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Extreme daily and transient precipitation events have been on the rise in the continental
United States. These changes have the potential to disrupt human and natural systems. Tree
rings can reconstruct annual estimates of past climate, but have limitations in recon-
structing extreme precipitation events. We analyzed instrumental records to evaluate pat-
terns in daily, weekly, and seasonal precipitation in four regions spanning a climatic
gradient in the eastern United States. Relationships between tree-ring reconstructions of
hydroclimate and precipitation events were analyzed to characterize extreme years over the
last 1000 years. From 1944–2013, the Hudson Valley and Ohio Valley regions have ex-
perienced wetter summers as well as an increase in the frequency of daily rainfall. Coin-
ciding with these increases, half or more of the extreme wet years in these two regions have
occurred in the last 20 years. Significant differences in the structure of weekly growing-
season precipitation between extreme wet and dry years were found in late May and late
June in the Ohio Valley and early June in the Mississippi Valley, with negligible differences
in the northern and southern ends of our gradient. We also found dry-spell duration was
significantly different between extreme wet and dry years in all regions except for the
northern end of our study gradient. In contrast, dry-spell frequency was significantly dif-
ferent between extreme wet and dry years in all regions except for the southern end of our
gradient. Reconstructed Palmer Drought Severity Index (PDSI) was significantly and
positively correlated with total summer rainfall and significantly and negatively correlated
with rainless-day frequency in all regions, with stronger correlations during extreme years.
Working in the region with the strongest relations, we reconstructed summer precipitation
and summer rainless days in the Hudson Valley back to 1525 CE and 1625 CE, respec-
tively. From these reconstructions, we infer that the 20th century is characterized by more
extreme summer precipitation totals and a decline in rainless days with 75.8% of the last 33
years having fewer dry days than the 377-year mean. The forecasted changes toward
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longer, more intense droughts over the next century are not yet realized in our study
regions. However, should these shifts occur, human and natural systems will likely undergo
abrupt change in response to alterations in hydrology, ecological disturbance, and terrestrial
productivity, with the Northeast potentially being most vulnerable.

Keywords: Climate change; extreme events; paleoclimatology; drought; pluvial; dendro-
chronology; forest ecology; reconstruction; hydroclimatology.

1. Introduction

Global climate change is expected to have a significant impact on the occur-
rence, seasonality, intra-season variability, and intensity of precipitation.
Extreme transient precipitation events (e.g., high intensity precipitation, high
number of days without rainfall) have been on the rise in the continental United
States (Kunkel et al. 2003; Kunkel 2003; Easterling et al. 2000; Singh
et al. 2013; Villarini et al. 2013). Recent impact assessments help evaluate
changes in climate extremes under a known period of climate change, which
have shown an increase in precipitation and heavy precipitation events in the
eastern US since the mid-20th century (DeGaetano 2009; Peterson et al. 2008).
These recent increases are projected to continue in North America through the
end of the 21st century (IPCC 2014), the impacts of which are expected to be
significant for human and natural systems.

Reflecting broader patterns of increased precipitation over much of the US
since 1900 (Melillo et al. 2014), there has been an increase in streamflow
and water table height across the northeastern US, leading to higher risks of
flood in the region (Weider and Boutt 2010). Interestingly, in the Midwestern
US, there has been an increase in the number of floods, but not an increase in
the size of these floods (Mallakpour and Villarini 2015). However, under pro-
jected increases in temperature from climate change, reductions in days with
precipitation and increases in dry-spell length are anticipated in many regions
across the globe (Giorgi et al. 2011). Terrestrial ecosystems are particularly
vulnerable through anticipated increases in soil water stress and heavy evapo-
rative losses (IPCC 2014). Extreme moisture fluctuations have been thought to
trigger forest dieback, specifically under severe fluctuations in hydroclimate
from high intensity rainfall to prolonged drought (Auclair 1993). Some of these
fluctuations have been documented in many forests around the world (Allen
et al. 2010). In addition, more frequent, long-duration droughts have been
thought to reduce tree response to precipitation pulses, suggesting there will be
increased potential for forest mortality given current climate projections (Plaut
et al. 2013). Understanding the frequency, timing, and spatial extent of different
classes of extreme climatic and weather events is particularly important to avoid
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loss of life and to prevent increasing economic and monetary costs associated
with catastrophic extreme events (Karl and Easterling 1999). There is a growing
need to add to our understanding of hydroclimatic regimes across the eastern US
as the temporal and spatial distributions of precipitation regimes change over
time.

Instrumental climate records are relatively short and can often only characterize
climate at multi-annual to decadal time scales. Proxies of past climate, including
those that reconstruct precipitation, effective moisture, lake levels, and inferred soil
moisture, can characterize climate from centuries to millennia. Some of these
proxies are: pollen (Bartlein et al. 2011; Viau et al. 2006), sedimentary records
(Hubeny et al. 2011; Newby et al. 2014), stable isotopes (West et al. 2006), and
tree rings (Cook and Krusic 2004; Cook et al. 2004; Stahle et al. 2007; Cleave-
land et al. 2011; Pederson et al. 2013). In the Northeast US, two of these proxies
indicate that all but one of the most intense droughts of the last 500–1000 years
occurred prior to the observational record (Hubeny et al. 2011; Pederson
et al. 2013), making it critical to understand hydroclimatic dynamics prior to the
instrumental record. Of these proxies, tree rings can provide a unique perspective,
acting as a strong annual, and even seasonal (e.g., earlywood and latewood), proxy
of climate (Fritts 1976, 1991), offering a finer temporal scale for paleoclimate data.
Identifying the relation between instrumental records of extreme events and tree-
ring records could yield a more concrete understanding of the frequency of extreme
events over centuries.

Drought is often characterized in terms of cumulative moisture at seasonal and
annual temporal scales. However, transient moisture availability is also important
to ecology. One index of a transient climate, the number of “rainless” days (defined
in climatology as a full day with < 1mm of measurable liquid water equivalent of
precipitation), combines with precipitation event intensity to play a key role in
changing regional precipitation regimes (Polade et al. 2014). Regional rainless-day
frequency and variability have been investigated in different areas of the world
(Lucero and Rozas 2002; Brunetti et al. 2001). In the eastern United States, the
frequency of rainless days is projected to increase during the 21st century (Singh et
al. 2013), which coincides with an increase in the daily intensity and frequency of
intense rainfall events over the northeast United States (Thibeault and Seth 2014).
Such a combination may lead to alternating hydroclimatic extremes (Singh et
al. 2013), which can challenge the resiliency of ecosystems. Summer, a season of
frequent heightened drought stress on trees in the northern hemisphere (Williams et
al. 2010; St. George and Ault 2014), is particularly important in temperate ter-
restrial ecosystems with regards to tree survival and ecosystem productivity (Holst
et al. 2008).
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Here we use instrumental records to evaluate seasonal trends in rainless-day
frequency and dry-spell duration as well as frequency across four regions in the
contiguous eastern United States (Figure 1). We chose two regions experiencing
contrasting trends and patterns in precipitation. The Hudson Valley of southeastern
NY State is currently experiencing a significant shift in increased precipitation and
extreme events (Seager et al. 2012; Pederson et al. 2013; Matonse and Frei 2013).
At the other extreme, the ecotone of the western edge of the eastern deciduous
forest and southern Great Plains in Texas and Oklahoma is experiencing a severe
drought that follows one of the wettest centuries since the 1500s (Cleaveland
et al. 2011). We include two additional regions between the Hudson Valley and
Southern Plains to better investigate a gradient of moisture regimes within a
transect experiencing opposing changes in hydroclimate.

Based on strong relationships between instrumental summer precipitation and
summer rainless days with an existing reconstruction of Palmer Drought Severity
Index (PDSI) in the Hudson Valley, we use the Hudson Valley tree-ring network to
reconstruct these two instrumental variables to characterize extreme years of
reconstructed PDSI in terms of total precipitation and rainless-day frequency over
the last 500 years. Because a new reconstruction of precipitation was recently
developed for the Hudson Valley (Tipton et al. 2015), we focus our paleoclimatic
results on the rainless-day reconstruction. Our results have both climatological and
ecological implications for the eastern United States.

Figure 1. US Historical Climatology Stations Across Four Study Regions in the Eastern Contiguous

US. Stations that Met Selection Criteria are in Blue and those that did not are Hollow Circles
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2. Methods

2.1. Study regions and observational records

For our four regions of study, bounding boxes were established for Hudson Valley
(40.5–43.5N, 72.5–75.5W), Ohio Valley (37.5–39.5N, 81–85W), Mississippi
Valley (35.5–37.5N, 89–93W), and Southern Plains (34–36N, 97–101W)
regions. Similar-sized areas were selected for the Mississippi Valley and Ohio
Valley regions to maintain spatial consistency and provide a relatively continuous
moisture availability gradient. Observational records of daily precipitation and
temperature (maximum and minimum) were selected from the US Historical Cli-
matology Network (USHCN, Williams et al. 2006) within each region using two
quality control criteria: (1) stations with > 90% daily coverage from 1944–2013 to
evaluate adequacy of each station, and (2) 95% daily representation in each given
3-month season (Winter DJF, Spring MAM, Summer JJA, and Fall SON) to
evaluate adequacy of each individual season and year in the analysis. USHCN
stations that failed to meet criterion (1) were entirely removed from the analysis.
However, individual seasons from a given year that did not meet criterion (2) were
removed but did not disqualify the station from contributing data from other
seasons or years that met the same criterion. Using this approach, some stations
were permitted to contribute data to certain years but not to others. From the
potential pool of daily records in each region, 14 stations qualified in the Hudson
Valley, 7 in the Ohio Valley, 11 in the Mississippi Valley, and 10 in the Southern
Plains regions (Figure 1). We did not employ any data correction processes to
address missing days due to the conservative nature of our quality-control criteria.
Data availability is summarized by season in Table S1 and Figure S1 in the online
supplementary material.

2.2. Data analysis

Reconstructed PDSI, an estimate of soil moisture availability developed from the
strong relationship between instrumental PDSI and tree-ring chronologies, for each
region was downloaded from the North American Drought Atlas (NADA) (Cook
and Krusic 2004; Cook et al. 2008); for details on reconstructed PDSI see “De-
velopment of paleoclimate from tree rings” below. Reconstructions of PDSI for the
Ohio Valley, Mississippi Valley, and Southern Plains regions ended in 2005 CE,
while the Hudson Valley from Pederson et al. (2013) ended in 2011 CE. Averaged
instrumental summer (JJA) PDSI values for recent years were also derived
from the National Climatic Data Center’s online database (www.ncdc.noaa.gov/;
Vose et al. 2013) and added to the end of each region’s reconstruction. The Hudson
Valley region was represented by New York (Divisions 2, 4, 5, and 6),
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Massachusetts (Division 1), Connecticut (Division 1), Pennsylvania (Division 1),
and New Jersey (Division 1); the Ohio Valley region was represented by Ohio
(Divisions 8 and 9), Kentucky (Divisions 3 and 4), and West Virginia (Division 3);
the Mississippi Valley region was represented by Arkansas (Divisions 2 and 3) and
Missouri (Divisions 5 and 6); and the Southern Plains region was represented by
Oklahoma (Divisions 4, 5, and 7). Mean summer PDSI was averaged across all
divisions for each region.

Seasonal precipitation was calculated for each season as a sum of all daily
precipitation for each individual observational record, and then averaged annually
for each region. Rainless days here are defined as “climatological” rainless days:
24 h periods with less than or equal to 1mm of precipitation and calculated as a
frequency for each season across all observational records. We also tested other
definitions of rainless days: “trace” (0.25mm limit) and “absolute” (0mm limit).
Lastly, we calculated mean daily rainfall (mean precipitation “intensity”) as the
summer precipitation divided by the number of days with measurable rainfall
(> 1mm). We calculated trends for regionally averaged seasonal precipitation,
rainless-day frequency, and mean daily rainfall using the non-parametric Theil–Sen
slope (Sen 1968) to estimate the linear rate of change for 1944–2013. The Mann–
Kendall tau trend test was used as a significance test to evaluate directionality in
each time series (Kendall 1938), and is reported as the p-value for Theil–Sen
slopes for the remainder of this paper.

In addition to linear trend analysis, we fit kernel density functions to four
distinct periods during 1944–2013: (1) full period, 1944–2013; (2) early period,
1944–1973; (3) late period, 1974–2013; and (4) most recent 20 years, 1994–2013.
The most recent period was chosen as an extra, targeted period to capture the
recent accelerated increase in extreme hydrological events and moisture avail-
ability since the mid-1990s observed by Matonse and Frei (2013) and Pederson
et al. (2013), respectively. Kernel density functions were calculated for all indi-
vidual station rainless-day frequencies (not averaged) within each region using the
“density” function in R (R Development Core Team 2012). This approach
enabled a multi-dimensional evaluation of changes in the means and spread of
rainless-day frequency. We used the two-sample, two-tailed Kolmogorov–Smirnov
test (Massey 1951) to evaluate the significance of the changes in rainless-day
frequencies.

Next, to evaluate the nonlinear relationship between drought reconstructions
and rainfall, we calculated Spearman’s rank correlation coefficients (Spearman
1904) for regional PDSI with both regionally averaged rainless days and total
precipitation for the summer season. We also calculated a second set of statistics on
a more extreme set of values. First, we calculated Spearman rank correlations on
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reconstructed PDSI less than �1 and greater than þ1 for 1944–2013 versus the
number of rainless days for those years. Second, to test the differences in temporal
structure of daily rainfall for the summer with opposite extremes of moisture
availability, we calculated a moving 7-day window sum of daily precipitation for
years with reconstructed PDSI greater than þ2 (extreme wet years) and years with
reconstructed PDSI less than �2 (extreme dry years). We then calculated a simple
difference (wet minus dry years). The significance and consistency of the differ-
ences in weekly precipitation totals between extreme years were evaluated using
bootstrap resampling, tallying the proportion of simulations (n ¼ 1000) with non-
overlapping 99.9% confidence intervals. Resampling was performed using a ran-
dom number generator to randomly select observed weekly precipitation data from
station data in each region with replacement, producing a new dataset with the
same sample size for each simulation.

To evaluate the effects of dry spells in each region, we calculated summer
frequencies and durations of dry spells using the instrumental daily precipitation
data. A “dry-spell” was defined as a period of time greater than or equal to five
days that did not include a single day with measured precipitation above 1mm. To
account for dry spells that began earlier than the first day of June and end after the
last day of August, dry spells were calculated between May 1st and September
30th for each year. Mean dry-spell duration was then calculated as the average
length of dry spells for each year. The Kruskal–Wallis rank sum test (Kruskal and
Wallis 1952), a non-parametric analysis of variance (ANOVA) test, was performed
to test for significant differences between extreme wet and dry years in each of
these two dry-spell variables. All analysis up to this point was completed using R
(R Development Core Team 2012).

2.3. Development of paleoclimate from tree rings

The NADA is a product-ready spatial and temporal reconstruction of drought
history (Cook and Krusic 2004; Cook et al. 2008). Reconstructions of drought
used in this study were derived from hundreds of collections of living and dead tree
samples (Cook et al. 2007). Each sample was visually crossdated (Stokes and
Smiley 1968). That is, a hypothesized calendar year was assigned for each ring on
each sample based upon the pattern of large and small rings through time within
each collection. Once visual crossdating was found to be satisfactory for samples
within a collection, each ring was measured to the nearest 0.01–0.001mm. Visual
crossdating of each measured ring was statistically verified using the program
COFECHA (Holmes 1983). If the hypothesized dates passed statistical testing,
each chronology, the average time-series from all samples in a collection, was
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considered provisionally crossdated. Final dating was confirmed when each
chronology was compared to independent chronologies of the same species in the
same region, though it is possible to verify dating across species in some cases.
Once the rigorous steps of crossdating are completed, authors of these data can be
confident that they have a time-series of ring widths where extreme events can be
precisely dated to a specific calendar year. It is this basic step of dendrochronology
that allows investigators to identify and understand historical extreme events in
climatic and ecological systems.

Because geometric and ecological factors impart low-frequency trends and
abrupt changes in ring widths that are not related to climate, crossdated time-series
of ring widths are not ready for reconstruction of climate until they are detrended.
The goal of detrending for reconstructions of climate is to separate as much of the
geometric and ecological “noise” from the climatic signal as possible
(Douglass 1919; Fritts 1976; Cook and Kairiukstis 1990). Particularly, an impor-
tant aim of detrending is to retain as much low frequency trend as possible to
determine long-term trends in climate (e.g., Jacoby and D’Arrigo 1989). One broad
limitation on retaining low frequency in tree rings is the length of the segment from
which measurements are derived, the so-called “segment-length curse” (Cook
et al. 1995). In closed-canopy forests like those in the eastern US, another limitation
of retaining low-frequency trends comes as the result of changes in tree-to-tree
competition (Cook and Peters 1981). For the tree-ring based reconstruction here, we
follow the standardization of Pederson et al. (2004), where if there were no abrupt
changes observed in individual time-series of raw radial increment from trees in
closed-canopy forests, detrending was conducted using a straight-line fit to retain all
possible low-frequency information. Ultimately, detrending develops a time-series
of dimensionless and standardized chronology tree-ring indices.

A suite of monthly or seasonal climatic indices (e.g., precipitation, temperature,
drought indices) is the common target for climatic reconstructions. The variables
that correlate strongly with the standardized tree-ring chronologies, often based
upon a hypothesis when determining a sampling location, are used to calibrate the
reconstruction (Cook et al. 1996, 1999). A common reconstruction of moisture
availability is the average summer PDSI. For our work here, we used the standard
procedure in the creation of a tree-ring based climate reconstruction (Cook
et al. 1999) for total rainfall and total number of rainless days during the summer
(June, July, August) in the Hudson Valley region. Compared to the other regions,
total precipitation and rainless-day frequencies in the Hudson Valley region
exhibited the strongest relationship with reconstructed PDSI, leading us to con-
clude that it was the best example to demonstrate how climate is reconstructed
from tree-ring chronologies.
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Using a principal component approach to reconstruct past climate from tree
rings (Cook et al. 1999), a model of the relationship between standardized tree-
ring chronologies and total summer precipitation and the number of summer
rainless days was calibrated on the last two-thirds of the instrumental data for the
common period between the tree rings and instrumental data and verified by the
remaining first third of the common period. Typically, calibration-verification is
conducted on one-half of the common period. We reasoned that with the relatively
short period of overlap between rainless days and tree rings, 1944–1981, we would
use a 2/3rd–1/3rd calibration-verification approach for model development. Since
carbon gained through photosynthesis in prior years can be allocated for tree
growth (Trumbore et al. 2002; Kagawa et al. 2006; Carbone et al. 2013), ring
widths in a given year can be influenced by climate in both the current and prior
year. Thus, we used current and prior year growth as predictors of total summer
precipitation and summer rainless days, which led to a total of 84 potential pre-
dictors from 42 tree-ring chronologies for each example reconstruction (Table S2
in the online supplementary material). Only predictors with a positive correlation
to total precipitation and a negative correlation to rainless days at the p � 0:05
level entered the calibration model. The calibration model was then verified against
the remaining data. If the coefficient of efficiency and reduction of error statistics
are positive, the calibration model is generally considered to have skill in back-
casting climate history (Cook et al. 2007).

Because the potential predictors in our reconstruction — the tree-ring chron-
ologies — had different lengths, we used a nested approach in developing
hydroclimate history for the Hudson Valley (Meko 1997; Cook et al. 2003). We
stepped back in 25-year nests after making the first reconstruction from the
common period nest of 1836–1981 CE. That is, the first backwards nest following
the common period only contained chronologies with data between 1800 and 1981
CE. We continued to step back in 25-year nests until the coefficient of efficiency or
reduction of error dropped below zero. Because the instrumental records we used
have data until 2013, we made forward nests using recently collected tree-ring
records so that we could use as much tree-ring data as possible for our recon-
struction. In this case, we made two forward nests until they failed or dropped in
replication to less than four records. All reconstructed nests were normalized and
then combined such that only unique periods for each nest were added to the
common nest; data predating the common period of all chronologies, 1800–1836,
were then added to the common nest. Once the normalized reconstruction was
stitched together, each normalized time-series was multiplied by the standard
deviation of the instrumental data. Following this, the mean of the instrumental
total summer precipitation and total summer rainless days was added to each
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reconstruction and then multiplied by the standard deviation of the instrumental
data so each final chronology had the same mean and range of variance as the
instrumental data. Instrumental data after 2003 was then appended to the end of the
reconstructed summer rainless-day frequency and after 2001 for the total summer
precipitation series to bring both up to 2013 CE.

3. Results

3.1. Regional climate, 1944–2013

We found that the Hudson Valley and Ohio Valley were characterized by rela-
tively cooler climates; the Mississippi Valley by a warmer, wet climate; and the
Southern Plains by a warmer, dry climate (Table 1). The Hudson Valley, Ohio
Valley, and Southern Plains regions all received the majority of their annual
precipitation during the spring and summer months on average, with summer
being the wettest on average. However, the Mississippi Valley’s wettest season
was spring by a large difference with other seasons. There was high inter-
seasonal variability in precipitation in the Southern Plains region, ranging from
98.4mm in the winter to 239.7mm in the spring. Both summer and fall pre-
cipitation in the Hudson Valley have significantly increased (p < 0:05) toward
wetter conditions (both 11.5mm decade�1). There were no other significant
trends in total precipitation for any season in the other three regions. From 1944
to 2013, summer precipitation was significantly correlated with instrumental
PDSI for all regions (p < 0:001). The Hudson Valley region was highest in
magnitude (� ¼ 0:83) relative to the Ohio Valley (� ¼ 0:69), Mississippi Valley
(� ¼ 0:67), and Southern Plains (� ¼ 0:61) regions (Figure 2). There were no
significant temporal trends in mean daily summer rainfall (mm/day; mean pre-
cipitation intensity) for any region; however, there has been an increase since the
mid-2000s in the Hudson Valley.

Extreme seasons of precipitation and moisture availability were evaluated
using total precipitation and reconstructed PDSI (1944–2013), respectively. In
most regions, a greater number of extreme high precipitation summers were
found than low precipitation summers (> 2 standard deviations from the mean).
Furthermore, most of these precipitation extremes have occurred in recent dec-
ades (Table 1). The majority of extremely wet PDSI years occurred after 2000 in
the Hudson Valley (54%, n ¼ 7), while the majority of extremely dry recon-
structed PDSI years occurred in the 1960s (71%, n ¼ 5). In the Ohio Valley, half
of the extremely wet reconstructed PDSI years occurred after 1995 (50%, n ¼ 5).
The distribution of extreme years in the Mississippi Valley and Southern Plains
regions were not clustered and spread relatively evenly over the records since

DA Bishop and N Pederson

1550007-10

J.
 o

f 
E

xt
r.

 E
ve

n.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 W

SP
C

 o
n 

12
/2

8/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.



T
ab

le
1.

S
ea
so
na
l
C
li
m
at
ol
og

y,
P
re
ci
pi
ta
ti
on

T
re
nd

s,
an
d
E
xt
re
m
e
P
D
S
I
Y
ea
rs

by
R
eg
io
n
(1
94

4–
20

13
).
S
ig
ni
fi
ca
nt

P
re
ci
pi
ta
ti
on

T
re
nd

s
in

b
ol
d
(p

<
0:
05
)

R
eg
io
n

S
ea
so
n

T
M
ax

(○
C
)

T
M
in

(○
C
)

P
re
ci
pi
ta
ti
on

(m
m
)

P
re
ci
pi
ta
ti
on

C
ha
ng

e
(m

m
/d
ec
ad
e)

M
an
n–

K
en
da
ll

T
au

W
et

Y
ea
rs

(>
2
S
D
)

D
ry

Y
ea
rs

(>
2
S
D
)

H
ud

so
n
V
al
le
y

W
in
te
r

2.
5

�7
.3

25
6.
7

4.
7

0.
11

19
58

,
19

79
,
20

08
19

80
Sp

ri
ng

14
.7

2.
5

30
4.
3

1.
8

0.
04

19
53

,
19

83
,
19

84
,
20

11
—

Su
m
m
er

27
.2

14
.8

32
0.
7

11
.5

0.
18

20
09

,
20

11
,
20

13
—

F
al
l

16
.8

5.
4

30
5.
2

11
.5

0.
19

19
77

,
20

05
19

64

O
hi
o
V
al
le
y

W
in
te
r

6.
9

�4
.4

24
5.
5

�0
.4

�0
.0
1

19
50

,
19

79
—

Sp
ri
ng

19
.2

4.
8

30
6.
2

2.
6

0.
03

20
11

—
Su

m
m
er

29
.5

16
.2

31
2.
4

6.
7

0.
13

19
58

,
19

79
,
20

03
19

44
,
19

57
F
al
l

20
.2

6.
3

23
2.
3

5.
4

0.
10

20
04

,
20

06
,
20

11
19

53

M
is
si
ss
ip
pi

V
al
le
y

W
in
te
r

8.
8

�2
.4

29
4.
2

4.
1

0.
07

19
50

19
63

Sp
ri
ng

21
.0

8.
1

37
4.
8

0.
8

0.
01

19
45

,
19

73
,
20

08
,
20

11
—

Su
m
m
er

31
.6

18
.9

27
6.
6

�1
.5

�0
.0
3

—
19

53
F
al
l

22
.0

8.
5

29
5.
9

9.
7

0.
13

19
84

,
19

88
19

53

S
ou

th
er
n

P
la
in
s

W
in
te
r

11
.7

�2
.1

98
.4

3.
1

0.
09

19
93

,
19

98
—

Sp
ri
ng

23
.3

8.
8

23
9.
7

1.
8

0.
03

19
57

—
Su

m
m
er

34
.4

20
.5

22
9.
2

2.
8

0.
05

19
50

,
19

96
,
20

07
—

F
al
l

24
.1

9.
8

19
6.
5

4.
5

0.
07

19
86

—

Regional Variation of Transient Precipitation and Rainless-day Frequency

1550007-11

J.
 o

f 
E

xt
r.

 E
ve

n.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 W

SP
C

 o
n 

12
/2

8/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.



1994. Importantly, instrumental PDSI was used after 1978 in the North American
Drought Atlas (Cook and Krusic 2004; Cook et al. 2008) and after 2003 for the
Hudson Valley PDSI reconstruction (Pederson et al. 2013). These additions to
each reconstruction need to be considered carefully when evaluating results.
However, in the Hudson Valley, PDSI of recent years do agree with previous
work on extremes in hydroclimatic instrumental records in the region (Matonse
and Frei 2013).

From 1944 to 2013, reconstructed PDSI had positive correlations with summer
precipitation for all regions (p < 0:001). As with the instrumental PDSI correla-
tions, the Hudson Valley region was highest in magnitude (� ¼ 0:77) relative to the
Ohio Valley (� ¼ 0:59), Mississippi Valley (� ¼ 0:55), and Southern Plains
(� ¼ 0:53) regions (not shown).

Figure 2. (Color online) Observational PDSI (red lines) and Mean Summer Precipitation Anomalies

(light blue lines) for (a) Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d) Southern

Plains regions
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3.2. Transient differences between wet and dry years

In analyzing transient structures of rainfall and dry spells, we were able to identify
temporal and static differences in dry-spell characterizations between extreme wet
and dry years in each region at the weekly time step during the growing-season; a
daily analysis proved to be too noisy and we extended the season of analysis one
month prior to summer in the event that we ignore significant differences through
an arbitrary definition of seasons. For this analysis, we base extreme wet and dry
years on þ/�2 standard deviations of reconstructed PDSI so we could gain insight
into the long-term occurrence of extreme precipitation. In the Hudson Valley,
weekly precipitation was consistently higher in extreme wet years versus extreme
dry years throughout the summer, although bootstrap resampling (< 50%) indi-
cated no consistent significant difference between wet and dry years. In the Ohio
Valley, extreme wet years had two periods with significantly greater rainfall than
dry years during late May and late June, peaking at 98.6% of simulations returning
significant differences in late May. In the Mississippi Valley, there was one distinct
period where differences in precipitation during extreme wet years versus dry years
were significantly greater in early June. In the Southern Plains, as in the Hudson
Valley, precipitation was consistently higher in extreme wet years versus extreme
dry years throughout the summer, but there were no weeks with significant dif-
ferences between wet and dry years (Figure 3).

Dry-spell duration was significantly different between wet and dry years in all
regions except the Hudson Valley (p < 0:05, Kruskal–Wallis ANOVA; Figure 4).
In contrast, dry-spell frequency was significantly different for all regions except the
Southern Plains (p < 0:05). These results indicate that the structure of precipitation
during drought changes from northeast to southwest across the eastern US: in-
creased frequency of dry spells is more characteristic of dry years in the north-
eastern end of our transect while increased duration of dry spells is more
characteristic of dry years in the southwestern end.

3.3. Trends in instrumental rainless-day frequency

On average, the Hudson Valley and Ohio Valley had negative trends in climato-
logical summer rainless-day frequency from 1944 to 2013, �0.47 days decade�1

(Mann–Kendall p ¼ 0:058) and �0.46 days decade�1 (Mann–Kendall p ¼ 0:051)
for the calculated Theil–Sen slope, respectively. That is, it is raining more fre-
quently in recent years in the Hudson and Ohio valleys than in the past. There were
no significant long-term trends for the other two regions.

When varying the threshold of a “rainless day”, the mean number of rainless
days varied. In the Hudson Valley, there were 66.2 “climatological” rainless days
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out of a maximum of 92 days (�72% of the summer), 61.5 “trace” rainless days
(67%), and 52.7 “absolute” rainless days (57%). In the Ohio Valley, these values
are 65.9 (72%), 62.0 (67%), and 57.5 (63%) while in the Mississippi Valley region,
they are 72.5 (79%), 70.0 (76%), and 66.2 (72%), respectively. Finally, the values
for these three definitions in the Southern Plains are 76.5 (83%), 74.4 (81%), and
70.4 (77%). On average, there were 13.5 summer days (�15% of the summer) with
liquid precipitation between 0 and 1mm in the Hudson Valley, 8.4 days (9%) in the
Ohio Valley, 6.3 days (7%) in the Mississippi Valley, and 6.1 (7%) in the Southern
Plains (Figure 5). There were no significant changes in trace and absolute rainless

Figure 3. (Color online) Weekly Precipitation (May–August; 1944–2013) Averages for Wet Years

(reconstructed Summer PDSI > þ2; Blue Lines) and Dry Years (reconstructed summer PDSI < �2;
red lines) with Bootstrapped 99.9% Confidence Intervals (shaded blue and red) in (a) Hudson Valley,

(b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions.

Notes: Proportions of bootstrapped simulations at which 99.9% sample confidence intervals do not

overlap are represented by gray shade at bottom. Dashed vertical blue lines indicate weeks where

greater than 50% and solid vertical blue lines indicate weeks where 75% of simulations are signif-

icantly different.
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days in the Hudson Valley and Ohio Valley, although the directionality remained
the same. There were no significant changes in mean rainless-day frequency for
any region in the winter, fall, and spring seasons (Figures S2–S4). For the re-
mainder of this paper, “rainless days” are defined as “climatological” rainless days
(< 1mm).

In the Hudson Valley, summer rainless-day frequencies from the most recent 20
years had significantly fewer rainless days relative to the full 1944–2013 period
(Two-tailed Kolmogorov–Smirnov test D ¼ 0:13, p < 0:05) (Figure 6(a)). The

Figure 4. (Color online) Dry-spell Frequency (Number of Dry Spells) and Mean Duration for Wet

Years (Reconstructed Summer PDSI > þ2 for 1944–2013; blue points) and Dry Years (Recon-

structed Summer PDSI < �2; red points) in (a) Hudson Valley, (b) Ohio Valley, (c) Mississippi

Valley, and (d) Southern Plains Regions.

Notes: Transparent lines indicate means for dry-spell frequency (vertical) and mean duration (hori-

zontal). Thick lines indicate significant differences (p < 0:05; Kruskal–Wallis test).
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same change toward fewer rainless days was observed in the Ohio Valley, although
it was insignificant using traditional thresholds of significance testing (D ¼ 0:12,
p ¼ 0:08) (Figure 6(b)). No significant changes were observed in the Mississippi
Valley or Southern Plains regions (Figures 6(c) and 6(d)). In the density functions
of both the Hudson Valley and Ohio Valley summer rainless days, a flattening
relative to the full period is apparent for the most recent 20 years. That is, a
widening of the distribution (increased variance, larger range) is apparent. There
were some notable changes in other seasons, as well. In the fall, Ohio Valley
rainless-day frequencies from the most recent 20 years had significantly more
rainless days relative to the full period (D ¼ 0:13, p < 0:05). The winter density

Figure 5. Mean Summer Rainless-day Frequencies (1944–2013) for (a) Hudson Valley, (b) Ohio

Valley, (c) Mississippi Valley, and (d) Southern Plains Regions.

Notes: Rainless-day frequencies plotted across three thresholds: < 1mm (solid black lines),

< 0.25mm (solid gray lines), and 0mm (dashed gray lines). 95% confidence interval (gray shading)

is included for rainless-day frequencies < 1mm only.
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function for the Ohio Valley was flattened for the most recent 20 years relative to
the full period (Figures S5–S7).

Spearman correlations between tree-ring reconstructions of summer PDSI and
summer rainless-day frequencies were significantly negative in the Hudson Valley
(� ¼ �0:66), Ohio Valley (� ¼ �0:59), Mississippi Valley (� ¼ �0:54), and
Southern Plains (� ¼ �0:46) regions (p < 0:001 in all cases). For the extreme
years of reconstructed PDSI, these correlations were also significantly negative,
but stronger in all regions: Hudson Valley (� ¼ �0:74), Ohio Valley (� ¼ �0:69),
Mississippi Valley (� ¼ �0:61), and Southern Plains (� ¼ �0:52) (Figure 7).
Extremes in reconstructed PDSI were more strongly associated with rainless-day
frequency across our study gradient. Spearman correlations between total summer
precipitation and rainless days were significantly negative in the Hudson Valley
(� ¼ �0:85), Ohio Valley (� ¼ �0:72), Mississippi Valley (� ¼ �0:66), and
Southern Plains (� ¼ �0:59) (Figure S9).

Figure 6. (Color online) Kernel Density Functions of Summer Rainless-day Frequencies for (a)

Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions.

Notes: Kernel density functions computed for four distinct periods of time: 1944–1978 (gray line),

1979–2013 (black line), 1994–2013 (blue line), and the full period (1944–2013; transparent red

shading).
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3.4. Reconstruction of hydroclimate in the Hudson Valley

Tree-ring records from the Hudson Valley region helped us create a skillful model
of total summer precipitation for 1525–2003 CE and summer rainless days for
1625–2001 CE (Figures 8 and S8). The common nest for the precipitation re-
construction accounted for 59.8% of the annual variance from 1957 to 1980 in the
instrumental data (Figure S8 in the online supplematary material), while the
rainless-day reconstruction accounted for 46.3% of the annual variance (Figure 8);
a year is lost at the end of both calibration models because of the prior-year lag in
the tree-ring data. In the precipitation reconstruction, the first two principal com-
ponents of the common nest are used for reconstruction for 1800–2001, 1750–
1774, and 1500–1524, derived from a combination of 53 predictors from 32
chronologies; the remainder of the nests used only the first principal component. In
contrast, the rainless-day reconstruction used only the first principal component of

Figure 7. (Color online) Scatterplots of Reconstructed PDSI and Summer Rainless-day Frequency

for (a) Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions.

Notes: Extreme years (�1 > PDSI > þ1) plotted in red. Spearman correlations for all years (black)

and extreme years (red) displayed in upper right corners
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the common nest, with the exception of the 2002 nest that used the first two
principal components. The summer rainless days reconstruction used a combina-
tion of 49 predictors from 32 chronologies (Figures 8 and S8). Verification of both
models passed all tests, the reduction of error and coefficient of efficiency statistics
were all positive, and all subsequent backward nests accounted for > 40% of the

Figure 8. (Color online) Reconstructed Summer Hydroclimate in the Hudson Valley Region: Pre-

dicted versus Observed (Reconstructed versus Instrumental) Scatterplot (1944–2013) for Recon-

structions of Total Summer (a) Precipitation and (b) Rainless days; (c) Rainless-day Reconstruction

(dark gray) (1625–2001) with Instrumental Precipitation (black) (2002–2013), 20-year Smoothing

Spline (orange) and Extrapolated Root Mean Square Error (RMSE; light gray shade); and Model

Calibration Statistics (1625–2001): (d) Coefficient of Determination (R2; orange), Reduction of Error

(RE; blue), and Coefficient of Efficiency (CE; black), and (e) Sample Size of Predictors (Predict.;

blue), Chronologies (CRNs; orange), and Principal Components (PCs; black) of Summer Rainless-

day Frequency Reconstruction
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annual variance. The reduction of error and coefficient of efficiency statistics be-
came negative for the rainless days reconstruction with the 1600 CE nest. The
precipitation reconstruction model never fails, but total tree replication across four
chronologies falls below 12 trees before 1525 with most of those trees in one
chronology. All forward nests account for greater than 40% variance and reduction
of error and coefficient of efficiency statistics were positive until the 2004 nest for
rainless days.

The reconstructions reflect the general pattern of the instrumental record.
However, there is a tendency for the trees to overpredict during extreme events
like the 1960s drought and the 1970s pluvial. Most seriously, they overpredict
the number of rainless days by 10 days (reconstructed 79.8 days; instrumental
observed 69.7 days) and underpredict the precipitation totals by 168.7mm
(reconstructed 50.8 mm; instrumental observed 219.5mm) during the peak of the
1960s drought.

Through the use of forward nests, we have the possibility to test the strength and
stability of the relationship between tree rings and total summer precipitation and
rainless days over a longer period than the main calibration period of 1957–1980.
These longer calibration periods were from 1957 to 1994 and 1957 to 2001. The
amount of variance accounted for by the tree-ring records increased to 62.0% and
58.9% of the instrumental record of precipitation and for the instrumental record of
rainless days to 55.2% and 48.4%, respectively, and all reduction of error and
coefficient of efficiency statistics were positive (Figures 8 and S8). These findings
indicate that the relation between tree-growth and summer precipitation and
rainless days in the Hudson Valley is maintained despite the increase in available
moisture after 1980 CE (Figure 2).

Because of the existing precipitation reconstruction in the Hudson Valley
(Tipton et al. in review), we use the rainless days reconstruction to illustrate
another potential aspect of the precipitation regime during extreme years.
The long-term mean number of reconstructed Hudson Valley rainless days is
66.2, or 72% of the 92 days in summer. The fewest rainless days were recon-
structed in 1833 (55.2, 60% of the summer). The most rainless days (79.8, 87%
of summer) were reconstructed for 1965; again, the trees overpredict rainless
days by 10 days compared to the instrumental data. In comparison, the mean
number of rainless days during the last 10 years of instrumental data, 63.1 days,
is 3.1 days below the long-term mean. Notable, uninterrupted stretches of ele-
vated rainless days began in 1685 (7 years long), 1769 (8 years), 1816 (11
years), and 1907 (8 years). For comparison, all of these notable stretches equaled
or exceeded the length of the only significant drought since 1944. The 1960’s
drought lasted 7 years and started in 1962. Extreme periods of decreased rainless
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days include: 1652 (9 years) and two back-to-back events of 12 and 11 years
starting in 1710 and 1724, respectively. In comparison, the 20th century had
four similar periods of extreme rainless-day frequency, two 8-year events
starting in 1918 and 1925 and the 9- and 7-year events starting in 1971 and
1984. Perhaps the most dynamic period in terms of rainfall frequency is found
from 1807 to 1835 when two 9-year rainy periods bracket the dry 1816–1826
period (Figure 8).

4. Discussion

In evaluating changes in extreme moisture conditions in four regions in the eastern
US, we identified five key findings. First, summer rainless-day frequency in the
Hudson Valley and Ohio Valley regions has been decreasing during a period in
which most of the extreme wet years have occurred. While it is well known that
these two regions have experienced increases in total precipitation and a greater
frequency of large, high-intensity rainfall events (IPCC 2014), we find that it is
also raining more frequently during the summer. Second, the increase in more
frequent rainfall coincides with the increase in extreme wet years since 1994.
Third, in the Ohio Valley and Mississippi Valley, significant differences in the
structure of precipitation events between extreme wet and extreme dry years during
the growing-season occurred primarily in a narrow window between late May and
late June, while other regions had no consistent differences in weekly structure of
rainfall. Fourth, at the opposing end members of our transect we observed two
distinct characterizations of extreme dry years relative to extreme wet years: (1)
greater dry-spell frequency, but similar dry-spell duration in the Hudson Valley and
(2) longer dry-spell duration, but similar dry-spell frequency in the Southern
Plains. Fifth, extreme years of reconstructed summer PDSI were strongly corre-
lated with total precipitation and rainless days. From these relations, paleoclimatic
inference indicates the recent period of 1994–2013 might have been unusual
compared to most other points over the last 500–1000 years.

Despite these recent increases in total summer precipitation and rainfall fre-
quency, these regions are projected to experience increases in rainless-day fre-
quency and warming-induced drying during the 21st century (Singh et al. 2013;
Cook et al. 2014, 2015). Although there is no reason to expect that recent climate
change will reflect future changes, we were unable to detect increasing rainless-day
frequency during the summer in any of our study regions. If the eastern US shifts
to that anticipated structure and frequency of rainfall, human, and natural systems
will likely experience a substantial shock through disruption of ecological dis-
turbance regimes and terrestrial productivity.
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4.1. Rainless-day frequencies — Temporal trends and implications
for moisture availability

Within the instrumental record, we observed that it has been raining more often
on a daily basis during the summer over recent years in the Hudson and Ohio
Valley regions. Our findings add to recent work indicating changes in extreme
precipitation events through the intensification of severe rainfall events (Spierre
and Wake 2010; Karl and Knight 1998). In contrast to more northerly regions,
the Mississippi Valley and Southern Plains have experienced no significant
changes in summer rainless-day frequency over recent years. Although the
relationships between PDSI and rainless-day frequency are statistically signifi-
cant, rainless days in the Mississippi Valley and Southern Plains appear to be
less in phase with PDSI than the Hudson and Ohio Valley regions. In the
Mississippi Valley, this disconnect is highlighted by a wet year in 1973, when
�81% of the season was rainless (Figures 2 and 5(c)), indicating that in some
circumstances soil moisture levels are not directly related to the number of days
with rainfall.

Although the primary focus of this study was on summer, trends were detected
in fall and winter in a few regions. Recent increases in fall rainless days in the Ohio
Valley (Figure S6), concurrent with increases in fall precipitation (Table 1), seems
to be following model projections suggesting less frequent, higher intensity pre-
cipitation events in the region (Singh et al. 2013). The Hudson and Mississippi
Valley regions also experienced strong positive trends in fall precipitation, al-
though the trends coincided with non-significant changes in fall rainless days.
These trends may also be indicative of less frequent, higher intensity precipitation
events in those regions during the fall. In addition, the flattening of the winter
rainless-day frequency distribution for the most recent 20 years in the Ohio Valley
indicates that recent winters in this region may have been more extreme in terms of
higher interannual variability in the frequency of rainless (including snowless)
days. Overall, increases in rainless-day frequency have yet to be broadly mani-
fested across our gradient.

4.2. Transient structure of wet and dry years

While differences in the structure of growing-season precipitation were found
between extreme wet and dry years in all regions, differences in weekly rainfall in
the Ohio Valley and Mississippi Valley were restricted to the early portion of the
growing season, mainly in May and June (Figure 3). Meanwhile, differences
are largely insignificant and spread throughout the summer in the Hudson Valley
and Southern Plains, indicating a more even, random temporal distribution of
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disparities between extreme wet and dry years. This suggests that there is no
temporal association for wet and dry years in the Hudson Valley and Southern
Plains, and a probable dissociation between wet and dry years in the Ohio Valley
and Mississippi Valley earlier in the summer months. Some caution is needed with
these results as it is possible that they could also represent random differences
between the two series. Nonetheless, prior work has shown a relationship between
North American Monsoon patterns in the Southwest (high July–August precipi-
tation) and high June precipitation in the south-central US (Higgins et al. 1997),
but little has been evaluated beyond average regional anomalies. Further investi-
gation into the possible synoptic-scale drivers of sub-seasonal precipitation trends
could shed light on the causes. Incorporating a more spatially representative do-
main in both the southern United States and northern Mexico would help quantify
the full North American Monsoon pattern.

Another subtle, but interesting, difference between extreme wet and dry years
across our study gradient is related to dry-spell frequency and duration. The only
significant differences between wet and dry years in the Hudson Valley were the
increased frequency of dry spells, with minimal differences in duration of dry
spells. In contrast, the only significant difference between wet and dry years
moving south into the Southern Plains was found with the duration of dry spells,
with minimal differences in the frequency of dry spells (Figure 4). These findings
indicate that a sustained period of higher precipitation during wet years is the key
to higher levels of total summer moisture especially in the center of our gradient,
where both duration and frequency of dry spells were significant. If forecasts of
extended lengths in dry spells are correct for the future, these changes might have
the greatest impact on human and natural systems in regions within and near the
northern end of our transect. An increase in dry-spell duration does not follow the
general climatology of the past 70 years.

4.3. Inferring rainfall structure during extreme years
over the past millennium

Using the strong relation between extreme reconstructed PDSI and rainless
days, we can place recent patterns of rainless days into a long-term perspective
(Figure 9). All regions in our transect appear to have a higher temporal clustering
of extreme years over the 20th century, indicating that we may be observing high
interannual variability in the number of rainless days compared to prior centuries.
These inferences should be taken with caution as total precipitation is a stronger
driver of tree growth. With the transient structure of rainfall in mind, wet years in
the Hudson and Ohio Valley regions can likely be characterized by a decrease in
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dry-spell frequency while extremely dry years were likely characterized by more
frequent dry spells.

In the Mississippi Valley and Southern plains, drought tends to be charac-
terized by longer dry spells. This characterization is more strongly expressed in
the Southern Plains where during the dry summer of 2011, there were 80.2
rainless days. The presence of the long-lived baldcypress (Taxodium distichum
(L.) Rich.) in the Mississippi Valley allowed for the creation of a 1000-year
reconstruction of moisture availability in the NADA (Table S2 in the online

Figure 9. (Color online) PDSI Reconstructions with Extreme Dry (PDSI < �2; red) and Wet

(PDSI > þ2; blue) Years for (a) Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d)

Southern Plains Regions.

Notes: For each region, mean number of rainless days (1944–2013) for wet years (top dashed line)

and dry years (bottom dashed line), number of rainless days for the wettest year (maximum PDSI;

blue), and number of rainless days for the driest year (minimum PDSI; red) are on right y-axis.

Shading represents 1944–2013.
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supplementary material). Over that longer time frame, rainy summers were less
common from 1100–1400 CE than the 20th century. We are not able to go as far
back in time in the Southern Plains, but there was a higher frequency of dry
summers during the 18th and 19th centuries and the latter portion of the 20th
century in this region experienced one of the strongest pluvials of the last 500
years (Figure 9). In these two regions, the recent rainier periods likely had
shorter dry spells compared to prior centuries. At this time, the recent uptick in
drought and longer dry spells during the early portion of the 21st century appears
to be a return to a more common long-term pattern, especially in the Southern
Plains. Overall, paleoclimatic records suggest that summers during the latter half
of the 20th century are less characteristic of the past few hundred years.

There are many reconstructions of hydroclimate in the eastern US (Cook and
Krusic 2004; Cook et al. 2004; Stahle et al. 2007). We present the surprisingly
strong rainless-day reconstruction in the Hudson Valley to enhance visualization of
the structure of potential rainfall during extreme years over the past 400 years. The
relation between tree rings and summer rainless days is driven by total summer
precipitation in the Hudson Valley (Figure S8), but the strong relations between
precipitation, rainless days, and the transient nature of precipitation during extreme
years allows us to better infer summer hydroclimate. In the past, it is likely that
extreme dry years were characterized by a higher frequency of dry spells and
rainless days. It is possible that summers during the latter 1680s and early 1770s
were characterized by small rainfall events interspersed with frequent dry spells
and, perhaps, more sunlight. In contrast, 75.8% of the last 33 years had greater
rainfall frequency than the 377-year mean. It appears only 1710–1735 CE matched
the modern period in terms of potential rainless days and less-frequent dry spells.
No years from 1710 to 1735 matched the extreme observed in 2011, although we
take caution with this comparison given that 2011 is instrumental data. The op-
posing extremes between the 1960s drought and 1970s pluvial can only be com-
pared to the late 1820s — early 1830s drought and late 1830s pluvial (Figure 8). It
is clear that rainless days are strongly related to total precipitation. The prepon-
derance of evidence in the instrumental and paleoclimatic records suggest the last
four decades of hydroclimate in the Hudson Valley to be unusual compared to
much of the period since 1625 CE.

4.4. Ecological implications

Moisture availability has been documented to be an important factor of tree growth
across our study region (e.g., Cook 1991; Clark et al. forthcoming). The con-
tributions of daily precipitation to the ecology of trees and forests at long time
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scales are more of an open question as much work has been focused on seedlings
or over short periods (e.g., Lewis and Tanner 2000; Hanson et al. 2001;
Deslauriers et al. 2003; O’Brien et al. 2013). We add to these studies by finding
that a network of trees over the Hudson Valley is sensitive to total summer pre-
cipitation and rainless days. A total of 10 of the 42 tree-ring chronologies in this
network were collected for drought reconstructions. The remainder were targeted
for their location near a northern range margin and an age > 100 years (Ped-
erson 2005). The age requirement could bias trees toward less productive or drier
sites where older trees are more often found (Stahle and Chaney 1994). Despite
these potential biases, that the number of rainless days accounts for nearly one-half
of the average annual stem growth was not expected. With the hindsight that dry
years exhibit more frequent dry spells than wet years in the Hudson Valley and that
trees in the northeastern US are more sensitive to precipitation than similar trees in
the southeastern US (Martin-Benito and Pederson 2015), these findings are rea-
sonable. Recent work further establishes that moisture availability in the eastern
US matters to trees from a range of genera and site types (e.g., Pederson et
al. 2012; Brzostek et al. 2014; Clark et al. 2014). In fact, research in the Southern
Appalachian Mountains indicates that a decline in the number of small storms and
increased time between rainfall events will result in growth reductions (Elliott
et al. 2015). Continued documentation of the impacts of frequency, temporal
clustering, and intensity of rainfall events on forest productivity would inform
forest management and conservation efforts.

The impacts of changing rainless-day frequency and other extreme hydrocli-
matic events on disturbance and forest dynamics will be complex. There are likely
nonlinear and threshold relationships between transient climate during and after
these events that need consideration (Cavin et al. 2013). Drought can be an im-
portant factor of canopy tree mortality in the eastern US (e.g., Clinton et al. 1993;
Olano and Palmer 2003). An increase in dry-spell frequency or duration would
likely increase the stress of canopy trees and increase their vulnerability to decline
and increased mortality rates (Pedersen 1998; Bendixsen et al. 2015). Changes in
transient precipitation could also impact the frequency or size of wildfire. From
2001–2008, where 99.9% of the recorded fires were classified as anthropogenic, up
to 32% of the variance in area burned and number of fires was accounted for by
precipitation; reduced rainfall led to more frequent and larger fires in a region
adjacent to our Ohio Valley region (Lynch and Hessl 2010). Across 34 national
forests and parks approximately 800 km east of our Ohio Valley study region, daily
precipitation variability from 1971 to 2000 accounted for fire more strongly than
annual precipitation (Lafon and Quiring 2012). These examples are but a few of
the many potential feedbacks of transient precipitation on ecological processes.
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More research is needed to understand the complex interactions between the dis-
tribution of daily rainfall and forest ecology.
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Figure S1. Instrumental Records Sample Depth (Number of Stations) by Year for Each Region and

Season
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Figure S2. Mean Spring Rainless-day Frequencies (< 1mm; Black Lines) for (a) Hudson Valley,

(b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions with 95% Confidence

Interval (gray shading) (1944–2013)

Regional Variation of Transient Precipitation and Rainless-day Frequency
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Figure S3. Mean Fall Rainless-day Frequencies (< 1mm; Black Lines) for (a) Hudson Valley,

(b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions with 95% Confidence

Interval (gray shading) (1944–2013)
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Figure S4. Mean Winter Rainless-day Frequencies (< 1mm; Black Lines) for (a) Hudson Valley,

(b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions with 95% Confidence

Interval (gray shading) (1944–2013)
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Figure S5. (Color online) Kernel Density Functions of Spring Rainless-day Frequencies (< 1mm)

for (a) Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions.

Notes: Kernel density functions computed for four distinct periods of time: 1944–1978 (gray line),

1979–2013 (black line), 1994–2013 (blue line), and the full period (1944–2013; transparent red

shading).

DA Bishop and N Pederson

1550007-42

J.
 o

f 
E

xt
r.

 E
ve

n.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 W

SP
C

 o
n 

12
/2

8/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Figure S6. (Color online) Kernel Density Functions of Fall Rainless-day Frequencies (< 1mm) for

(a) Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions.

Notes: Kernel density functions computed for four distinct periods of time: 1944–1978 (gray line),

1979–2013 (black line), 1994–2013 (blue line), and the full period (1944–2013; transparent red

shading).
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Figure S7. (Color online) Kernel Density Functions of Winter Rainless-day Frequencies (< 1mm)

for (a) Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d) Southern Plains Regions.

Notes: Kernel density functions computed for four distinct periods of time: 1944–1978 (gray line),

1979–2013 (black line), 1994–2013 (blue line), and the full period (1944–2013; transparent red

shading).
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Figure S8. (Color online) Reconstructed Summer Precipitation in the Hudson Valley Region: (a)

Precipitation Reconstruction (Light Blue) (1500–2003) with Instrumental Precipitation (Dark Blue)

(2004–2013), 20-year Smoothing Spline (Orange) and Extrapolated RMSE (Light Gray Shade); and

Model Calibration Statistics: (b) Coefficient of Determination (R2; Orange), Reduction of Error (RE;

Blue), and Coefficient of Efficiency (CE; Black), and (c) Sample Size of Predictors (Predict.; Blue),

Chronologies (CRNs; Orange), and Principal Components (PCs; Black) of Summer Precipitation

Reconstruction
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Figure S9. Scatterplot for Total Summer Instrumental Precipitation (y-axis) and Rainless Days

(x-axis) (1944–2013) for (a) Hudson Valley, (b) Ohio Valley, (c) Mississippi Valley, and (d) Southern

Plains Regions
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