chronologies of EW and LW widths
from re-measurements of the bald cypress tree ring collection at Blackwater River, Virginia (where only total ring
width data were previously available; Fig. 1). The new
reconstruction of July PHDI is used to document and analyze the recurrence and duration of dry and wet regimes over
the last millennium.

Methods
Two long bald cypress tree ring chronologies were developed
from riparian forests on the Blackwater River and at Devil’s
Gut. Though ancient bald cypress grow in or near water most
of their lives, these trees produce annual growth increments
that correlate positively with precipitation and negatively with
temperature (Stahle et al. 2012). Tree ring core samples were
extracted non-destructively from living trees and crosssections were collected from sub-fossil logs and logging debris. After sanding to a fine polish, cores from each site were
cross-dated with each other using the skeleton plots to account
for missing and false rings (Stokes and Smiley 1995). The
composite chronology for each site was also cross-dated to
preexisting chronologies in the region to confirm the exact
calendar dating of each ring. EW and LW components of the
annual tree rings were measured with a precision of 0.001 mm
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using the method described by Stahle et al. (2009). EW and
LW were separated at the onset of LW cell wall lignification,
and all false rings were considered part of the LW. The crossdated ring width measurements were submitted to the quality
control program COFECHA (Holmes 1983) for statistical
verification. Using the program ARSTAN, the raw measurements were then detrended and the variance of the derived
chronologies was stabilized, in all cases using a smoothing
spline with a 50 % frequency response of 100 years (Cook and
Peters 1981; Cook 1985; Cook et al. 2007a).
Chronologies were developed for the EW, LW, and total
ring width series. The LW chronologies tend to be highly
correlated with the EW chronologies of bald cypress due to
growth persistence from spring to early summer. In order to
separate this non-climatic dependency, we took the residuals
from a regression of LW upon EW to remove the
intercorrelation of these sub-annual tree ring chronologies
(Meko and Baisan 2001; Stahle et al. 2009). Standard mean
index chronologies of EW and LW widths were used in the
regression, and the residuals from this regression are referred
to as the adjusted LW chronology (LWadj). Differences in the
autoregressive properties of the tree ring and PHDI data were
evaluated and adjusted during the principal component regression analysis used to reconstruct the PHDI described below.
The total ring width chronologies were averaged for
Blackwater River and Devil’s Gut and correlated with July
PHDI on a 0.5° grid across eastern North America to identify the region where growing season moisture is most
closely associated with tree ring growth at the collection
sites and to compare the pattern of PHDI correlation with
tree rings to the synoptic climatology of moisture variability
over Albemarle Sound. The PHDI uses instrumental precipitation and temperature data to estimate available soil moisture (Palmer 1965). The PDHI is identical to the Palmer
Drought Severity Index (PDSI), except for the criteria used
to terminate a drought or wet spell. The PDSI switches from
drought to normal conditions after the first month of a
sequence of months where sufficient moisture was available
to end the drought. The PHDI returns to normal conditions
only after the last month in this sequence of months with
sufficient moisture (Karl et al. 1987). The PHDI is therefore
useful for representing long-term moisture regimes that can
affect groundwater, stream flow, and the freshwater input
onto an estuary such as Albemarle Sound. Previous research
(Stahle et al. 1998) and experiments conducted during this
study indicate that the bald cypress tree ring data are more
strongly correlated with the PHDI than the PDSI over the
Tidewater region of Virginia and North Carolina.
The gridded PHDI data were developed by Heim (2011)
using 5,639 temperature and 7,852 precipitation station records from the USA, Canada, and Mexico (e.g., Stahle et al.
2011). The station data were first treated for outliers and
change points and were then gridded using climatologically

aided interpolation (Willmott and Robeson 1995). The tree
ring correlations with the gridded PHDI are not necessarily
statistically independent, especially between adjacent grid
points, and 50 of 1,000 grid point correlations might achieve
significance just by chance (i.e., p<0.05). The grid point
correlations are nonetheless used to identify the region in
and near Albemarle Sound where the tree ring data are well
correlated with the PHDI. In that region of strongest signal
over the drainage basin of Albemarle Sound, the PHDI from
31 individual grid points were used to compute a regional
average July PHDI time series for reconstruction.
Principal component regression (Cook et al. 1999) was
used to reconstruct the July PHDI over the drainage basin of
Albemarle Sound. The two EW and two LWadj chronologies
were first screened for correlation with the instrumental July
PHDI time series for 1937–1983. Two lead and two lagged
versions of each chronology were also screened for a total of
20 potential predictors of the July PHDI. Only eight tree
ring variables were significantly correlated with July PHDI,
and a principal component analysis (PCA) was computed
for those eight variables (Table 1). The principal component
scores (i.e., amplitude time series) for the first three PCs
were submitted to forward stepwise regression with the
instrumental July PHDI, but only the first PC was selected.
The coefficients of the bivariate regression model linking
the first PC of tree growth with the July PHDI were used to
estimate July PHDI in the centuries prior to the calibration
period (Table 2). Autoregressive modeling was used to
prewhiten the predictor and predictand time series prior to
calibration (when necessary), and the persistence structure
of the instrumental July PHDI during the 1937–1983 period
was added to the tree ring estimates in an effort to reproduce
the time series properties of the instrumental data as reasonably as possible (e.g., Meko 1981; Cook et al. 1999).
Correlation analysis with modern instrumental climate
data were used to define the synoptic meteorology and
climatology associated with moisture variability over the
drainage basin of Albemarle Sound (using NCEP/NCAR
Reanalysis). Composite mapping was used to highlight the
Northern Hemisphere circulation features associated with
changes in moisture regimes over the Mid-Atlantic region
during the twentieth century (using both NCEP/NCAR
Reanalysis and the 20th Century Reanalysis products;
Kalnay et al. 1996; Compo et al. 2011). The data, images,
and online analysis tools were provided by
NOAA/ESRL Physical Sciences Division, Boulder,
Colorado, and were accessed at http://www.esrl.noaa.gov/
psd/data/correlation/, http://www.esrl.noaa.gov/psd/cgi-bin/
data/composites/plot20thc.v2.pl, and http://www.esrl.noaa.gov/
psd/cgi-bin/data/composites/printpage.pl. The monthly 500mb height field, sea level pressure, gridded precipitation, and
temperature were investigated with correlation analysis over
the Pacific/North American region, and composite analyses of
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Table 1 Variables included in the first principal component analysis
(PC1)
Variable

Loading on PC1

GUTEW
BWREW
GUTEWt–1
BWRLWadj,t +1

−0.52
−0.471
−0.395
−0.348

GUTLWadj,t− 2
GUTLWadj,t+ 1
BWRLWadj,t+2
GUTLWadj

+0.299
−0.256
−0.243
−0.125

Notice that GUTEW and BWREW in the current year (t0) have the
strongest weights on the first PC
BWR Blackwater River, GUT Devil’s Gut, EW earlywood width, LWadj
adjusted latewood width

the 500-mb height field were computed for the Northern
Hemisphere. The sea surface temperature field was also investigated, but was not as closely related to growing season
climate variability over the Albemarle Sound region.
Return time analysis (Wilks 2006) was used to estimate
the probability of recurrence for the observed and
reconstructed moisture extremes exceeding specific thresholds. The return probability (P) for a July PHDI extreme
was calculated as
P ¼ 1=R

ð1Þ

where P is the return probability and R is the return interval.
The return interval (R) was calculated as
R ¼ ðn þ 1Þ=m

ð2Þ

where n is the number of years in the time series and m is the
rank order of the July Palmer hydrological drought indices

Table 2 Calibration and verification statistics for the reconstruction of
the July PHDI over the drainage basin of Albemarle Sound
Calibration
1937–1983
Verification
1895–1936

b0
−0.001
R
0.418

b1
−0.75
RE
0.124

R2adj
0.442
CE
0.103

SE
1.108

DW
2.054

The coefficients of the bivariate regression model are listed, along with
the explained variance (adjusted for the loss of one degree of freedom,
R2 adj). DW=2.0 desired [no significant autocorrelation of the regression residuals (p<0.05) was found with any model]. The reconstruction
estimates were tested against independent July PHDI during the 1895–
1936 verification period, where r is the Pearson’s correlation coefficient. The RE and CE statistics were calculated on the observed and
reconstructed data in the verification period, and both tests indicate
successful verification
SE standard error of the regression estimates, DW Durbin–Watson
statistic, RE reduction of error, CE coefficient of efficiency

(either instrumental or reconstructed). The recurrence probability over any interval of years was computed as
h
i
x
Px ¼ 1−ð1−PÞ
ð3Þ
where Px is the return probability after x number of years.
Single-year extremes were defined as years exceeding the
following percentile thresholds: ≥0.90, 0.95, 0.975, 0.99, or
≤0.10, 0.05, 0.25, 0.01. Multiyear (≥2-year) runs of extremes were defined as events exceeding the ≥0.75, 0.80,
0.85, 0.90, or ≤0.25, 0.20, 0.15, or 0.10 percentiles. Return
time analyses investigating the recurrence of single-year
extremes were computed for the instrumental July PHDI
from 1895 to 2005 and for the reconstructed July PHDI
for 1895–1985 and 934–1894. The recurrence of events
lasting at least two or more years was investigated from
934 to 2005.
The wavelet power spectrum (Torrence and Campo 1998)
was computed to examine the distribution of the
reconstructed July PHDI variance by frequency of occurrence over the past millennium. Software available at http://
paos.colorado.edu/research/wavelets/ was used to compute
the wavelet power spectrum. The significance of wavelet
variance was set at the 0.10 level and tested against a red
noise model (Torrence and Campo 1998). All of the tree
ring, instrumental climate data, and the 31 grid points used
to compile the regional instrumental PHDI data for the
Albemarle Sound drainage basin are included in Appendix
1, which is available online at http://www.uark.edu/dendro/
albemarle.

Results
Calibration and Verification
The Blackwater River (BWR) and Devil’s Gut (GUT) tree
ring collection sites are both located on streams that drain
into Albemarle Sound (Fig. 1). The spatial pattern of correlation between the tree ring data and the July PHDI is
illustrated in Fig. 2, and the region of strongest correlation
corresponds approximately with the drainage basins of the
Roanoke River, Chowan River, and Albemarle Sound. The
highest single grid point correlation in the drainage basin
was r=0.61 (1941–1985; Fig. 2), and the 31 grid points
from the region of highest correlation were averaged into a
single instrumental July PHDI time series for reconstruction.
Correlations between the instrumental July PHDI and
North American weather variables help define the conditions
associated with long-term (seasonal) drought and wetness
over the basin (Fig. 3). These results indicate that a welldefined 500-mb low over Iowa and Illinois and a surface
low-pressure cell over the southern Appalachian Mountains
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Fig. 2 The total ring width chronologies from Blackwater River,
Virginia, and Devil’s Gut, North Carolina, were averaged and then
correlated with the July PHDI at each grid point on a 0.5° grid across
North America from 1941 to 1985 (PHDI from R.R. Heim 2010,
personal communication). Only positive correlations are shown for
the eastern USA; the highest single grid point correlation was r=
0.61. The tree ring data are also correlated with the gridded July
PHDI from 1895 to 1940, but the correlations are lower and cover a
smaller area (not shown)

are associated with wetness and above average July PHDIs
(Fig. 3a, b). This is confirmed by the correlation between the
July PHDI and the gridded precipitation which exceeds r=0.7
over most of Virginia and North Carolina (Fig. 3c). Above
average July PHDI is also correlated with below-average
surface temperatures over the central Great Plains (Fig. 3d).
Similar correlations are computed for all variables using the
reconstructed July PHDI from 1948 to 1983, although they are
all weaker than observed for the instrumental data in Fig. 3.
Together, the correlation results in Fig. 3 imply that the wettest
July PHDI conditions tend to occur when low-pressure disturbances frequently move over the Mid-Atlantic USA, advect
cool air masses, and create heavy precipitation along cold
frontal boundaries extending from Virginia back into the

Mississippi Valley (Fig. 3). The positive correlations between
tree growth in the Mid-Atlantic and July PHDI extending from
Virginia west into the lower Mississippi Valley (Fig. 2) appear
to reflect these larger-scale synoptic climate features.
The EW and adjusted LW chronologies used for reconstruction are illustrated in Fig. 4. Two lead and two lag
chronologies from each site were submitted to a PCA for a
total of 20 variables (EW in t−2 t−1 t0 t+1 t+2, and LW in t−2 t−1
t0 t+1 t+2 for both BWR and GUT). Only those variables
significantly correlated with the July PHDI predictand (p<
0.10) were passed to the PCA. The eight variables included
in the PCA are tabulated in Table 1 along with their loadings
on the first PC. The EW chronologies from GUT and BWR
were the two most important variables in PC1, but several
LWadj variables also contributed to the variance on PC1
(Table 1).
The amplitude time series of the first PC was used in a
bivariate regression model with the July PHDI from 1937 to
1983, after the predictor and predictand were both tested for
autoregression. A significant persistence structure was identified in the instrumental July PHDI and was removed prior
to calibration [the autoregressive (AR) modeling period was
1936–1983]. July PHDI was modeled as a weak AR(1)
process with a t−1 coefficient of +0.266 and the first PC
of tree growth was modeled as an AR(0). The first PC of
EW and LWadj growth explains 44 % of the variance in the
July PHDI from 1937 to 1983 (Fig. 4), and the residuals
from this model are random (Durban–Watson statistic=
2.054; Table 2). The AR(1) structure of the instrumental
July PHDI was added into the reconstruction, and the reconstruction was rescaled by the ratio of the standard deviations of the instrumental and estimated July PHDI during
the calibration period. The reconstruction extends from 934
to 1983, and the instrumental data for 1984–2005 were
added to the end of the estimates to complete the 1,072-year
reconstructed and observed July PHDI time series (Figs. 5
and 6).
The reconstruction was verified on independent July PHDI
data available from 1895 to 1936 (Table 2). The relationship
between the tree ring estimates and instrumental July PHDI is
not as strong during the verification period as it is during the
calibration interval. The correlation between the observed and
reconstructed July PHDI from 1895 to 1936 is only r=0.418
(p<0.01). The reduction of error and coefficient of efficiency
statistics are both positive (Table 2), but they indicate a lower
shared variance between the observed and reconstructed data
than is evident during the calibration period (Table 2 and
Fig. 5). The relatively weak verification statistics may reflect
problems with both the instrumental climate and tree ring data.
Fewer station precipitation and temperature measurements are
available to calculate the regional PHDI indices in the late
nineteenth and early twetieth centuries (Konrad 1998).
Potential disturbance from logging and land use alterations
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Fig. 3 The instrumental July
PHDI for the Albemarle Sound
basin were correlated with the
gridded winter–summer
(January–July) 500-mb
geopotential height field (a),
sea level pressure (b),
precipitation (c), and
temperature (d) over North
America from 1948 to 2005 to
identify the synoptic weather
and climate features associated
with the long-term moisture
balance over the region

to the forest during the early twentieth century may also
contribute to lower correlations in the verification period.
Fig. 4 EW and LWadj (rescaled
to a mean of 1.0) chronologies
for Blackwater River and
Devil’s Gut are plotted from
932 to 1985. The time series
represent detrended and
standardized annual values of
EW and LWadj widths (gray)
and a 10-year smoothed version
displaying low-frequency
variability (black; Cook and
Peters 1981). These
chronologies were used for the
reconstruction of the July PHDI

It seems odd that the tree ring data are more tightly
coupled with the July PHDI data from 1937 to 1983 than
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Fig. 5 The observed (dashed
line) and tree ring reconstructed
July PHDI (solid line) for the
drainage basin of Albemarle
Sound are plotted from 1895 to
1983. The calibration period
extended from 1937 to 1983
and the verification period from
1895 to 1936 (Table 2). The
instrumental July PHDI are
plotted from 1984 to 2005
(solid line) to update the
reconstruction

they are from 1895 to 1936,because the Roanoke River was
impounded and the flow regime altered after 1951 (Konrad
1998). But flow alterations do not seem to have had a large
impact on the tree ring data used to estimate July PHDI. The
reason for this is not clear, but evapotranspiration demand
during the growing season is an important factor for bald
cypress growth, regardless of moisture levels (Stahle and
Cleaveland 1992; Stahle et al. 2012). Doyle (2009) also
found no major differences in bald cypress tree growth
before and after dam construction impounded the flow regime at Congaree Swamp, South Carolina.
Fig. 6 The July PHDI
reconstruction is plotted for
each year from 934 to 2005
(gray) along with a 20-year
smoothed version (black). The
number of tree ring radii
available for each year is
plotted in the middle series
(based on the EW and LW
chronologies from Blackwater
River and Devil’s Gut). Mean
tree age at each year from 934
to 1998 is plotted below based
on all available dated trees from
Blackwater River and Devil’s
Gut. Note the increase in highfrequency year-to-year variance
in the nineteenth and twentieth
centuries compared with earlier
centuries. Persistent drought is
reconstructed for the Medieval
Era and the early seventeenth
century colonial period. Note
the multi-decadal moisture
regime shifts centered at
years 1086, 1199, 1273, and
1710

Reconstructed July PHDI
The reconstruction is presented in Fig. 6, with both annual
values of the July PHDI and a smoothed version emphasizing 20-year variability. The number of available radii for
each year is plotted below the reconstruction, and after 1100
the reconstruction is very well replicated (>40 series).
Sample size is lowest at 16 radii in the earliest part of the
reconstruction. The sample size here refers to the radii
included in the EW and LW chronologies from both
Blackwater River and Devil’s Gut. The average age of all
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trees used to develop the EW and LW width chronologies at
both Blackwater River and Devil’s Gut is also plotted in
Fig. 6. Tree age at each year in the chronology averages
nearly 200 years and is above 100 years after 1012 (Fig. 6).
Note the major droughts before 1750, especially in
Medieval times. This is the first bald cypress reconstruction
for the southeastern USA to indicate such severe and sustained
droughts during the Medieval Period (Stahle and Cleaveland
1992), and it suggests that the modern era of instrumental
observation may not be entirely representative of the range of
drought variance possible over the Mid-Atlantic region over
the past 1,000 years.
Forest stand disturbances such as high wind events or
regeneration episodes have the potential to impact tree growth
and might be confused with a prolonged drought or wetness
regime. Bald cypress trees are amazingly wind firm (Mattoon
1915), but landfalling hurricanes can prune tree canopies and
drastically impact subsequent growth patterns, as we have
observed in some near-coastal bald cypress swamps.
Vigorous individual bald cypress can survive even a complete
canopy loss by adventitiously sprouting new branches from
the stem. These small branches can then grow into a new
mature canopy over decades of time. The architecture of the
bald cypress tree canopy is to a degree diagnostic of past wind
pruning, and trees exhibiting pruned or “under-fit canopies”
also tend to contain long-term growth suppression events in
the ring width time series extracted from these trees (i.e.,
under-fit in the sense that branch diameters are much smaller
relative to the diameter of the stem). We do not think that this
is an issue in this particular PHDI reconstruction because the
unique under-fit canopies that are diagnostic of past wind
pruning events were not seen at either Blackwater River,
Virginia, or Devil’s Gut, North Carolina. Both bald cypress
stands are over 70 km inland from the ocean and outwardly do
not appear to have been heavily impacted by high wind events
during the life of the sample trees.
Mattoon (1915) noted that bald cypress is an “even-aged
tree in all aged stands,” meaning that the species tends to
experience cohort-based recruitment pulses. Bald cypress seeds
will not germinate in water, but need moist soil or sediment.
Conditions suitable for bald cypress germination usually occur
every late summer or fall during the dry season, but these
seedlings are often drowned by high water conditions in the
following cool season and no successful regeneration occurs.
Ironically, however, extended drought episodes can provide the
low water levels needed for both germination and sufficient
height growth such that the canopies of bald cypress saplings
do not get drowned once high water levels return. The ideal
hydrological conditions for both germination and sapling recruitment may be quite infrequent. Consequently, the age
structure of virgin bald cypress forests may exhibit even age
cohorts, reflecting past recruitment events (Stahle et al. 2006).
Careful detrending of the individual ring width time series is

required to ensure that the rapid growth rates of cypress sapling
cohorts do not imprint a rapid growth surge, or “false pluvial,”
on the derived chronologies or climate reconstructions. Even
though there are some impressive swings between deep
droughts and subsequent pluvials in our reconstruction (e.g.,
Fig. 6 at approximately AD 1270 and 1710), we do not think
that these are biased by cohort recruitment pulses because they
do not correspond with sharp increases in the number of radii
plotted below the reconstruction, and all of the ring width time
series included in the chronologies were efficiently detrended.
The reconstruction indicates several major multi-decadal
regime shifts from extended dryness to wetness (e.g., at
years 1086, 1199, 1273, and 1710; Fig. 6). These regime shifts
were extraordinary when compared to the smaller changes in
the twentieth century instrumental era (Fig. 6). Xu et al. (2012)
note a strong association between the salinity of Chesapeake
Bay and the PDO, and long-term changes in the PDO, NAO,
or perhaps the Atlantic Multi-decadal Oscillation might indeed have been responsible for some of the major regime
shifts reconstructed for the basin of Albemarle Sound.
The instrumental July PHDI data document sub-decadal
changes in regimes of drought and wetness over the
Albemarle Sound region (Fig. 5), and composite analysis of
the 500-mb height field during these twentieth century regimes
may offer some insight into the large-scale circulation changes
responsible for the longer and more profound regime shifts in
prehistory. When the gridded 500-mb height field is averaged
from 1935 to 1939 and then subtracted from the average for
1930–1934, the difference map indicates that a major blocking
ridge prevailed over the western and central USA during the
early 1930s drought regime over Albemarle Sound (Fig. 7a;
difference map based on the 20th Century Reanalysis Data, vol.
2, NOAA ESRL). When the gridded 500-mb height field is
averaged from 1971 to 1975 and subtracted from the 1966–
1970 field, the Aleutian and Icelandic lows were both weaker
(i.e., higher heights; Fig. 7b) and the North Pacific and North
Atlantic high-pressure cells were also weakened (lower
heights), indicating that the mid-latitude Northern
Hemisphere circulation was weaker during the drought of the
late 1960s over Albemarle Sound (and conversely stronger
during the wet period of the early 1970s; Fig. 7b).
At least two mechanisms of atmospheric circulation can
therefore be implicated in sub-decadal moisture regime shifts
over the Mid-Atlantic Albemarle Sound region: the development
of a strong blocking ridge over western North America and a less
vigorous Northern Hemisphere circulation due to weakened
pressure gradients over the North Atlantic and North Pacific
(Fig. 7a, b). Both atmospheric circulation anomalies may be
linked in part with modes of sea surface temperature variability
and can presumably be implicated in the larger and longer
duration regime changes in the pre-instrumental era (Fig. 6).
The most extreme single-year drought of the past 1,072 years
is estimated for 1587 (Fig. 6). The new reconstruction therefore
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Fig. 7 Composite analyses of the instrumental 500-mb height field for
the Northern Hemisphere during moisture regime changes over the
Albemarle Sound region [based on 20th Century Reanalysis (a) and
NCEP/NCAR Reanalysis (b)]. Five years of drought followed by
5 years of wetness occurred from 1930 to 1939 and from 1966 to
1975 in the instrumental July PHDI (Fig. 5). These maps depict the
difference in the 500-mb height field between the regimes (i.e., heights

during the subsequent wet period subtracted from heights in the preceding dry period). A strong ridge over western North America (a) and
weakened mid-latitude circulation (b) were both associated with subdecadal drought regimes over Albemarle Sound during the twentieth
century and may be implicated in abrupt regime shifts in the preinstrumental era

supports the previous tree ring evidence by Stahle et al. (1998)
for the Lost Colony Drought, which may have contributed to
the failure of Sir Walter Raleigh’s Lost Colony of Roanoke
Island, North Carolina, located between Albemarle and
Pamlico Sounds (Fig. 1; note that the new reconstruction is
based on EW and LWadj data from both Blackwater River and
Devil’s Gut that were not previously available). The new
reconstruction also indicates drought during the first years of
settlement at the Jamestown Colony, Virginia, especially during
the year 1610 when drought and famine had a severe impact on
the health of the colonists (Stahle et al. 1998). In fact, much of
the seventeenth century is estimated to have suffered dry conditions during the growing season, especially during the late
seventeenth and early eighteenth centuries (1650–1709). The
new reconstruction therefore provides an exactly dated environmental record that should be valuable for the study of
socioeconomic history in Virginia and North Carolina.

underestimate wet extremes in part because tree growth is
limited by drought, but not by extreme wetness. Therefore,
the reconstruction may not fully reflect the magnitude of wet
anomalies in the drainage basin. This discrepancy is evident
in Fig. 5 during the calibration period where the tree ring
reconstruction underestimates six of the seven wettest years
recorded in the instrumental data.
The return time analysis of the long reconstruction
(934–1894) indicates that the recurrence probabilities for
the most extreme categories of drought and wetness
were more equal (Fig. 8c) than measured for the reconstruction during the short 91-year period from 1895 to
1985 (Fig. 8b). However, the two most extreme dry and
wet categories were less probable in the reconstructed
July PHDI from 934 to 1894 than in the instrumental
data from 1895 to 2005 (Fig. 8a, c). Persistent and
prolonged low-frequency excursions in the early half
of the reconstruction appear to have lowered the return
interval probability for single-year moisture anomalies
compared with the higher inter-annual variability of
the twentieth century seen in both the instrumental and
reconstructed July PHDI (Figs. 6 and 8a–c).
The recurrence intervals between the reconstructed moisture anomalies that were at least 2 years in duration are
evaluated from 934 to 2005 in Fig. 8d. Note in this case
that wet regimes at least 2 years in duration were more likely
than dry extremes for all thresholds of severity (Fig. 8d).
The reconstruction indicates that droughts below the 10th

Return Time Analysis
The recurrence probabilities for dry and wet July PHDI
extremes for the observed and reconstructed data during
the twentieth century are plotted in Fig. 8a, b. The tree ring
reconstruction does reasonably well in approximating the
return probability of dry extremes during the twentieth century, while the most extreme wet years (0.975 and 0.99)
were more probable in the instrumental data than in the
reconstruction. Bald cypress tree ring reconstructions may
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Fig. 8 The recurrence
probabilities for single-year
drought and wetness extremes
are plotted for the instrumental
(a) and two versions of the
reconstructed July PHDI (b, c).
Return intervals between
multiyear (≥2) droughts and
pluvials are plotted in (d).
Percentiles are used to define the
extremes (0.90/0.10 to 0.99/0.01
for single years; 0.75/0.25 to
0.90/0.10 for multiyear events).
The curves for wet extremes are
solid; dry curves are dashed. The
return curves overprint for
certain extremes in (a) and (b)
[i.e., 0.95–0.05, 0.975–0.025,
and 0.99–0.01 in (a); 0.95–0.025
and 0.975–0.99 in (b)]

percentile threshold that lasted for at least 2 years had a
50 % probability of recurrence in 30 years. With the exception of the early 1960s drought, few such consecutive dry
anomalies have been witnessed in the instrumental era.

Table 3 The most extreme consecutive 5- and 10-year drought
and wetness regimes based on
the reconstructed July PHDI
indices (listed in rank order)

Duration of Moisture Extremes
The duration of droughts and pluvials both appear to have
been higher prior to the instrumental era, particularly before

Drought

1
2
3
4
5
6
7
8
9
10

Wetness

5-year

PHDI

10-year

PHDI

5-year

PHDI

10-year

PHDI

1178–1182
1705–1709
1259–1263
1747–1751
1060–1064
1451–1455
1348–1352
1398–1402
1040–1044
1142–1146

−2.91
−2.37
−2.34
−2.33
−2.30
−2.28
−2.23
−2.05
−2.03
−2.03

1173–1182
1258–1267
1040–1049
1142–1151
1348–1357
1055–1064
1691–1700
1705–1714
1742–1751
1245–1254

−2.42
−2.01
−1.82
−1.79
−1.71
−1.60
−1.59
−1.52
−1.46
−1.32

947–951
1018–1022
1115–1119
1203–1207
1290–1294
1888–1892
1753–1757
1130–1134
1723–1727
1716–1720

2.55
2.55
2.52
2.45
2.39
2.22
2.16
2.16
2.15
2.15

942–951
1716–1725
1115–1124
1290–1299
1130–1139
1199–1208
1883–1892
1086–1095
1752–1761
1375–1384

2.08
2.07
1.92
1.56
1.56
1.54
1.51
1.49
1.41
1.35
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Fig. 9 The durations of
consecutive wet (≥75th
percentile) and consecutive dry
regimes (≤25th percentile) are
plotted for 100-year intervals
from the July PHDI
reconstruction (the twentieth
century reconstruction only
extends from 1901 to 1985)
(a–t), for the period from 1895
to 2005 using the instrumental
July PHDI (u, v), and for the
entire reconstruction from 934
to 2005 (extended to 2005 with
the instrumental data) (w, x)

1500 (Fig. 6). The changing frequency of persistent drought is
summarized in Table 3, where the ten most severe consecutive
and non-overlapping droughts of 5- and 10-year durations are
listed and ranked. None of these top 10 droughts occurred
during the twentieth century (Table 3). The most intense and
sustained wet episodes are also listed in Table 3, with only one
event occurring in the modern era (i.e., 1890–1899).

When drought is defined ≥2 years at or below the 25th
percentile, the long reconstruction indicates many droughts 2–
4 years in duration, and ten are estimated to have lasted for at
least 5 years (a–j in Fig. 9). Several 2-year droughts were
measured during the instrumental era, but only one instrumental drought was 4 years in duration (u in Fig. 9). The reconstruction shows several sustained pluvials of 6–8 years (k–t in
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Fig. 9), yet there have been no wet regimes in the twentieth
century longer than 5 years (v in Fig. 9).
Interestingly, nine of the ten droughts lasting at least 5 years
occurred before 1500 (Figs. 6 and 9, parts a–j, w). The reconstruction estimates 11 pluvials lasting ≥5 years (k–t, x in Fig. 9),
seven of which occurred before 1500, while the instrumental
data record one 5-year wet episode in the early 1970s (Fig. 5).
Such sustained regimes would presumably impact the riparian
ecology in the drainage basin and alter the water chemistry and
estuarine biology of Albemarle Sound.

Wavelet Analysis
The wavelet power spectrum was computed for the tree ring
reconstruction of the July PHDI from 934 to 2005 (Fig. 10).
Note the change in the concentration of variance from centennial to multi-decadal to sub-decadal frequencies from Medieval
to modern times. The regime shift from low- to high-frequency
variability is also visually evident in the reconstructed time
series (see Fig. 6). The wavelet analysis suggests that the
influence of certain modes of ocean–atmospheric variability
over the Mid-Atlantic region may not have been stable over
time. If reconstructed wavelet power in the 2- to 6-year band
can be linked in part with ENSO and in the 7- to 8-year band
with the NAO (e.g., Fye et al. 2006), then these forcing factors
appear to have been less consistent in this reconstruction prior
to 1500 (Fig. 10). In fact, the instrumental July PHDI spectrum
exhibits significant 2- to 6-year and decadal power only during
restricted episodes of the twentieth century (also tested at the
0.1 level against a red noise model; not shown).
Some of the changes in variance over the past millennium
might be due to changes in sample size of the tree ring chronologies. However, wavelet power spectra computed on the
individual EW and LWadj chronologies for Blackwater River
and Devil’s Gut all broadly agree with the changes in variance
seen in Fig. 10. Although very few bald cypress specimens
used in this analysis fully span the last 1,000 years, two separate
fixed-sample size chronologies were developed for Blackwater
River EW to study wavelet power unaffected by sample size
changes. Even in these records (not shown), the Medieval Era
(980–1340) was dominated by multi-decadal to centennial
variance, while the period from 1461 to 1890 was dominated
by higher-frequency variability, suggesting that simple sample
size changes are not responsible for the low- to high-frequency
changes illustrated in Fig. 10. Changes in mean tree age (Fig. 6)
also do not appear to explain the shift from low to higher
frequencies over the past millennium. The trees available at
each year of the reconstruction are quite old on average over the
past millennium (generally 150–250 years; Fig. 6), and the
small centennial-scale changes in tree age do not appear to
correspond in any simply way with the changes in wavelet
power (Fig. 10).

Fig. 10 The wavelet power spectrum computed for the tree ring
reconstruction of the July PHDI is plotted (934–2005). Wavelet power
is shaded in gray and areas of significant power are outlined in black (p
<0.10, and a red noise background model; area of uncertainty crosshatched; Torrence and Campo 1998). Note the reconstructed shift from
low-frequency multi-decadal to higher-frequency sub-decadal power
over the past 1,000 years (i.e., approximately 1520)

Discussion and Conclusions
The Devil’s Gut chronology is a new addition to an existing
network of bald cypress chronologies across the southeastern
USA and Mexico (Stahle et al. 2012). This study indicates that
the bald cypress tree ring data provide a good proxy for yearto-year precipitation and temperature variability during and
preceding the growing season as represented by the July
PHDI. Roanoke River discharge is strongly seasonal, peaking
in March and April, with minimum discharge in August. We
did not calibrate against or reconstruct instrumental stream
flow data due to damming-induced heterogeneity in the data
unrelated to climate variability and because the tree ring data
are not as strongly correlated with river discharge as they are
with the regional drought index. But the July PHDI does
incorporate the precipitation and evapotranspiration variability that also affects stream levels in the drainage basin during
the main season of discharge into Albemarle Sound. As a
result, instrumental July PHDI is correlated with July discharge of the Roanoke River at Roanoke Rapids from 1964
to 2005 at r=0.59 (p<0.01). The tree ring data end in 1983,
but the July PHDI reconstruction is correlated with July
discharge at Roanoke Rapids at r=0.50 (p<0.05) for the
1964–1983 common period.
Together, the Roanoke and Chowan Rivers account for
82 % of the freshwater recharge of the Albemarle Sound
estuary (Giese et al. 1985). Climate variability over the drainage basin in turn controls much of the variance in discharge
that supplies freshwater to Albemarle Sound. Perhaps the
greatest threat to estuarine health occurs when drought conditions and low freshwater inflows lead to increased residence
time of water in the estuary, resulting in higher salinity levels,
nuisance algal blooms, and accelerated eutrophication (Giese
et al. 1985; Scavia et al. 2002; Xu et al. 2012).
This new reconstruction of July PHDI provides a long-term
perspective on hydroclimatic variability over the drainage
basin of Albemarle Sound and indicates a shift in moisture
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variability from multi-decadal to sub-decadal frequencies over
the last 1,000 years. The reconstruction estimates drought to
have been more persistent and prolonged over Virginia and
North Carolina prior to 1750, and especially during the
Medieval Era (Fig. 6). Tree ring and other proxy climate data
from western North America also reconstruct a change in the
frequency of prolonged drought over the last millennium
(Swetnam 1993; Stine 1994; Laird et al. 1996; Brunelle and
Whitlock 2003; Cook et al. 2007a), and a recent analysis of
tree-ring data from the northeastern USA indicates a trend
toward increasing wetness in the last 200 years (Pederson et
al. 2013). The new reconstruction for the Albemarle Sound
region suggests that the change in regimes of drought and
wetness was at times both abrupt and prolonged (e.g., Fig. 6),
a feature not typical of the twentieth century, which would
have major implications for natural resource management if it
were to recur.
There is a considerable potential to extend hydroclimatic
reconstructions to other important estuaries of the eastern
USA. The network of moisture-sensitive tree ring chronologies
is not extensive over the drainage basin of Pamlico Sound, but
could be augmented with additional field collections of bald
cypress. However, there is a dense network of moisturesensitive tree ring chronologies in and near the drainage basin
of Chesapeake Bay that span the last 300 years (Cook et al.
2007b) and might provide some insight into estuarine variability prior to the heavy development of the region.
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