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ABSTRACT

Six water emergencies have occurred since 1981 for the NewYork City (NYC) region despite the following:

1) its perhumid climate, 2) substantial conservation of water since 1979, and 3) meteorological data showing

little severe or extreme drought since 1970. This study reconstructs 472 years of moisture availability for the

NYC watershed to place these emergencies in long-term hydroclimatic context. Using nested reconstruction

techniques, 32 tree-ring chronologies comprised of 12 species account for up to 66.2% of the average May–

August Palmer drought severity index. Verification statistics indicate good statistical skill from 1531 to 2003.

The use of multiple tree species, including rarely used species that can sometimes occur on mesic sites

like Liriodendron tulipifera, Betula lenta, and Carya spp., seems to aid reconstruction skill. Importantly, the

reconstruction captures pluvial events in the instrumental record nearly as well as drought events and is

significantly correlated to precipitation over much of the northeastern United States. While the mid-1960s

drought is a severe drought in the context of the new reconstruction, the region experienced repeated

droughts of similar intensity, but greater duration during the sixteenth and seventeenth centuries. The full

record reveals a trend toward more pluvial conditions since ca. 1800 that is accentuated by an unprecedented

43-yr pluvial event that continues through 2011. In the context of the current pluvial, decreasing water usage,

but increasing extra-urban pressures, it appears that the water supply system for the greaterNYC region could

be severely stressed if the current water boom shifts toward hydroclimatic regimes like the sixteenth and

seventeenth centuries.

1. Introduction

Despite a perhumid climate, a lack of extreme drought

(Fig. 1; supplemental Fig. S1), increased precipitation

since the 1960s (Horton et al. 2011; Seager et al. 2012) and

significant reduction in water consumption (from a peak

of 787 liters per person per day in 1988 to 477 in 2009), the

New York City (NYC) metropolitan region has suffered

a series of water warnings and emergencies (1980–82,

1985, 1989, 1991, 1995, and 2002) in the last three decades

(NYC Department of Environmental Protection 2011).

This resource stress under favorable conditions highlights

the challenge of maintaining reliable water supply to

an urban metropolis of more than 8 million people. The

population of the five boroughs of NYC is expected to

swell to more than 9 million by 2030 (NYC Department

of City Planning 2006), suggesting that, without con-

comitant increases inwater supply, such emergency states

may become a more frequent occurrence. Recent schol-

arship has pointed to an upward trend in precipitation

and a downward trend in consecutive dry days in
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meteorological records of the Northeast United States

since the region’s last extreme drought in 1962–66 (e.g.,

Burns et al. 2007; Spierre and Wake 2010). However, it

would be risky to infer that NYC’s future water supply

is secure on the basis of this poorly understood trend. A

longer, regional context, and understanding of the po-

tential forcing factors driving this trend, is necessary to

fully consider the water security of NYC and its sur-

rounding region.

A recent analysis of precipitation variability across

NYC’s Catskill Mountains water supply region was

performed by Seager et al. (2012). A survey of 23

meteorological stations covering the Catskill Mountains

and the lower Hudson Valley, immediately north of

NYC, indicates 1) that the 1960s drought is the most

significant in the century long instrumental record, and

2) that there has been a detectable increase in pre-

cipitation throughout the region since the early 1970s.

This increase, when averaged across the region, resem-

bles a step-change increase in precipitation, a shift also

seen in an analysis focused solely on NYC (Horton et al.

2011). Neither the 1960s drought nor the recent pluvial

seem forced by sea surface temperatures variations or

related to radiatively driven climate change (Seager et al.

2012). Instead the 1960s drought coincided with an ex-

treme negative phase of the North Atlantic Oscillation

(NAO) (Namias 1966; Horton et al. 2009; Seager et al.

2012) while the shift to wetter conditions in the 1970s was

also associated with a shift to amore positive phase of the

NAO (Seager et al. 2012). However, no apparent links

between Catskills precipitation and the NAOwere found

at shorter time scales. Seager et al. (2012) concluded that

the main driver of precipitation variability in the region

over the last 110 years was therefore probably internal

atmospheric variability. This conclusion needs to be

evaluated in the context of much longer records to aid in

identifying the frequency and severity of droughts and

pluvial events as well as trends of regional hydroclimate

and to better understand the mechanisms of climate

variability in the region.

Tree-ring analysis is used here to expand our long-term

knowledge of drought variation in the NYC watershed

and surrounding region. Beginning with the classic dem-

onstration by Stockton and Jacoby (1976) that water

resource management plans were based on insufficient

records of climate variability, tree-ring based recon-

structions of hydroclimate have recently assisted in un-

derstanding long-term climate patterns and trends for

water resource management and their influence on soci-

ety (e.g., Cook and Jacoby 1977, 1983; Stahle et al. 1988;

Woodhouse and Lukas 2006; Buckley et al. 2010; Gou

et al. 2010; Woodhouse et al. 2010; Büntgen et al. 2011;

Maxwell et al. 2011; Meko and Woodhouse 2011;

Pederson et al. 2012a). A study of water shortages and

drought from 1900 to 2002 in Rockland County, New

York, just north of NYC, found a significant disagree-

ment between water supply and usage in recent decades

(Lyon et al. 2005). When Lyon et al. (2005) explored

longer, regional drought history using the North Ameri-

can Drought Atlas (NADA) (Cook and Krusic 2004;

Cook et al. 1999, 2008), they concluded that the recent

drought was within the range of natural variability and

there were eight others comparable to the 1960s drought.

A new reconstruction in the Delaware River basin in-

dicates the 1960s drought to be the most severe over the

FIG. 1. (a) May–August annual drought area index for the north-

easternUnited States from1900 to 2011 (NOAANortheastRegional

Climate Center, Cornell University). As determined by the U.S.

Drought Monitor (http://droughtmonitor.unl.edu/), black represents

moderate and severe drought (PDSI from 22.0 to 23.9) while red

represents extreme drought (PDSI,24.0). (b) Instrumental records

of precipitation from1895 to 2011 for the northeasternUnited States.

The top series (solid, blue line) is the average total annual precip-

itation while the bottom series (solid, light-blue line with triangles) is

average total summer precipitation. Horizontal lines represent av-

erage precipitation for the regimes detected using the methods of

Rodionov (2004). Data are derived fromNOAA’s National Climatic

Data Center/Climate Services andMonitoring Division (http://www.

ncdc.noaa.gov/temp-and-precip/time-series/).
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last approximately 260 years (Devineni et al. 2013). How-

ever, the most recent reconstruction of drought variability

specifically for the Hudson Valley, New York (Cook and

Jacoby 1977), was completed during the beginning of the

recent wetting trend (Fig. 1; supplemental Fig. S1). An

update lengthening the record of drought history for the

Hudson Valley and NYC watershed is necessary to better

place the recent unusual pluvial conditions in a long-term

context.

Here we use nested reconstruction techniques on

a network with increased chronology and species repli-

cation to lengthen the original NYC watershed drought

record by 240 years. The new reconstruction is used to

place the recent increase in pluvial conditions in context.

Analysis of instrumental records indicates a significant

shift in rainfall since 2003 (Fig. 1; supplemental Fig. S1).

We demonstrate that the recent wetting trend and pluvial,

that is, multiple years marked by unusual rainfall and

moist conditions, is an anomaly in NYC’s approximately

500-yr climate history. Placing the current pluvial in a broad

context, along with the severe unexplained 1960s drought

that preceded it, it is evident that the region will need to be

adaptive and flexible to adequately ensure a reliable water

supply to the 9.1 million residents of NYC’s future.

2. Methods

a. Development of the tree ring network

The network of 33 tree-ring records used here is de-

rived from a dendroecological study from 1999 to 2004

(Pederson 2005; number of chronologies 5 23) and in-

house chronologies (supplemental material, Table S1;

number of chronologies 5 10); seven in-house chro-

nologies are available from the International Tree-

Ring Databank (ITRDB, http://www.ncdc.noaa.gov/

paleo/treering.html). Chronologies within or adjacent

to the Hudson Valley were selected for a potential re-

lationship to growing season Palmer drought severity

index (PDSI) and at least 160 years in length were re-

tained as potential climate predictors; segment length

has a median of 163 years and ranges from 105 to 252

years (supplemental material, Table S1). Overall, the

current tree-ring network in the NYC watershed, com-

posed of 33 chronologies and contains three chronologies

dating back to 1453 (supplemental Table S1, Fig. S2), is

denser in time and space than all prior reconstructions.

Perhaps the most significant advance of the new net-

work is its species composition. Here we take advantage

of the biodiversity of forests in NewYork State’s Hudson

Valley to increase spatial and species replication. Re-

cent work suggests that increased species replication

could improve climatic reconstructions (Garcı́a-Suárez

et al. 2009; Cook and Pederson 2011), a hypothesis that

has found support in a reconstruction of Potomac River

flow using nine tree species from the diverse forests of

the Appalachian Mountains (Maxwell et al. 2011).

Twelve species are used here, including what we be-

lieve are four species not previously used for drought

reconstruction (Betula lenta, Carya glabra, Quercus

rubra, and Quercus velutina), and two species only re-

cently used for drought reconstruction (Carya ovata

and Liriodendron tulipifera) (supplemental material,

Table S1). We will use the term ‘‘novel’’ when discussing

these species not traditionally used in dendroclimatic

research. The regional forest is so species rich that there

are three species present at 1453 in the new network.

Standard tree-ring methods were used in the processing

and crossdating of all new samples (Fritts 1976; Cook and

Kariukstis 1990). The program ARSTAN was used to

standardize all raw ring-width series (Cook et al. 2011)

with the goal to retain as much long-term variation in ring

widths as possible from trees living in close-canopy for-

ests, where tree-to-tree competition can obscure the po-

tential climate signal (Cook and Peters 1981; Pederson

et al. 2004). We applied the ‘‘Friedman Super Smoother’’

to reduce the influence of changes in tree competition on

annual radial increment (Friedman 1984; Buckley et al.

2010). Occasionally, the Friedman Super Smoother curve

trends in opposition to raw ring-width trends at the end of

a time series, resulting in ring index inflation or deflation.

Series with these end-fitting issues were detrended using

a two-thirds cubic smoothing spline (Cook and Peters

1981). Prior to detrending, series were transformed using

the adaptive power transformation and stabilized using

the ‘‘rbar’’ weighted stabilization method, where three or

more trees are present for nearly all of the chronology

length. A combination of the rbar weighted and one-third

spline methodology was applied to records with greater

replication at the beginning of the chronology (Cook and

Peters 1997). A robust biweight mean function was used

to calculate series index values (Cook 1985).

Chronology quality was interpreted using expressed

population signal (EPS) (Wigley et al. 1984). Median

network EPS is 0.950 and ranges from 0.860 to 0.981.

To maximize usable chronology length, the cutoff for

each record was the first year in which EPS was $0.85.

The median year of earliest usable chronology within

the network is 1780, with a range from 1515 to 1852

(supplemental material, Table S1). Only ARSTAN chro-

nologies were used as potential climate predictors.

Autoregressive modeling reduces much of the stochastic

or endogenous disturbances reflected in the tree rings

of surviving trees such that the ARSTAN chronology is

useful for the examination of long-term climate variability

(Cook 1985).All tree-ring collections showed considerable
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instances of abrupt changes in ring width that are in-

dicative of changes in tree-to-tree competition.

b. Reconstruction of hydroclimate

The target dataset for reconstruction was the instru-

mental PDSI for National Oceanic and Atmospheric

Administration (NOAA)’s New York State’s Climate

Division 5 (from the National Climatic Data Center’s

Climate Data Online portal at http://www7.ncdc.noaa.

gov/CDO/cdo), which represents the Hudson Valley.

Average May–August PDSI within the Hudson Valley

division was reconstructed based upon the common re-

sponse of the tree-ring network. Ring index of the cur-

rent year (t) and prior year (t 1 1) was used for each

chronology because current-year ring widths and growth

are often composed of energy gained during the prior

year (Trumbore et al. 2002; Kagawa et al. 2006). Con-

sidering this physiological lag, 66 candidate predictors

entered the regression matrix (33 current-year pre-

dictors and 33 lagged predictors). Predictor selection

was based upon a one-tailed correlation (because of the

requirement of a positive relation between ring widths

and PDSI) at p 5 0.05. The Spruce Glen Tsuga cana-

densis record did not pass the selection criteria so that 32

of the 33 original chronologies were used as predictors.

The final set of predictors was reduced to orthogonal

principal components (PCs) using principal component

analysis (PCA). Following these criteria, 64 predictors

(current and prior year ring index as a predictor) were

retained for reconstruction. The resulting time series from

PCA entered into the regression against the instrumental

PDSI data.

Because the common usable chronology length of the

current network is 1852–1982, a nesting procedure was

used to extend the length of the drought reconstruction

(Meko 1997; Cook et al. 2003). Through this procedure,

shorter chronologies are dropped as potential predictors

through an iterative process and new reconstruction

nests are created beyond the common period. Twenty

‘‘backward nests’’ were created for our drought re-

construction. Similarly, ‘‘forward nests’’ were created

for the time between 1981 and 2004 by dropping chro-

nologies collected after 1981 but before more recent

collections; 2004 is the last year of collections by this

laboratory in the Hudson Valley. A total of six forward

nests were created using chronologies from the 1982–

2004 period. The reduction of error (RE) and coefficient

of efficiency (CE) statistics were used to verify model

skill of all backward and forward reconstruction nests.

Positive RE and CE values indicate predictive skill

(Fritts 1976; Wigley et al. 1984; Cook et al. 1994).

The reconstruction here was built upon the 1895–1981

period, which is the common period between all

chronologies and the instrumental data. Investigation

into the stability of all reconstruction nests was con-

ducted through two split calibration–verification tests.

The meteorological data were split into one-third and

two-third portions for the first calibration–verification

test and then reversed for the second set of calibration

and verification tests (supplemental Table S2). Addi-

tional years of meteorological data gained through for-

ward nesting (because of an increased common period

of more recent years between tree-ring records and

meteorological data) were used in the development of

the reconstruction as well as all calibration–verification

tests. Any reconstruction nest that accounted for less

than 30% of the annual drought variation from the in-

strumental record or any test that produced negativeRE

and CE statistics were considered insufficient for re-

construction and omitted from the final reconstruction.

c. Assessing historical hydroclimate variability

Drought and pluvial events were quantified and ranked

following Gray et al.’s (2011) adaptation of Biondi et al.

(2002, 2005), except that we focus only on drought and

pluvial events of three or more consecutive years to ex-

amine extended events. We calculated the duration or

length, the magnitude (sum of the departure values from

the median) and intensity (sum of the departure values

from the median divided by the duration) of each run.

Each drought and pluvial event is ranked, where the larger

the departure from the median or the greater the intensity

of the event, the lower the event is initially ranked. The

magnitude and intensity value ranks for each event are

then added together. Events with the largest combined

score are considered more severe.

d. Assessing species contributions to hydroclimatic
reconstructions

We calculated the relative explained variance of each

species to investigate the value of each to the re-

construction following Frank and Esper (2005). Abso-

lute values of beta weights, or the standard regression

coefficient that represents predictor loading in principal

component regression analysis, were summed for each

chronology when the current year’s (t) and previous

year’s growth (t1 1) passed predictor selection criteria.

The summed value for each chronology was divided by

the sum of all beta weights and then again by 100. For

species with multiple chronologies (eight species), mini-

mum, maximum, and average relative variance explained

(AREV) was also calculated. Our analysis is intended to

further explore the importance of species replication,

chronology replication and chronology quality in dendro-

climatic research. Investigation of all permutations of

12 species and 32 chronologies is beyond the scope of this
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paper and is therefore limited to a few ranges of species

replication, chronology replication and chronology qual-

ity. Chronology quality for this purpose is defined as the

annual variance accounted for by each chronology of the

instrumental data being reconstructed. Where there are

duplicate chronologies for a species, each chronology is

ranked by the amount of annually accounted variance

with the highest (lowest) amount of variance considered

the ‘‘best’’ (‘‘worst’’) (see Table 2).

3. Results

a. Reconstruction modeling and spatial
representation

Ring width variation for the common period between

all tree-ring records and the instrumental PDSI data

(1852–1981) accounted for 66.2% of the annual varia-

tion of averageMay–August PDSI (Fig. 2; supplemental

Table S2). Most nests reconstructing hydroclimate be-

fore 1852 account for nearly 50% of annual variation in

instrumental PDSI (i.e., r2 for the 1602–61 nest 5
49.6%). By our criteria, the 1515–30 nest fails when it

accounts for only 26.9% of the annual variance in the

instrumental record. The first usable nest is the 1531–56

nest, which accounts for 44.1% of the annual average of

May–August instrumental PDSI between 1895 and

1981. Going forward past 1981 and up to the 2002 nest,

tree rings account for 49.3% or more of instrumental

PDSI. The 2002 nest, composed of only four chronolo-

gies, accounts for 33.8% of annual drought variation

while the 2003 nest accounts for 31.5% (supplemental

Table S2). RE and CE statistics are positive for all nests

between 1531 and 2002, although verification RE and

CE both drop below 0.100 for the 1999 and 2000 nests

indicating a weakening of skill. Meteorological data are

added after 2003 so that the final reconstruction of

drought in the NYC watershed covers 1531–2011 (Fig. 3).

The use of novel species for drought reconstruction

appears to have improved model skill. While more

commonly used species like Juniperus viginiana,Quercus

alba, Quercus montana and Tsuga canadensis have high

AREV, novel species had among the highest amounts

of relative variance explained (Table 1). Liriodendron

tulipifera had the second highest AREV (5.31), just

behind Tsuga canadensis (5.69). Similarly, Carya glabra

performed nearly aswell as Juniperus viginiana (AREV5
4.05 versus 4.39, respectively) and Betula lenta performed

FIG. 2. Tree ring reconstruction (dash–dot line) vs averageMay–

August instrumental PDSI (solid line) over the common period

from 1895 to 2002. Supplemental Table S2 contains calibration–

verification statistics for all nests.

FIG. 3. Drought history of the NYC watershed region from 1531

to 2011. The orange, smoothed line is a 20-yr spline while the flat,

black line represents the long-term median. Instrumental data

during 2004–11 (in blue) is tacked onto the end of the tree-ring-

based reconstruction (1531–2004). The thick, dot-dash line in the

bottom of the figure represents the number of chronologies

through time. The dashed-gray line highlights replication at five

chronologies.

TABLE 1. Rank of species used here to reconstruct past drought

based upon their average relative explained variance (AREV). See

text for calculation details.

Species No. CRNs Avg AREV Min AREV Max AREV

T. canadensis 3 5.69 2.98 7.38

L. tulipifera 3 5.31 2.42 7.15

J. virginiana 1 4.39 — —

C. glabra 3 4.05 2.59 4.95

Q. stellata 1 3.72 — —

B. lenta 2 3.38 2.59 4.17

P. rigida 1 2.87 — —

Q. montana 5 2.82 0.06 5.29

Q. rubra 4 2.38 1.30 4.00

Q. alba 5 1.75 0.68 2.48

Q. velutina 3 1.39 1.38 1.52

C. ovata 1 0.62 — —
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nearly as well as Quercus stellata (AREV 5 3.38 versus

3.72, respectively). Quercus alba and Quercus montana

AREV values are lower than one might expect given

their usefulness in previous reconstructions. This is

mainly due to the use of a chronology of each species

that is relatively weak. For example, four of the five

Quercus montana chronology AREV values are .2.9

with a maximum value of 5.29. In comparison, the

weakestQuercus montanaAREV value is 0.06 (Table 1).

A similar situation is seen with Quercus rubra. Three

of the four chronologies here have AREV . 2.1 while

the weakest chronology has an AREV of 1.3. We also

investigated the efficacy of these novel species by com-

paring calibration and verification statistics for the 1895–

1981 common period between ‘‘traditional’’ and novel

species (Table 2). Novel species perform nearly as well

on their own when reconstructing average May–Aug

instrumental PDSI as the traditional species.

Despite the often observed limitations of tree-ring

data to effectively capture wet years and pluvial events

(Fritts 1976), the tree-ring network here captures wet

years and pluvial events within the instrumental record

nearly as well as drought events (Fig. 2). It should be

noted that two of the three pluvial events after 1981 are

not captured as well, which could limit the interpretation

of reduced pluvial events during the prior four centuries

(discussed below). However, the tree ring based re-

construction indicates wet conditions or captures the

event pattern for 64.3% of the 14 pluvial events in the

instrumental record above the 1895–2011 median $2

years in duration (1897/98, 1901–03, 1916/17, 1919/20,

1927/28, 1937/38, 1945–48, 1950–53, 1960/61, 1967–69,

1971–77, 1982–84, 1989/90, 1996–98). Two of the five

events where the tree rings underperform (1982–84

and 1996–98) are well above the median. The remain-

ing pluvial events are smaller excursions from the

median. This underperformance could be the result of

reduced replication, the network being dominated by

dendroecological collections, or time-varying standard-

ization. It would seem the most important factor here

is the time-varying standardization. First, chronology

replication only drops from 32 to 28 chronologies by

2000. Next, our results actually indicate that reduced

chronology replication is less of a problem if species

replication is higher (Table 2). Species replication in the

tree-ring network after 1981 is still high. Finally, a new

study (Pederson et al. 2012b) supports an earlier pos-

tulation that site selection might matter less when sam-

pling for hydroclimatic reconstructions in the eastern

United States (Cook 1982). The new study indicates that

randomly-selected trees, even those from mesic environ-

ments, reflect annual to decadal hydroclimatic variation

TABLE 2. Comparison of various combinations of species replication, chronology replication, and chronology quality ranked by r2. The

end of the table compares reconstruction statistics for chronologies for more commonly used species (Traditional) vs new or infrequently

used species to dendroclimatology (Novel). We compare the same season and time period (1895–1981). CRNs 5 chronologies; Spp 5
species; Dup5 duplicated species or species withmore than one chronology; B5 best;W5worst; Trad.5 traditional species. Phrases like

‘‘All Spp., Dup. B/W’’ means that the mix of chronologies is represented by all 12 species with species having more than one chronology

represented by the best and worst chronology. ‘‘Dup. B/W’’ means that all duplicated species are represented by their best and worst

chronologies. Phrases like ‘‘B Spp’’ means the best species in terms of their explained variance. If followed by ‘‘B’’ or ‘‘W,’’ they are

comprised only of the best or worst chronologies. Finally, ‘‘8 B CRNs’’ simply means the best chronologies according to their individual r2

to the instrumental data.

r2 Pearson r RE CE

1895–1981 1895–1924 1925–81 1895–1924 1925–81 1895–1924 1925–81

Mix (No. CRNS) Calib Veri Calib Veri Calib Veri Calib Veri Calib Veri Calib Veri

All Spp., Dup. B/W (20) 66.4 0.758 0.788 0.824 0.716 0.575 0.552 0.680 0.423 0.575 0.517 0.680 0.412

All Spp. & CRNs (32) 66.2 0.717 0.781 0.844 0.722 0.515 0.487 0.712 0.405 0.515 0.485 0.712 0.395

Dup. B/W (16) 61.4 0.709 0.744 0.813 0.626 0.503 0.514 0.661 0.304 0.503 0.509 0.503 0.292

All Spp., Dup. W (20) 60.4 0.725 0.730 0.782 0.673 0.525 0.444 0.611 0.271 0.525 0.438 0.611 0.258

8 B Spp, B (8) 58.4 0.697 0.709 0.817 0.442 0.485 0.411 0.668 0.133 0.485 0.384 0.668 0.118

Trad. Spp. (16) 58.3 0.765 0.767 0.787 0.743 0.585 0.480 0.620 0.620 0.585 0.474 0.361 0.349

10 B Spp, B (10) 57.6 0.742 0.766 0.828 0.578 0.550 0.489 0.686 0.254 0.550 0.475 0.686 0.253

All Spp., B (12) 56.6 0.762 0.764 0.835 0.568 0.581 0.484 0.697 0.239 0.581 0.470 0.697 0.238

8 B CRNs (8) 54.6 0.705 0.661 0.781 0.533 0.497 0.380 0.610 0.243 0.497 0.351 0.610 0.230

3 Trad. Spp, 2 B ea (6) 53.5 0.722 0.641 0.737 0.496 0.521 0.374 0.543 0.227 0.521 0.345 0.543 0.214

All Spp., W (12) 49.4 0.771 0.624 0.716 0.622 0.594 0.356 0.513 0.177 0.594 0.350 0.513 0.163

10 B CRNs (10) 48.6 0.708 0.683 0.816 0.544 0.501 0.393 0.666 0.224 0.501 0.365 0.666 0.211

8 W Crns (8) 38.9 0.661 0.500 0.639 0.504 0.436 0.256 0.408 0.168 0.436 0.248 0.408 0.153

8 W Spp, W (8) 35.8 0.726 0.520 0.638 0.521 0.527 0.266 0.408 0.151 0.527 0.258 0.408 0.137

Traditional 58.3 0.765 0.767 0.787 0.743 0.585 0.480 0.620 0.361 0.585 0.474 0.620 0.349

Novel 58.4 0.642 0.622 0.801 0.416 0.413 0.320 0.641 0.138 0.413 0.294 0.641 0.129
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over the prior two centuries. So, it seems less likely that

the use of dendroeclogical collections is the cause of

weaker performance during the 1996–99 pluvial event.

Given this evidence and the fact that these events were

within the last decade of the tree-ring based recon-

struction, it seems that time-varying standardization

methods might be the primary reason for the under-

performance during two of the last three pluvial events.

Time-varying standardization reduces the amount of

medium-frequency variation at the ends of time series

(Melvin and Briffa 2008). In our network, there are only

a few periods when multiple chronologies line up in a

way so that a loss of medium frequency at the end of

a time series could be compounded to underestimate

hydroclimatic variation. These periods are: 1660–1700,

1740–60, 1795–1810, 1830–50, and after 1992. We do note

that the sign tests for both calibration-verification tests

were highly significant (261/42, z score: 3.834, p level5
0.000 06 for 1895–1924 calibration period; 441/132,

z score: 3.974, p level 5 0.000 04 for the 1925–81 calibra-

tion period) indicating a strong ability of the network to

capture wetter and dryer years and events.Most of the wet

years and multiannual pluvial events in the instrumental

record are captured by the composite tree-ring record.

Not only does the new reconstruction of PDSI rep-

resent the NYC watershed, it also represents regional-

scale precipitation. Between 1901 and 2006 our

reconstruction correlates significantly with April–July

precipitation across the northeastern United States and

southern Canada, with average May–July precipitation

providing the strongest correlation (supplemental Fig.

S3). The correlation is strongest (r $ 0.50) across the

northernmid-Atlantic region. The strong relationshipwith

growing-season precipitation provides independent evi-

dence that the reconstruction presented here represents

hydrometeorological conditions over a significant

portion of the northeastern United States.

b. Hydroclimate variability over the last five centuries

The new reconstruction indicates that the 1960s

drought remains the most intense drought experienced

by the region over the last 481 years (Figs. 3 and 4;

supplemental Table S3); only the 7-yr droughts start-

ing in 1630 and 1661 approach the 1960s in overall

intensity. However, the new drought record shows that

seven drought events exceed the duration of the 6-yr,

mid-1960s drought. All but one of these extended

droughts occurred prior to the twentieth century. The

average drought event length for the entire record is 5.2

years, while the average drought event duration for the

twentieth century is marginally less at 4.8 years. Most

importantly, only two drought events of 3-years or more

in length occurred after 1967 (Fig. 4). Over the entire

record, the seventeenth century appears to have been the

most prone to frequent, high severity droughts (supple-

mental Table S3). Yet, the most striking drought era oc-

curs in the mid–sixteenth century when a 23-yr drought

beginning in 1555 (ranked 6th) occurs only 1 year after

a 5-yr drought event (ranked 24th) and a decade after

the 10th ranked drought that began in 1543 (Fig. 4). Only

four positive departures from the long-term median,

representing moister conditions, occur between 1543 and

1577. While 1960s drought still stands out as significant in

the new 500-yr record, the sixteenth and seventeenth

centuries are dry centuries.

What might be most striking about the new recon-

struction, however, is the upward trend toward pluvial

conditions since the early-nineteenth century (Figs. 3

and 4; supplemental Table S4). Only the 1960s drought

interrupts this multicentennial trend. The multicentennial

FIG. 4. Temporal distribution of (a) magnitude and (b) intensity of

pluvial and drought events 3 years or more in duration. Magnitude

portrays the cumulative severity of each event while the intensity in-

dicates the average severity of each event. See text for more details.
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trend is punctuated by a series of intense pluvial events

after 1967. Two of the top four highest-ranked pluvial

events occur between 1971 and 2009 (supplemental

Table S4). In fact, 7 of the 20 highest-ranked pluvial

events have occurred since 1901. The 2006 and 1971

pluvial events represent high and extreme soil moisture

conditions (average PDSI5 2.36 and 3.80, respectively).

Averaged over the 1968–2011 period, PDSI has a value

of 0.67 despite including 12 negative years and from

2000–11 has an average of 1.67 despite including 2

negative years. The top two recent pluvial events are

only rivaled by the 8-yr pluvial beginning in 1827, the

9-yr pluvial beginning in 1672, and the 8-yr pluvial be-

ginning in 1578 (supplemental Table S4). While the

duration of positive soil moisture conditions in the most

recent pluvial events has been exceeded historically, the

predominantly pluvial PDSI conditions since the begin-

ning of the twenty-first century are virtually unrivaled in

terms of intensity.

To demonstrate this more clearly, we first look at the

most recent decades of the reconstruction. The 35-yr

period from the end of the 1960s drought up to the end

of the tree-ring portion of the reconstruction (2003)

stands out as a significantly wet era, with a mean ;2.4

standard deviations above that of all other 35-yr periods

in the reconstruction (Fig. 5a). This alone marks the

postdrought period as anomalous. However, the years

since the end of our reconstruction have been wetter still,

standing out as a distinct regime (Fig. 1b and supplemental

Fig. S1). We would expect reconstructions from tree-ring

chronologies updated to 2011 to exhibit similar jumps in

ring width, but we do not yet have data to verify this shift.

We can get some sense of how anomalous the period

since the end of the 1960s drought is by adding the most

recent 9 years of instrumental data onto the end of the

reconstruction (Fig. 5b). This period then stands out at

around ;3.8 standard deviations above the average of

all other 43-yr periods within the reconstruction. To de-

termine if this arbitrary or more ad hoc analysis might

have induced some bias, we conducted a continuous

analysis to examine how the post-1960s drought era fits in

the probability distribution of the last 500 years. Results

support the idea that the current pluvial era is anomalous

(supplemental Fig. S4). As the tree-rings are providing

a reflection of most pluvial events in the instrumental

record (Fig. 2), we can be pretty sure that the last three to

four decades in the New York City watershed have been

some of the wettest experienced in the last 500 years.

4. Discussion

The new reconstruction of drought for the NYC wa-

tershed highlights two important aspects of regional

hydroclimatic history. First, while the 1960s drought

is still among the most intense droughts over the last

500 years, it interrupts a multicentennial trend of in-

creasing moisture availability that has continued through

2011. Second, the new record gives greater insight

FIG. 5. Probability distributions of (a) 35-yr period within the tree-ring based reconstruction from 1531 to 2003 and

(b) 44-yr periodswithin the entire 1531–2011 record. The vertical lines represents 1968–2003 and 1968–2011 averages,

respectively.
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regarding the spatial extent and severity of the mega-

droughts during the 1500s and provides greater temporal

and spatial insight into droughts during the 1600s. Two

other important outcomes of this work are that 1) an im-

proved depiction of historical droughts and the long-term

trend of increasing moisture availability should be useful

for understanding the complex climate dynamics in the

eastern United States and 2) the reconstruction’s strength

appears to be partly derived from high tree species

replication. We will detail the implications of the re-

gional hydroclimatic history, methodological aspects of

the tree-ring based NYC watershed reconstruction, and

its potential societal impacts in the following sections.

a. Multicentennial trend toward pluvial conditions

One of the most prominent trends in the NYC water-

shed reconstruction is the general trend toward pluvial

conditions since ca. 1800. The magnitude of drought

events after the 1827 pluvial is less than in prior centuries

and becomes nearly nil after the 1960s drought (Fig. 4a).

Perhaps as striking is the trend of reduced drought in-

tensity since the late eighteenth century (Fig. 4b). The

trend of increasing pluvial conditions is not limited to

the NYC watershed region either; instead, it appears to

be a local expression of a broader hydroclimatic change

across the eastern United States (Fig. 6). Independent

analyses have indicated wetter conditions since the late

nineteenth and early twentieth centuries in three separate

regions (Stahle et al. 1988; Stahle and Cleaveland 1992,

1994; E. R. Cook et al. 2010; McEwan et al. 2011). Here

we show that the recent trend of increased wetness in

the NYC watershed generally matches five regionally-

distinct, tree-ring records of paleodrought drawn from

the NADA. Much of the eastern United States has been

unusually and somewhat persistently wet since the late

1800s. Almost all of these records indicate more pluvial

conditions since the late 1950s. The only event that stands

out from this large-scale pattern of change is the un-

usually severe 1960s drought. Since that event, our re-

construction indicates that this region of the northeastern

United States has been experiencing the strongest pluvial

conditions in the eastern United States.

The instrumental record further supports our finding

that recent pluvial events in the NYC region are at the

upper limit of hydroclimatic variability for the last 500

years. Even though the 2006–09 pluvial is virtually un-

rivaled, 2011 goes beyond the 2006–09 event: the 2011

May–August average PDSI value is 3.72, including

a value of 5.64 for August. The August 2011 PDSI value

is the highest instrumental calculation for any month

FIG. 6. Five records of hydroclimate variability across the eastern United States. The new

NYC drought reconstruction now provides evidence that the sixteenth century megadrought

(Stahle et al. 2000) extended up into the northeastern United States and that the trend toward

more pluvial conditions is present in five independent records across much of the eastern

United States. Each line is a 20-yr spline of the each annual record. The dashed line is the mean

of each record’s mean.
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since 1895. Further, the only monthly PDSI values in the

instrumental record greater than 5.0 occur after 2003 (n5
4). And, of the 20 highest monthly PDSI instrumental

values, only one occurred prior to 1975 (a value of 4.48 in

October 1955)—70%of the 20wettestmonths occur after

2000. Both paleo- and instrumental records point out that

the recent decade of pluvial conditions is at the upper end

of hydroclimatic variability over the last 100 and 500 years

(Figs. 1 and 5), which likely accounts for the lack of water

emergencies since 2002. Taken at face value, all these data

suggest the long-term trend in pluvial conditions is un-

usual over the last 500 years.

The long trend toward today’s pluvial conditions in

the NYC watershed matches patterns in other parts of

the Northern Hemisphere. Notably, increasing and sus-

tained trends in precipitation or pluvial conditions are

seen in Bavaria (Wilson et al. 2005), northeastern China

(Sheppard et al. 2004), northwesternChina (Li et al. 2006;

Yin et al. 2008; Zhang et al. 2011), southern England

(Büntgen and Tegel 2011), westernMongolia (Davi et al.

2009), Pakistan (Treydte et al. 2006), and the central

Rocky Mountains (Knight et al. 2010); trends for north-

ern or ‘‘High’’ Asia are summarized and shown to be

occurring most strongly in the west, with no such trend in

monsoonal Asia (Fang et al. 2010). Interestingly, re-

constructions at lower latitudes and in some semiarid re-

gions are trending toward drought after wetter twentieth

centuries, including Mexico (Cleaveland et al. 2003),

eastern and central Mongolia (Pederson et al. 2001;

Davi et al. 2006), western Turkey (Akkemik et al. 2005;

Touchan et al. 2007; Köse et al. 2011), southeastern

United States (Pederson et al. 2012a), western United

States (Cook et al. 2004; Woodhouse et al. 2005, 2010),

and southern Vietnam (Buckley et al. 2010). Abrupt

decreases in precipitation are more likely to occur in

semiarid and arid regions (Narisma et al. 2007). So, the

opposite trend toward pluvial conditions in the per-

humid NYC regionmirrors patterns seen in more mesic

regions of the Northern Hemisphere.

b. Severity and spatial extent of historical
megadroughts

The hydroclimatic reconstruction for the NYC wa-

tershed reveals significant drought events between 1500

and 1700. We now have evidence that the sixteenth

century megadrought (Stahle et al. 2000) extended into

the northeastern United States (Figs. 4 and 6). Outside

of the Niagara Escarpment records in southern Canada

(Buckley et al. 2004), few records are able to convey

information regarding the sixteenth century megadrought

for the region. For the northeastern United States, the

sixteenth century megadrought is unprecedented over

the past five centuries (Fig. 7). No other century contains

a drought 23 years in duration immediately following two

intense droughts (Fig. 4). While the new record here fills

an important space concerning the spatial extent of the

sixteenth centurymegadrought, it is now apparent that the

sixteenth century megadrought is the most coherent

drought episode across the eastern United States over the

last 500 years (Fig. 6).

Not to be overlooked, however, are the severe and

frequent seventeenth century droughts. While not hav-

ing nearly 40 years of sustained drought, the seventeenth

century has six significant droughts after 1632 (Fig. 4).

Importantly, the new reconstruction indicates the 1633

drought to be of the same magnitude as the 1960s

drought (Fig. 4a). What is different about the two half-

centuries in which these significant droughts occur is that

the first half of the seventeenth century contains a greater

proportion of drought than the late twentieth century

(Fig. 7). Further revealing the aridity of the seventeenth

century is the fact that the latter half of the seventeenth

century has a greater density of overall drought likeli-

hood than the first half of the seventeenth centurymaking

the seventeenth century one of the driest over the last

500 years (Fig. 7). Our new record also indicates that the

1661–67 drought is more severe (average PDSI522.33)

than that currently portrayed in NADA (supplemental

FIG. 7. Violin plots for 50-yr segments from 1550 to 1999 and for the 1895–2003 common period of the re-

constructed and meteorological data, showing data quartiles and outliers (box-and-whisker plots) and probability

densities (shaded gray areas).
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Fig. S4) and an investigation of North American drought

to the west of our network (Fye et al. 2003). The seven-

teenth century now appears to be a period plagued with

frequent and intense droughts.

While the sixteenth centurymegadrought is well known

in the paleoclimatological record, the mid–seventeenth

century drought has been primarily documented in other

geologic proxies to the west and northwest of our study

region (Bégin and Peyette 1988;Wolin 1996; Lichter 1997;

Nielsen 1998; Loope and Arbogast 2000; Argyilan et al.

2005; Shuman et al. 2009). Only recently was the severity

of drought during the seventeenth century highlighted in

close proximity to our study region (Nichols 2010; Ireland

and Booth 2011). The NYC watershed reconstruction

fills in a spatial gap of these records and adds greater

temporal detail throughout the seventeenth century. As

the dendroclimatological record of drought is pushed

further back in time, more precise temporal resolution is

revealed for severe droughts like that in the seventeenth

century.

The high-resolution revelation of severe and frequent

droughts in this region prior to 1700 is important. Pre-

viously, the most serious drought was the 1960s

drought (Cook and Jacoby 1977; Lyon et al. 2005;

Devineni et al. 2013), a drought that NYC adapted to

and survived. However, the great frequency of droughts

nearly severe as the 1960s drought during the seventeenth

century and the overwhelming magnitude of the 23-yr-

long sixteenth century should put political and resource

management agencies in the NYC metro region and

the greater megalopolis region (supplemental Fig. S3) on

notice: the northeastern United States is not a region

without severe droughts. In fact, a high-resolution sedi-

ment-core record reaching back to ca. 500 in the lower

Hudson Valley indicates that the sixteenth and seven-

teenth century droughts are not the worst that this region

could experience (Pederson et al. 2005).

c. Contribution to climate dynamics

The new information on the spatiotemporal patterns

of drought in the northeastern United States will inform

modeling efforts attempting to understand the drivers of

climate dynamics for North America. The trend toward

highly unusual conditions in the paleo- and instrumental

records in the last 40 years might be reflections of abrupt

climate change. Significant, positive trends in heavy pre-

cipitation, wetness, streamflow and soil moisture have

been identified in the eastern United States during the

twentieth century (Kunkel et al. 1999; Easterling et al.

2000; Groisman et al. 2004; Hodgkins and Dudley 2011).

The northeastern portion of theUnited States has, in fact,

some of the strongest trends in precipitation intensity,

frequency and extreme events (Karl and Knight 1998;

Karl et al. 2009; Brown et al. 2010; Min et al. 2011).

The increase in pluvial conditions and a new regime in

the instrumental record since 2003 (Figs. 1 and 3–6 and

supplemental Fig. S1) only continues trends identified

in previous studies.

The causes of a shift to a wetter climate in the

northeast are difficult to discern (e.g., Seager et al. 2012).

Precipitation variations in the region have been linked

to variability of the storm tracks over North America

and the North Atlantic Ocean (Seager et al. 2012) and

also to variations in the position and strength of the

Atlantic subtropical high (Stahle and Cleaveland 1992;

Davis et al. 1997; Hardt et al. 2010; Seager et al. 2012),

although the mechanisms for variations of the high are

unclear.While theNYCwatersheddrought reconstruction

is significantly and positively correlated to January sea

surface temperatures from 1948 to 2011 (supplemental

Fig. S6), these patterns resemble those forced by the

atmospheric flow anomalies and seem to be unlikely to

have actually caused the atmospheric flow anomalies

that control precipitation variations (Seager et al. 2012).

There is an apparent association of our reconstruction

with the northern Atlantic Ocean from January through

March (supplemental Fig. S5). However, a correlation

from 1531 to 2001 between the NYC warm-season re-

construction and a winter NAO reconstruction (Cook

et al. 2002) shows virtually no correlation (r 5 0.14).

There is also an association with the eastern Pacific

Ocean in February that fades by April (supplemental

Fig. S5) and correlation in March that suggests a link to

the Gulf Stream; the Gulf Stream association is similar

to a finding in Joyce et al. (2009). Regardless, the causes

of the recent hydroclimatic variability remain poorly

known and are possibly complex and multifaceted. Im-

mediately after the 1960s drought it was observed that

the event was likely the result of ‘‘multiple and inter-

locking causes’’ (Namias 1966, p. 553). A search for the

causes of droughts and pluvials in the NYC region will

require careful attention to human-induced climate

change, nonlinearities or asymmetries in the climate

system (Gong et al. 2011), the interaction between

multiple, large-scale climate systems over the north-

eastern United States (Archambault et al. 2008;

Budikova 2008), and the influences of a variety of modes

of climate variability including ones that are not forced

by the ocean (see B. I. Cook et al. 2010).

d. Implications for tree-ring reconstructions in humid
regions

As expected by inference (Garcı́a-Suárez et al. 2009;

Cook and Pederson 2011) and evidenced in application

(Maxwell et al. 2011), increased species replication ap-

pears to improve reconstruction models (Table 2). From
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the exploration of the influence of chronology replica-

tion, chronology quality and species replication on tree-

ring based reconstructions, it is interesting to note the

following: 1) a reconstruction composed of only the best

and worst chronologies of duplicated species (two

chronologies/species for a total of 16 chronologies) or all

species allowing for only the worst two chronologies of

duplicated species (n 5 20) performed nearly as well as

the full network (n5 32); 2) a reconstruction composed

of the best chronology from the 10 best species out-

performs the best 10 overall chronologies; and 3) the

best chronology from the eight best species (n 5 8) per-

forms nearly as well as using all chronologies from tra-

ditional dendroclimatological species in the region (n 5
16) (Table 1). Results here suggest that species replica-

tion is important in reconstructing hydroclimate

in humid, closed-canopy environments.

With the on-going functional extinction of Tsuga

canadensis (Orwig and Foster 1998; Bonneau et al. 1999;

Orwig et al. 2008), one of the most important tree spe-

cies for paleoclimatic research in eastern North Amer-

ica, and the expected increase in the loss of tree species,

it is important to identify other species that could re-

place climatically-sensitive species like Tsuga canadensis

for future work. Results here indicate that Liriodendron

tulipifera is nearly an ideal replacement for Tsuga

canadensis, especially given the recent discovery of it

living .500 years (Pederson 2010) (see supplemental

material). Our findings indicate Betula lenta, Carya

glabra and Quercus rubra as useful ‘‘novel’’ species for

paleohydroclimatic research (supplemental material).

In fact, comparison of PDSI reconstruction using only

‘‘Traditional’’ versus ‘‘Novel’’ species shows little differ-

ence in the performance of the two groupings (Table 2).

The differences that do occur in the resulting recon-

struction do not seem to consistently favor one group-

ing of species versus the other (supplemental Fig. S7).

While these ‘‘novel’’ species generally do not live as long

as Tsuga canadensis (Eastern OLDLIST 2012), the

nested reconstruction approach makes shorter chro-

nologies useful for paleoclimatic research. Continued

exploration of species in the diverse eastern North

American forest for maximum ages and climatic sensi-

tivity should help future dendroclimatological research

as species are lost, either functionally or permanently.

e. Implications for NYC water supply

Current supply levels for NYC are anomalous within

the context of the last 500 years. NYC currently enjoys

a water supply surplus and rotates its water demand

among three watershed systems—the Croton, Catskill,

and Delaware watersheds—from year to year (NYC

Department of Environmental Protection 2010). It might

appear thus that NYC possesses a surplus of water use

rights that might be better allocated to downstream users

of the basin in Delaware, New Jersey, and Pennsylvania.

However, we argue that a reallocation of NYC’s water

rights may well put metropolitan water supply at risk,

should the current trend toward strong pluvial conditions

come to an end. In fact, forecasts of future precipitation

indicate continued wetting during winter, but drying

during the summer (Hayhoe et al. 2007). The gains in

water conservation and efficiency made by NYC during

a time of comparative abundance are admirable [from

a per capita consumption peak of 788.5 L day21 (LPD) in

1988 to a low in 2009 of 476.2 LPD, a reduction of 40%]

(NYC Department of Environmental Protection 2010),

and may turn out to have been prescient if and when

NYC’s ‘‘water boom’’ comes to an end. We suggest the

value in framing NYC’s current condition as a ‘‘water

boom’’ rather than a ‘‘water surplus,’’ and note the insight

from natural resource economics that benefits accrued

from resource booms are better saved than consumed

(because reducing consumption rates is much more

painful and difficult than reducing rates of saving)

(Collier 2010). To its credit NYC has already done much

to avoid a consumption boom in water resources, and we

hope that the context provided in this study will demon-

strate the importance of ‘‘saving’’ the current abundance

of water resources—perhaps through facilitating water-

shed restoration and improving the provision of ecosys-

tem services by the Delaware and Catskill watersheds, or

through short-term leases of NYC’s current surplus with

the revenues invested in water infrastructure—while the

boom lasts. Ephemeral though it may turn out to be, the

capacity for NYC to act as a buffer within a collaborative

regional network of water supply and demand (and col-

lect revenue in the process) is an opportunity not to be

missed.

5. Summary

Here we present a well-replicated reconstruction of

hydroclimate for theNYC region from 1531 to 2011. The

new reconstruction reveals an upward trend toward

more pluvial conditions since ca. 1800 for a significant

portion of the northeastern United States, a trend that

is manifest over much of temperate eastern North

America. This trend is currently punctuated by an un-

usual, 43-yr pluvial and supports instrumental data in-

dicating that the last two decades are unusual in nature.

With greater chronology replication in the sixteenth and

seventeenth centuries than previous regional reconstruc-

tions, the new record reveals a high frequency of droughts

during the sixteenth and seventeenth centuries that are

similar in intensity to the 1960s drought, the drought of
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record in the instrumental data. We now have evidence

that the well-known sixteenth centurymegadrought likely

occurred over much of the northeastern United States.

Here, the sixteenth century is characterized by an un-

precedented 23-yr drought that follows in short succession

two other significant drought events. Perhaps just as im-

portant, the seventeenth century is characterized by six

severe drought events after 1633. In a 500-yr context, the

twentieth century and the sustained and repeated pluvial

events over the last 43 years mask the real likelihood for

severe and significant drought in the greater NYC region.

Water supply systems for millions of people need to be

viewed as vulnerable to severe and potentially frequent

drought.With this perspective, we suggest that the current

conditions within the NYC watershed be seen as a water

boom, not surplus. During booms it might be best to focus

management on saving the current abundance of water

resources.
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Supplemental Tables 
 
Table	
  S1	
  -­‐	
  Chronologies	
  used	
  and	
  their	
  statistics	
  for	
  NYC	
  Watershed	
  drought	
  reconstruction.	
  	
  	
  

	
  

Site	
  

	
  

Spp	
  

CRN	
  Span	
   No.	
  

Ser

.	
  

EPS	
  

(Tree)

a	
  

EPS	
  

>0.80

b	
  

Yr	
  EPS	
  

>0.80	
  c	
  	
  

Med.	
  Seg.	
  

(yrs)	
  

Comments	
  

Albany-­‐Middleburgh,	
  NY	
   QUlue	
   1507-­‐

2002	
  

63	
   0.944	
   1581	
   -­‐	
   168	
   Live	
  trees	
  =	
  Quercus	
  montana;	
  

dead	
  trees	
  =	
  Q.	
  subgenus	
  

Leucobalanus	
  species	
  from	
  

Albany,	
  NY	
  region	
  

Greenbrook	
  Sanctuary,	
  

NJ	
  

CAGL	
   1818-­‐

2000	
  

18	
   0.883	
   1847	
   -­‐	
   105	
   	
  

Greenbrook	
  Sanctuary,	
  

NJ	
  

LITU	
   1750-­‐

2000	
  

27	
   0.918	
   1800	
   -­‐	
   152	
   	
  

Goose	
  Egg	
  Forest,	
  NY	
   QUAL	
   1666-­‐

2002	
  

35	
   0.963	
   1743	
   -­‐	
   186	
   	
  

Goose	
  Egg	
  Forest,	
  NY	
   QUMO	
   1666-­‐ 31	
   0.958	
   1746	
   -­‐	
   163	
   	
  



2002	
  

Goose	
  Egg	
  Forest,	
  NY	
   QURU	
   1799-­‐

2001	
  

34	
   0.968	
   1808	
   -­‐	
   178	
   	
  

Hunter	
  Island,	
  Bronx,	
  NY	
   QUST	
   1773-­‐

2002	
  

26	
   0.901	
   1780	
   -­‐	
   196	
   Trees	
  date	
  to	
  British	
  

occupation	
  during	
  the	
  

Revolutionary	
  War	
  

Hutchinson	
  Forest,	
  NJ	
   QUspp	
   1563-­‐

1982	
  

70	
   0.964	
   1645	
  

	
  

1602	
   187	
   Living	
  trees	
  =	
  Q.	
  alba;	
  dead	
  

trees=	
  Q.	
  subgenus	
  

Leucobalanus	
  species	
  from	
  

New	
  Brunswick,	
  NJ	
  area	
  

Lake	
  George,	
  NY	
   QUVE	
   1836-­‐

2002	
  

32	
   0.972	
   1839	
   -­‐	
   135	
   	
  

Lisha	
  Kill,	
  NY	
   CAGL	
   1753-­‐

2002	
  

27	
   0.914	
   1773	
   -­‐	
   150	
   	
  

Lisha	
  Kill,	
  NY	
   QUAL	
   1816-­‐

2002	
  

23	
   0.935	
   1831	
   -­‐	
   157	
   	
  



Middleburgh,	
  NY	
   JUVI	
   1449-­‐

2004	
  

26	
   0.860	
   1525	
   1515	
   152	
   Live	
  &	
  dead	
  wood	
  

Mohonk,	
  NY	
   BELE	
   1614-­‐

2002	
  

29	
   0.950	
   1834	
   1817	
   129	
   Collected	
  in	
  1974	
  &	
  2002	
  

Mohonk,	
  NY	
   CAGL	
   1740-­‐

2002	
  

30	
   0.940	
   1850	
   1847	
   152	
   	
  

Mohonk,	
  NY	
   PIRI	
   1618-­‐

1996	
  

45	
   0.967	
   1670	
   -­‐	
   210	
   Approximate	
  location	
  

Mohonk,	
  NY	
   QUlue	
   1449-­‐

2002	
  

157	
   0.981	
   1550	
  

	
  

1531	
   158	
   Living	
  portion	
  is	
  Quercus	
  

montana;	
  the	
  historical	
  

timbers	
  portion	
  is	
  Q.	
  

subgenus	
  Leucobalanus	
  

species	
  from	
  timbers	
  in	
  the	
  

New	
  Paltz,	
  NY	
  area	
  

Mohonk,	
  NY	
   QUVE	
   1793-­‐

2002	
  

27	
   0.959	
   1795	
   -­‐	
   162	
   	
  



Mohonk,	
  NY	
   TSCA	
   1626-­‐

2002	
  

43	
   0.973	
   1705	
   1662	
   243	
   Humpty	
  Dumpty	
  talus	
  

Mohonk,	
  NY	
   TSCA	
   1658-­‐

2004	
  

39	
   0.963	
   1735	
   1691	
   211	
   Rock	
  Rift	
  Rd	
  	
  

Mohonk,	
  NY	
   TSCA	
   1579-­‐

2000	
  

21	
   0.964	
   1604	
   -­‐	
   252	
   Spruce	
  Glen	
  

Montgomery	
  Place,	
  NY	
   LITU	
   1754-­‐

2002	
  

20	
   0.905	
   1885	
   1852	
   113	
   	
  

Montgomery	
  Place,	
  NY	
   QUMO	
   1727-­‐

2002	
  

33	
   0.941	
   1830	
   1805	
   179	
   	
  

Montgomery	
  Place,	
  NY	
   QURU	
   1787-­‐

2002	
  

28	
   0.928	
   1870	
   1839	
   130	
   	
  

Pack	
  Forest,	
  NY	
   TSCA	
   1453-­‐

2003	
  

89	
   0.970	
   1557	
   -­‐	
   208	
   Orig.	
  Pack	
  For.	
  TSCA,	
  western	
  

MA	
  update	
  &	
  historical	
  

timbers	
  

Prospect	
  Mountain,	
  NY	
   BELE	
   1820-­‐ 24	
   0.915	
   1831	
   -­‐	
   121	
   	
  



2001	
  

Prospect	
  Mountain,	
  NY	
   CAOV	
   1775-­‐

2001	
  

29	
   0.939	
   1830	
   -­‐	
   165	
   	
  

Prospect	
  Mountain,	
  NY	
   QUAL	
   1659-­‐

2001	
  

32	
   0.966	
   1760	
   -­‐	
   191	
   	
  

Prospect	
  Mountain,	
  NY	
   QURU	
   1816-­‐

2001	
  

28	
   0.934	
   1834	
   -­‐	
   127	
   	
  

Schenectady,	
  NY	
   QUVE	
   1802-­‐

2001	
  

24	
   0.927	
   1802	
   -­‐	
   167	
   	
  

Schunnemunk	
  Mtn,	
  NY	
   QUAL	
   1648-­‐

2001	
  

46	
   0.928	
   1700	
   -­‐	
   244	
   Collected	
  in	
  1983	
  &	
  2001	
  

Uttertown,	
  NJ	
   LITU	
   1732-­‐

2003	
  

28	
   0.961	
   1757	
   -­‐	
   147	
   	
  

Uttertown,	
  NJ	
   QUspp	
   1491-­‐

2002	
  

65	
   0.956	
   1516	
   -­‐	
   206	
   Live	
  trees	
  =	
  Q	
  montana;	
  

historical	
  timbers	
  =	
  Q.	
  

subgenus	
  Leucobalanus	
  



species	
  from	
  northeastern	
  NJ	
  

area	
  

Uttertown,	
  NJ	
   QURU	
   1785-­‐

2001	
  

44	
   0.979	
   1840	
   1804	
   131	
   	
  

Median	
   	
   	
   30	
   0.950	
   1780	
   163	
   	
  

a	
  =	
  between	
  tree	
  EPS;	
  b	
  =	
  segment	
  where	
  between-­‐tree	
  EPS	
  >0.80;	
  c	
  =	
  year	
  when	
  between-­‐tree	
  EPS	
  >0.80	
  if	
  earlier	
  than	
  b	
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Table	
  S2	
  -­‐	
  Calibration-­‐validation	
  statistics	
  for	
  the	
  NYC	
  Watershed	
  reconstruction.	
  RE	
  =	
  reduction	
  of	
  error	
  statistic.	
  CE	
  =	
  

coefficient	
  of	
  efficiency.	
  See	
  manuscript	
  for	
  statistic	
  descriptions.	
  

Nesta	
   No. 

Crns 

r2 Pearson	
  r RE CE 

   -- Backwards Nest -- 

  1895-­‐ 1895-­‐‘24 1925-­‐‘81 1895-­‐‘24 1925-­‐‘81 1895-­‐‘24 1925-­‐‘81 

  1981 Calib. Veri. Calib. Veri. Calib. Veri. Calib. Veri. Calib. Veri. Calib. Veri. 

1515 2 26.9             

1531 3 44.1 0.754 0.527 0.676 0.504 0.568 0.241 0.458 0.241 0.568 0.207 0.458 0.230 

1557 4 45.7 0.796 0.449 0.666 0.476 0.634 0.168 0.444 0.200 0.634 0.131 0.444 0.188 

1581 5 48.2 0.757 0.550 0.712 0.515 0.573 0.294 0.507 0.220 0.573 0.263 0.507 0.209 

1602 6 49.6 0.751 0.651 0.735 0.676 0.563 0.425 0.541 0.329 0.563 0.419 0.541 0.317 

1662 7 53.2 0.732 0.733 0.768 0.678 0.536 0.481 0.590 0.321 0.536 0.475 0.590 0.309 
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1670 8 55.2 0.787 0.735 0.777 0.747 0.619 0.481 0.604 0.467 0.619 0.475 0.604 0.458 

1691 9 57.0 0.791 0.742 0.775 0.744 0.625 0.492 0.641 0.471 0.625 0.487 0.641 0.462 

1700 10 57.5 0.781 0.747 0.744 0.722 0.610 0.495 0.599 0.441 0.610 0.490 0.599 0.431 

1744 12 58.1 0.776 0.754 0.783 0.714 0.602 0.490 0.612 0.327 0.602 0.484 0.612 0.315 

1758 14 58.4 0.773 0.757 0.787 0.702 0.598 0.469 0.620 0.315 0.598 0.463 0.620 0.303 

1773 15 59.1 0.771 0.775 0.789 0.690 0.595 0.483 0.623 0.274 0.595 0.478 0.623 0.261 

1780 16 58.8 0.771 0.764 0.799 0.700 0.595 0.452 0.639 0.251 0.595 0.447 0.639 0.238 

1795 17 58.5 0.771 0.764 0.799 0.688 0.595 0.452 0.638 0.253 0.595 0.447 0.638 0.240 

1802 19 60.3 0.789 0.752 0.810 0.682 0.623 0.454 0.657 0.269 0.623 0.448 0.657 0.257 

1805 22 64.0 0.788 0.771 0.822 0.710 0.621 0.479 0.685 0.286 0.621 0.473 0.685 0.274 

1817 23 63.2 0.794 0.773 0.822 0.719 0.630 0.487 0.676 0.330 0.630 0.481 0.676 0.318 

1831 27 63.7 0.778 0.775 0.812 0.731 0.605 0.514 0.659 0.364 0.605 0.509 0.659 0.352 
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1839 29 64.2 0.743 0.815 0.830 0.730 0.552 0.528 0.689 0.386 0.552 0.523 0.689 0.375 

1847 31 64.2 0.717 0.781 0.828 0.731 0.515 0.487 0.686 0.400 0.515 0.482 0.686 0.389 

1852b 32 66.2 0.717 0.781 0.844 0.722 0.515 0.487 0.712 0.405 0.515 0.485 0.712 0.395 

   -- Forward Nests -- 

   Pearson	
  r RE CE 

   Calib. Veri. Calib. Veri. Calib. Veri. Calib. Veri. Calib. Veri. Calib. Veri. 

   First	
  3rd Second	
  3rd First	
  3rd Second	
  3rd First	
  3rd Second	
  3rd 

1995c 31 57.8 0.712 0.693 0.779 0.719 0.506 0.400 0.606 0.443 0.506 0.396 0.606 0.436 

1999d 30 51.3 0.700 0.675 0.736 0.644 0.490 0.379 0.541 0.135 0.490 0.364 0.541 0.098 

2000e 28 54.2 0.733 0.670 0.739 0.652 0.537 0.388 0.546 0.090 0.537 0.374 0.546 0.054 

2001f 20 49.3 0.673 0.694 0.744 0.647 0.453 0.375 0.554 0.184 0.453 0.359 0.554 0.144 

2002g 4 33.8 0.673 0.485 0.629 0.588 0.405 0.207 0.396 0.235 0.405 0.185 0.396 0.194 



	
  
	
  

10	
  

2003h 2 31.5 0.612 0.561 0.560 0.612 0.375 0.293 0.314 0.332 0.375 0.276 0.314 0.300 

a	
  Date	
  =	
  1st	
  yr	
  of	
  nest;	
  b1837	
  =	
  common	
  period	
  of	
  all	
  33	
  CRNS;	
  c	
  calibration	
  period	
  =	
  1895-­‐1995,	
  calibration-­‐verification	
  

periods	
  =	
  1895-­‐1928,	
  1929-­‐1995;	
  d	
  calibration	
  period	
  =	
  1895-­‐1999,	
  calibration-­‐verification	
  periods	
  =	
  1895-­‐1930,	
  1931-­‐

1999;	
  e	
  calibration	
  period	
  =	
  1895-­‐2000,	
  calibration-­‐verification	
  periods	
  =	
  1895-­‐1931,	
  1932-­‐2000;	
  f	
  calibration	
  period	
  =	
  1895-­‐

2001,	
  calibration-­‐verification	
  periods	
  =	
  1895-­‐1932,	
  1933-­‐2001;	
  g	
  calibration	
  period	
  =	
  1895-­‐2002,	
  calibration-­‐verification	
  

periods	
  =	
  1895-­‐1933,	
  1934-­‐2002;	
  h	
  calibration	
  period	
  =	
  1895-­‐2003,	
  calibration-­‐verification	
  periods	
  =	
  1895-­‐1934,	
  1935-­‐2003.	
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Table	
  S3	
  –	
  Top-­‐10	
  drought	
  events	
  in	
  the	
  NYC	
  Watershed	
  since	
  1531.	
  

Beginning	
  Year	
   Duration	
   Magnitude	
   Intensity	
   Score	
  

1962-­‐1967	
   6	
   -­‐18.87	
   -­‐3.14	
   69	
  

1661-­‐1667	
   7	
   -­‐16.30	
   -­‐2.33	
   66	
  

1630-­‐1636	
   7	
   -­‐15.09	
   -­‐2.16	
   63	
  

1767-­‐1773	
   7	
   -­‐13.40	
   -­‐1.91	
   60	
  

1748-­‐1750	
   3	
   -­‐7.76	
   -­‐2.59	
   58	
  

1555-­‐1577	
   23	
   -­‐32.48	
   -­‐1.41	
   58	
  

1697-­‐1700	
   4	
   -­‐8.51	
   -­‐2.13	
   56	
  

1685-­‐1692	
   8	
   -­‐11.92	
   -­‐1.49	
   56	
  

1647-­‐1651	
   5	
   -­‐9.17	
   -­‐1.83	
   56	
  

1543-­‐1545	
   3	
   -­‐6.56	
   -­‐2.19	
   53	
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Table	
  S4	
  –	
  Top-­‐10	
  pluvial	
  events	
  in	
  the	
  NYC	
  Watershed	
  since	
  1531.	
  

Beginning	
  Year	
   Duration	
   Magnitude	
   Intensity	
   Score	
  

1827-­‐1834	
   8	
   23.26	
   2.91	
   69	
  

2006-­‐2009*	
   4	
   15.21	
   3.80	
   67	
  

1672-­‐1680	
   9	
   17.41	
   1.93	
   65	
  

1971-­‐1976	
   6	
   14.15	
   2.36	
   64	
  

1578-­‐1584	
   8	
   15.27	
   1.91	
   63	
  

1751-­‐1756	
   6	
   12.22	
   2.04	
   59	
  

1807-­‐1815	
   9	
   13.60	
   1.51	
   50	
  

1538-­‐1542	
   5	
   8.52	
   1.70	
   49	
  

1889-­‐1892	
   4	
   7.32	
   1.82	
   49	
  

1901-­‐1907	
   7	
   10.7	
   1.53	
   48	
  

*	
  =	
  contains	
  instrumental	
  data	
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Supplemental Figures 
 

 
 

 
Fig S1 – Instrumental records of precipitation from 1895-2011 for the Hudson Valley of New 
York State. The top series (solid blue line) is average total annual precipitation while the bottom 
series (solid light blue line with triangles) is average total summer precipitation. Horizontal lines 
represent average precipitation for the regimes detected using the methods of Rodionov (2004). 
Data are derived from NOAA’s National Climatic Data center for Climate Services and 
Monitoring Division (http://www.ncdc.noaa.gov/temp-and-precip/time-series/). 
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Fig S2 – Chronology network through time in the NYC Watershed. 
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Fig S3 - Spatial correlation of reconstructed May-Aug PDSI versus May-Jul precipitation. 
Correlation conducted using KNMI Climate explorer (http://climexp.knmi.nl/) against CRU 3.1 
precipitation from 1901-2006. 
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Fig S4 – Distribution of multi-year averages of NYC PDSI (expressed as Z-scores) from 1531-
2011. Data are expressed as Z-scores.  Blue ribbon represents the most recent period (i.e., the 
most recent X-year average up to 2011).  The most recent period is increasingly anomalous in 
the broader climate context (i.e., a trend of increasing Z-score) moving back from 5-year to about 
45-year averages, where the average incorporates the 1960s drought. 
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Fig S5 – Spatial pattern of drought across North America from 1661-1667. Adapted from the 
North American Drought Atlas (Cook et al. 1999; Cook and Krusic 2004; Cook and al. 2008; 
http://www.ncdc.noaa.gov/cgi-bin/paleo/pd08plot.pl). 
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Fig S6 – Correlation between the NYC watershed drought reconstruction and average January, 
February, March and April sea-level pressure data from 1948-2009 (Kalnay et al. 1996). Adapted 
from the KNMI Climate explorer (http://climexp.knmi.nl/). 
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Supplemental Text 
 
Implications	
  for	
  Tree-­ring	
  Based	
  Reconstructions	
  in	
  Mesic	
  Regions	
  

We	
  found	
  that	
  Liriodendron	
  tulipifera	
  was	
  found	
  to	
  be	
  one	
  of	
  the	
  best	
  species	
  to	
  

reconstruct	
  hydroclimate,	
  a	
  finding	
  similar	
  in	
  the	
  reconstruction	
  of	
  the	
  Potomac	
  River	
  

(Maxwell	
  et	
  al.	
  2011).	
  Liriodendron	
  tulipifera	
  has	
  two	
  traits	
  that	
  make	
  it	
  nearly	
  an	
  ideal	
  

replacement	
  of	
  Tsuga	
  canadensis.	
  First,	
  its	
  AREV	
  value	
  is	
  nearly	
  equal	
  to	
  Tsuga	
  canadensis	
  

(Table	
  1).	
  However,	
  the	
  next	
  trait	
  that	
  makes	
  Liriodendron	
  tulipifera	
  an	
  especially	
  

appealing	
  replacement	
  species	
  is	
  that	
  it	
  has	
  recently	
  been	
  documented	
  as	
  often	
  living	
  

longer	
  than	
  400	
  years	
  (Eastern	
  OLDLIST	
  2011).	
  In	
  fact,	
  the	
  new	
  documented	
  maximum	
  age	
  

for	
  Liriodendron	
  tulipifera	
  of	
  512	
  years	
  is	
  from	
  a	
  hollow	
  tree	
  where	
  only	
  half	
  of	
  its	
  radius	
  

was	
  recovered	
  (Pederson	
  2010).	
  It	
  would	
  not	
  be	
  surprising	
  if	
  Liriodendron	
  tulipifera’s	
  

maximum	
  age	
  reaches	
  600	
  years,	
  if	
  not	
  700	
  years,	
  with	
  future	
  sampling.	
  The	
  only	
  limitation	
  

for	
  this	
  species	
  is	
  that	
  it	
  does	
  not	
  live	
  as	
  far	
  north	
  or	
  in	
  the	
  cold	
  environments	
  like	
  Tsuga	
  

canadensis.	
  Until	
  disease	
  or	
  a	
  pest	
  is	
  found	
  to	
  significantly	
  impact	
  Liriodendron	
  tulipifera,	
  

this	
  species	
  seems	
  like	
  the	
  best	
  replacement	
  for	
  Tsuga	
  canadensis.	
  

Three	
  other	
  species	
  new	
  to	
  dendroclimatic	
  research	
  are	
  recommended	
  as	
  potential	
  

replacements	
  for	
  Tsuga	
  canadensis	
  or,	
  at	
  the	
  very	
  least,	
  useful	
  for	
  dendrohydroclimatic	
  

research:	
  Betula	
  lenta,	
  Carya	
  glabra	
  and	
  Quercus	
  rubra.	
  Each	
  has	
  good	
  AREV	
  values	
  and	
  can	
  

be	
  regularly	
  found	
  more	
  than	
  200	
  years	
  in	
  age.	
  It	
  is	
  not	
  too	
  unusual	
  to	
  find	
  Betula	
  lenta	
  and	
  

Carya	
  glabra	
  250-­‐300+	
  years	
  old	
  (Pederson	
  et	
  al.	
  2005,	
  Eastern	
  OLDLIST	
  2011).	
  Continued	
  

exploration	
  of	
  species	
  like	
  Carya	
  glabra	
  will	
  likely	
  reveal	
  greater	
  ages	
  as	
  has	
  been	
  found	
  for	
  

other	
  less-­‐well	
  studied	
  species	
  like	
  Betula	
  lenta.	
  While	
  Quercus	
  rubra’s	
  AREV	
  is	
  relatively	
  

low,	
  one	
  chronology	
  has	
  a	
  value	
  =	
  4.00,	
  which	
  is	
  greater	
  than	
  the	
  median	
  AREV	
  of	
  all	
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chronologies	
  used	
  here	
  (2.59).	
  One	
  limitation	
  is	
  that	
  Quercus	
  rubra	
  rarely	
  reaches	
  more	
  

than	
  300	
  years	
  (Orwig	
  et	
  al.	
  2001,	
  Eastern	
  OLDLIST	
  2011).	
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