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Study  region:  The  Mid-Atlantic  region  of the  United  States.
Study  focus:  An  understanding  of  past  streamflow  variability  is  necessary  for developing
future  management  practices  that  will help  mitigate  the  impacts  of  extreme  events  such  as
drought  or  floods  on  agriculture  and other  human  activities.  To  better  understand  mecha-
nisms  driving  streamflow  variability  at  all  timescales,  annual  to multi-decadal  streamflow
variability  of three  major  rivers  in the  Mid-Atlantic  region  of  the  United  States  (the  Susque-
hanna,  Delaware,  and  Hudson  Rivers)  was  studied  in the  context  of  climate  modes  using
correlation  and  wavelet  analyses.
New  hydrological  insights  for  the region:  Results  from  the  correlation  analysis  detected  statis-
tically  significant  relationships  between  climate  indices  and  streamflow  that  were  similar
for the  three  rivers.  The  results  from  the  wavelet  analysis  showed  that  18-  and  26-year  peri-
odicities  were  embedded  in  the  streamflow  time  series.  Decadal  variability  of  streamflow
was  coherent  with  the  El-Niño  Southern  Oscillation  (SO) and  the  Pacific  Decadal  Oscil-
lation (PDO).  The  time  series  for the PDO and  SO  indices  and  precipitation  were  found
to be  synchronized  to the  decadal  variability  of a global  circulation  pattern  consisting  of  a
Rossby  wave  train  emanating  from  the  North  Pacific.  The  SO  explained  37–54%  of  the 1960s
drought,  33–49%  of the  1970s  pluvial,  and  19–50%  of  the  2000s  pluvial  in  the  three  river
basins.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC

BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Susquehanna, Delaware, and Hudson River Basins (SRB, DRB, and HRB) drain to three important estuaries of the
Mid-Atlantic region of the United States (US, Fig. 1), which have experienced substantial climate change and are likely to
continue do so with increases in greenhouse gas concentrations (Najjar et al., 2009). This projected climate change is likely
to render more difficult efforts to restore these estuaries, which have been stressed by anthropogenic activities, including
pollution (e.g., toxic metals, polychlorinated biphenyls, and excess nitrogen), dredging, conversion of wetland habitats, and
overfishing (Najjar et al., 2010; Kreeger et al., 2010; Steinberg et al., 2004).
Climate change is likely to manifest itself through changes in existing climate modes, which are recurring and often
oscillatory patterns of climate variables, such as sea level pressure (SLP) and sea surface temperature (SST), that operate on
timescales ranging from weekly to multi-decadal. For example, Ning et al. (2012) found increases in projected wintertime
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Fig. 1. (a) Location of the US climate divisions delimited with thin black lines. State boundaries are thick black lines and the study region is indicated by
the  gray box. (b) Locations of the Harrisburg gauging in the Susquehanna River Basin (SRB), the Trenton gauging station in the Delaware River Basin (DRB),
and  the Waterford gauging station in the Hudson River Basin (HRB) and Historical Climate Network stations. Thick black lines represent the boundaries of
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he  Harrisburg, Trenton, and Waterford drainage basins and thin lines represent state boundaries.

recipitation in the Northeast US to be consistent with a projected decrease in the positive phase of one prominent climate
ode, the North Atlantic Oscillation (NAO). The NAO and other important climate modes, such as the Atlantic Multi-decadal
scillation (AMO), the Pacific Decadal Oscillation (PDO), El Niño-Southern Oscillation (ENSO), the Pacific Northern-American
eleconnection (PNA), and the North Pacific Oscillation (NPO), have regional- to global-scale impacts on climate and weather
Philander, 1983; Trenberth and Hurrell, 1994; Mantua et al., 1997; Thompson and Wallace, 1998; Hurrell et al., 2003).

An understanding of the historical impacts of climate modes on regional climate variability can enhance our understand-
ng of future changes in that region. Furthermore, an understanding of climate-mode impacts on regional meteorological,
ydrological, and ecological characteristics will improve monthly and seasonal forecasts, which are of economic importance.
ith that in mind, the goal of this study is to analyze the variability in streamflow of the Susquehanna, Delaware, and Hudson

ivers, three large rivers in the Mid-Atlantic region of the US, in the context of climate modes.
There are relatively few studies on the impacts of climate modes on streamflow variability in the Mid-Atlantic region as

ompared to precipitation-climate mode and temperature-climate mode studies. Dettinger and Diaz (2000) found associa-
ions between the December–February Southern Oscillation (SO) and October–September streamflow across the Northeast,
here El Niño years are associated with wetter-than-normal conditions. Futhuremore, Xu et al. (2012) identified relation-

hips between North Pacific SSTs and Northeast US streamflow and Barlow et al. (2001) found North Pacific SSTs to have
een possible drivers of the 1960s drought, a major hydrometeorological event that strained water-management agreements
etween New York City and Philadelphia (USDA, 2000). The relationships may  be the result of prevailing synoptic regimes
hat set up during certain NAO and ENSO phases (Miller et al., 2006). Barlow et al. (2001) and Miller et al. (2006), how-
ver, only considered climate mode-streamflow simultaneous relationships. It is not clear if relationships hold on decadal
nd multi-decadal timescales. Labat (2008) and Whitney (2010) investigated streamflow variability across the Mid-Atlantic
ight and found multi-decadal variability in the flows of many rivers in the region, which Whitney (2010) hypothesized was
elated to the NAO.

The streamflow-climate mode relationships discussed above are associated with changes in precipitation, temperature,
now cover, and evapotranspiration, all of which have been investigated in the context of climate modes. Leathers et al.
1991) found that positive PNA phases are accompanied by colder and drier conditions across the US on monthly timescales.
erreze et al. (1998) noted increased snowfall in the Mid-Atlantic region during positive phases of the PNA, which was  found
o be associated with below-normal maximum temperature on precipitation days. Barlow et al. (2001) noted ENSO, NPO,
nd PDO influences on Northeast US precipitation and drought conditions. Pattern et al. (2003) found associations between
NSO and winter snowfall across the Northeast US, with El Niño years being accompanied by more frequent major snow
vents. Archambault et al. (2008) found cool seasons under positive NAO and negative PNA regimes to be wettest. Eichler
nd Higgins (2006) found increased spring precipitation during El Niño years as a result of more frequent East Coast storms.
imilarly, Seager et al. (2010) found strong winter snowfall-NAO and snowfall-ENSO linkages, both of which were related to
he frequency of East Coast storms. Despite the impact of ENSO on Northeast precipitation, previous research did not relate
NSO to the 1960s drought in the Northeast US; in fact, it has been argued that the drought (and the subsequent wet  period
hat continues to the present) resulted from internal atmospheric variability because global climate models with prescribed
STs did not reproduce the drought (Seager et al., 2012).

This paper presents a comprehensive investigation into climate-mode impacts on Mid-Atlantic streamflow by considering
ll timescales ranging from months to decades. To understand the proximate forcing of Mid-Atlantic streamflow, data sets
n mean watershed temperature and precipitation are analyzed as well. Relationships among streamflow, precipitation,
emperature, and climate indices are investigated first through a standard linear correlation analysis at monthly, seasonal,

nd annual timescales. A more general understanding of the variability of Mid-Atlantic streamflow and its linkages to the
roximate climate and climate modes is obtained via wavelet analysis and wavelet coherence analysis.
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The main advantage of wavelet analysis is that it can decompose a complex time series, such as streamflow, into a
two-dimensional (time and frequency) representation, from which inferences about the time series can be drawn. Wavelet
analysis can, in particular, detect important features embedded in the time series, such as modes of dominant variability
and their temporal behavior, which may  be linked to some physical mechanisms, facilitating further scientific investigation.
The previously noted studies by Labat (2008) and Whitney (2010) detected decadal streamflow variability but did not
quantitatively link it to physical mechanisms, underscoring the need to evaluate the relationship between multi-decadal
streamflow variability and large-scale climate indices.

The relationship between streamflow and a climate index at a variety of timescales can be quantified using wavelet
coherence analysis, which has the advantage of minimizing aliasing while also eliminating the choice of averaging window
or filter. Climate modes are typically most energetic at certain periods so that climate mode-streamflow relationships may
be used to identify particular timescales. The PDO, as an example, is most energetic at periods of 15–25 years and 50–70
years and therefore one might expect its influence to be strongest at those timescales (Mantua and Hare, 2002).

Another advantage of wavelet coherence analysis is that phase relationships at a given timescale can be quantified as a
function of time. The goal of a traditional cross-correlation analysis is to determine the time delay for which the association
between two time series is greatest, but one cannot determine how the relationship changes over time. In a wavelet coherence
analysis, on the other hand, phase relationships are calculated such that the degree to which two time series are positively
or negatively related can be measured as both a function of time and period. Such a decomposition is important in this study
because the temporal variations of ENSO teleconnections result from differences in the atmospheric basic state during ENSO
events and are modulated by other teleconnection patterns (Gershunov and Barnett, 1998).

The remainder of the paper is organized as follows. Section 2 describes the data sets used (streamflow, temperature,
precipitation, and climate indices) and the methods employed (correlation and wavelet analysis). Section 3 first provides a
brief description of Mid-Atlantic streamflow and precipitation variability, and then presents the main results: the outcomes
of the linear correlation and wavelet analyses. Section 3 also presents an analysis of climate-mode contributions to decadal-
scale Mid-Atlantic streamflow anomalies. Section 4 provides a brief discussion of the possible teleconnection patterns that
link climate modes to Mid-Atlantic hydrology and Section 5 summarizes the analysis with some concluding remarks.

2. Data and methods

2.1. Streamflow, temperature, and precipitation

Mean monthly streamflow data were obtained from the United States Geological Survey (USGS) for the Delaware, Hudson,
and Susquehanna Rivers at the Trenton, Waterford, and Harrisburg gauging stations, respectively (Fig. 1a and b), which have
corresponding USGS station numbers of 1463500, 1335754, and 1570500. These gauging stations were chosen because of
their relatively large drainage areas and long records. The reason for using gauging stations with large drainage basins is that
high-frequency weather fluctuations across the basins are integrated over a larger area, which can enhance climate signal
detection. The period of record used in this study is 1900–2010 for the Susquehanna and Hudson Rivers, and 1913–2010 for
the Delaware River. These records are complete except for the Hudson River at Waterford, which has a few missing months
in 1976 (0.9% of the record). These gaps were filled by linearly regressing streamflow from the nearby Green Island gauging
station (USGS station number 1358000) with Waterford streamflow from 1950 to 2010 (Pearson correlation coefficient
equals 0.99). All streamflow data were converted to anomalies by subtracting the climatological mean monthly value for
each month from the monthly values, thereby removing the annual cycle.

Mean monthly maximum temperature and mean monthly precipitation data for 1900–2010 were obtained from the
Historical Climate Network (HCN; Menne et al., 2009); station locations are shown in Fig. 1. The reason for using maximum
temperature data is that precipitation type in the Northeast US is impacted by mean maximum temperature on precipitation
days (Serreze et al., 1998). Compared to other precipitation and temperature data sets, the HCN data are of relatively high
quality and long record length, which facilitates analysis on long timescales. To emphasize the basin-wide impacts of climate
modes, the station-based precipitation and temperature data were averaged without any weighting to obtain a time series
for each of the three river basins upstream of the gauging station. Like streamflow, the precipitation and temperature time
series were converted to anomalies.

A few stations used in the averaging are located just outside the drainage basins. These stations were included in order to
improve the significance of the basin-wide averages. Although precipitation at these stations will not directly contribute to
streamflow at the gauging station in question, the distances between the boundaries of the drainage basins and the stations
are small so it is expected that even mesoscale convective precipitation events contributed to precipitation at the drainage
basin boundaries and the stations similarly.

Monthly climate divisional data were also used to understand spatial variability in climate-mode precipitation relation-
ships (Fig. 1a). The data, extending back to 1895, are available for 344 climate divisions, regions within states that have a

uniform climatology, eight to ten for each state (Guttman and Quayle, 1996). In the present study, only the precipitation
data for the period 1900–2010 were used and converted to anomalies like the previously mentioned data sets. The benefit of
using the divisional data versus the station-based HCN data is that local climatological effects can be smoothed out, allowing
better detection of climate signals.
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Table  1
Climate indices, data sources, record lengths, and relevant publications.

Climate index Source Record length used References

NAO NCAR 1900–2010 Hurrell et al. (2003)
AO CPC 1950–2010 Thompson and Wallace (1998)
AMO CPC 1900–2010 Enfield et al. (2001), Trenberth and Shea (2005)
Nino 3.4 NCAR 1900–2010 Trenberth (1997)
SO NCAR 1900–2010 Trenberth (1984)
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NPO NCAR 1900–2010 Trenberth and Hurrell (1994)
PNA CPC 1950–2010 Wallace and Gutzler (1981)
PDO UW 1900–2010 Mantua et al. (1997), Mantua and Hare (2002)

Twentieth century reanalysis (Compo et al., 2011) 500-hPa geopotential height data from 1900 to 2010 were used to put
esults in a climatic context. The data are on a 2◦ × 2◦ global grid and are produced from the assimilation of meteorological
ata, including observed surface pressure and sea-level pressure data. The annual cycle was  removed from the data at each
rid point.

.2. Climate indices

For this study, eight climate indices were selected (Table 1) based on studies that have identified physical relationships
etween climate modes and precipitation and streamflow in the Mid-Atlantic region (see Section 1). We  first briefly describe
he indices before discussing the sources of the data.

Perhaps the most well-known climate mode is ENSO, whose evolution and strength can be monitored using two  metrics,
he Southern Oscillation Index (SOI) and the Niño 3.4 index (Trenberth, 1984, 1997), which capture the atmospheric and
ceanic components, respectively, of ENSO. The SOI is calculated as the difference of SLP anomalies between Tahiti and
arwin, Australia. The Niño 3.4 index is defined as the average SST in the region 5◦N–5◦S, 170◦W–120◦W.

The climate modes most closely linked to the North Pacific region are the NPO, PDO, and PNA. The North Pacific Index,
hich describes the NPO, is defined as the area-weighted SLP over the region 30◦N–65◦N, 160◦E–140◦W (Trenberth and
urrell, 1994). The PDO index is constructed from the leading mode of an un-rotated Empirical Orthogonal Function (EOF)
nalysis of monthly residual SST anomalies in the North Pacific poleward of 20◦N, where the monthly residual is the difference
etween the observed anomaly and the global-mean SST anomaly (Mantua et al., 1997; Mantua and Hare, 2002). The PNA

ndex is constructed from a rotated EOF analysis of daily 500-hPa geopotential height anomalies in the region bounded by
0◦N and 90◦N in the Northern Hemisphere (Barnston and Livezey, 1987).

Metrics of climate variability related to the North Atlantic Ocean are the AMO  and NAO indices. The Atlantic basin exhibits
ST variability with a preferred multi-decadal timescale. This multi-decadal oscillation of SST has been termed the AMO  (Kerr,
000), whose index is defined as the detrended average SST in the North Atlantic basin from 0◦ to 70◦N (Enfield et al., 2001;
renberth and Shea, 2005). The NAO consists of a dipole SLP pattern established by the Azores High and the Icelandic Low and
he NAO index is defined as the normalized SLP difference between these pressure centers (Hurrell et al., 2003). A climate

ode related to the NAO is the AO, an oscillation of the polar vortex. The AO index is constructed by standardizing the first
rinciple component time series of northern-hemisphere SLP for all months of the year (Thompson and Wallace, 1998).

Climate index data used in the analysis (Table 1) were obtained from the Climate Prediction Center (CPC), the National
enter for Atmospheric Research (NCAR, http://www.cgd.ucar.edu/cas/catalog/climind/), and the University of Washington
UW, http://jisao.washington.edu/pdo/PDO.latest). All data are monthly averages and, when necessary, were converted to
nomalies by removing the mean annual cycle. All of the indices were available for the period 1900–2010, except those for
he AO and PNA, which were available for the period 1950–2010. For consistency, the correlation analysis was  applied to all
ight indices for the period 1950–2010. The wavelet analysis was  applied to all indices, except those for the AO and PNA, for
he period 1900–2010.

.3. Correlation analysis

Linear Pearson correlation coefficients between streamflow and climate indices, between precipitation and climate
ndices, and between temperature and climate indices were computed using monthly, seasonal, and annual averages
or the period 1950–2010. Means were identified as DJF (December, January, February) for winter, MAM  (March, April,

ay) for spring, JJA (June, July, August) for summer, and SON (September, October, November) for fall. The water year
October–September) was used for the annual means. Seasonal averages were computed because many climate modes are
referentially expressed in certain seasons. For example, it is in the Northern Hemisphere winter that the NAO and the AO
ften reach their maximum amplitudes and have the strongest influence. Significance was tested using the non-parametric

ootstrap method (Efron, 1979) as follows: the data were resampled 10,000 times, correlation coefficients from the resam-
led data were computed, and then 95% and 99% confidence intervals of the resulting distribution of synthetic correlation
oefficients were computed. Correlation coefficients were rejected at the 5% significance level if the confidence interval
ontained a correlation coefficient of zero.

http://www.cgd.ucar.edu/cas/catalog/climind/
http://jisao.washington.edu/pdo/PDO.latest
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Correlation analysis was also used to quantify the impact of precipitation and temperature on streamflow. Linear Pear-
son correlation coefficients were computed for each calendar month between streamflow and precipitation for 1950–2010.
Temperature can influence streamflow variability through evapotranspiration, snowfall, and snowmelt. In fact, in the New
England region, the significant storage of water in snow results in temperature explaining up to 30% of streamflow vari-
ability (Bradbury et al., 2002). In the SRB, Najjar (1999) found that annual precipitation minus streamflow (a proxy for
annual evapotranspiration) was positively correlated with temperature. Nevertheless, precipitation dominates the stream-
flow signal so that temperature-streamflow relationships may  appear to be non-existent or weak. Therefore, the partial
correlation coefficient (Mattson, 1981) between temperature (t) and streamflow (q), controlling for precipitation (p), was
computed for each calendar month for 1950–2010, which allows temperature impacts on streamflow to be assessed with
the precipitation-streamflow dependence removed:

rtq,p = rtq − rtp × rqp√(
1 − r2tp

)(
1 − r2qp

) , (1)

where rxy represents the simple correlation coefficient between x and y. The partial correlation coefficient can be equal to the
simple correlation coefficient or it can be very different depending on how strong the influence of the third variable is on the
relationship between the other two variables. The statistical significance of the correlation coefficients among temperature,
precipitation, and streamflow was computed using the bootstrap method (Efron, 1979) in the same way  as for the Pearson
correlation coefficient.

2.4. Wavelet analysis

Local and global wavelet power spectra were computed for streamflow, precipitation, and temperature. In this study we
adopt the Morlet wavelet, which is given by

 0 (�) = �−1/4eiω0�e−
1
2 �

2
, (2)

where ω0 is the dimensionless frequency and � is the dimensionless time. Providing a balance between time and frequency
localization, the Morlet wavelet with ω0 = 6 is recommended for identifying features of geophysical time series (Grinsted
et al., 2004). To find the local wavelet power spectrum of a time series (xn; n = 1,. . .,  N), such as streamflow or precipitation,
one must take the wavelet transform of the time series, which is defined as

WX
n (s) =

√
ıt

s

N∑
n′=1

xn′ 0
[(
n′ − n

)] ıt
s

], (3)

where ıt is a uniform timestep (one month in this case), s is the scale of the Morlet wavelet, and � = s × t . The more traditional
Fourier period � is approximately related to the wavelet scale by � = 1.03s. The wavelet power at a given scale and time is then

given by
∣∣WX

n (s)
∣∣2

. Averaging
∣∣WX

n (s)
∣∣2

over the time index results in the global wavelet power spectrum. The significance of
both global and local wavelet power at a given frequency and time can be tested against a red-noise background. The original
time series can be reconstructed by taking the inverse wavelet transform of the wavelet coefficients (Torrence and Compo,
1998). In particular, to reconstruct the signal at a particular frequency, all wavelet coefficients are set to zero except for
those corresponding to the frequency components of interest. Taking the inverse wavelet transform of the modified wavelet
coefficients will produce the signal at the desired frequency or period with all other frequency components removed. The
reader is referred to Torrence and Compo (1998) and Grinsted et al. (2004) for a more detailed discussion of the theory of
wavelet analysis and significance testing used in this paper.

To quantify the relationships between climate modes and Mid-Atlantic streamflow, precipitation, and temperature as a
function of frequency and time, a wavelet coherence analysis was  conducted. Following Grinsted et al. (2004), the wavelet
coherence between two time series X and Y is given by

R2
n (s) = |S(s−1WXY

n (s) |2

S
(
s−1|WX

n (s) |2
)

× S
(
s−1|WY

n (s) |2
) (4)

where WXY
n (s) is the cross-wavelet transform, defined as the product of the wavelet transform of X and the complex conjugate

of the wavelet transform of Y, and S is a smoothing operator defined by S (Wn (s)) = Sscale (Stime (Wn (s))). Stime represents
smoothing in time and Sscale is smoothing along the wavelet scale axis. Eq. (4) resembles the definition of the correlation
coefficient and, in fact, can be regarded as such. That is, a coherence value of 0 signifies that the two  time series are unrelated,
whereas a coherence value of 1 indicates the two  time series are linearly related at the given frequency and time. For a phase
� and period �, the phase lag is given by ��/�.
Using Monte Carlo methods, the statistical significance of wavelet coherence was found by generating a large number
of synthetic data pairs with the same lag-1 autocorrelation coefficients as the input time series, calculating the wavelet
coherence for each pair, and then estimating the significance level at each scale using values outside the cone of influence
(Grinsted et al., 2004). A more detailed discussion of wavelet coherence can be found in Grinsted et al. (2004).
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ig. 2. Observed annually averaged (a) Susquehanna, (c) Delaware, (e) Hudson River streamflow anomalies and 5-year running mean of the observed time
eries  for 1900–2010. Mean annual cycles of (b) Susquehanna River streamflow and SRB precipitation, (d) Delaware River streamflow and DRB precipitation,
nd  (f) Hudson River streamflow and HRB precipitation for 1900–2010.

Characteristic timescales reported in this study were identified using global wavelet power spectra, the time-averaged
epresentations of the sample wavelet power spectra. Periods of maximum time-averaged power were considered the
ominant timescale of variability. For time-averaged wavelet coherence, however, an alternative definition was used, which

s given by

GC (s) = |WXY (s) |2(∑N
n=1|WX

n |2
)  (∑N

n=1|WY
n |2

) , (5)

here

WXY (s) =
N∑
n=1

WX
n (s)WY∗

n (s) , (6)

ith the asterisk denoting the complex conjugate (Elsayed, 2006). Eq. (5) measures the coherence between two time series in
he entire study period at a scale s. Statistical significance of GC (s) was computed using Monte Carlo methods as follows: red-
oise time series with the same lengths and lag-1 autocorrelation coefficients as the two  input data series were generated
nd GC (s) was computed for each pair of red-noise time series. The resulting distribution of GC (s) at each scale was then
sed to estimate the significance of the global coherence estimates.

To quantify the impacts of climate modes on streamflow and precipitation variability, the quantity

FXn (s) = R2
n (s)WX

n (s) , (7)

epresenting the fraction of the power of X at n and s related to Y, was computed. In the present case, Y is a climate mode,
he input into the system, and X is streamflow or precipitation, the linear response to Y. Before the above quantity was
alculated, wavelet coherence values that were not statistically significant at the 5% level were set to zero, the idea being
hat insignificant wavelet coherence means that the null hypothesis cannot be rejected and the two  time series at a given time
nd scale are considered independent (i.e., R2

n (s) = 0). To obtain physical estimates of climate-mode impacts on streamflow
nd precipitation, the inverse transform of FXn (s) was computed. If Xmode denotes the inverse transform of FXn (s) for all time
ndices and scales, then X can be decomposed as

X = Xmode + Xresidual, (8)

here Xresidual is the component of X unrelated to the climate mode. If X = Xmode, for example, then all of the time-series
ariability is due to forcing from the climate mode Y. It is noted that Xresidual may  not be purely noise, which would be the
ase if two independent climate modes were driving streamflow or precipitation.

. Results
.1. Observed variability of Mid-Atlantic streamflow, precipitation, and temperature

The observed annually averaged Susquehanna, Delaware, and Hudson River streamflow anomalies are shown in Fig. 2a,
 and e, respectively. The variability in the time series from 1900 to 1940 was  characterized by high-frequency oscillations,
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Table 2
Linear Pearson correlation coefficients between climate indices and (a) Susquehanna River streamflow, (b) SRB precipitation, and (c) SRB temperature for
1950–2010. Only correlation coefficients significant at the 5% level are displayed, with correlation coefficients significant at the 1% level shaded in gray.

(a) Streamflow

J F M A M J J A S O N D DJF MAM JJA SON Annual

NAO NAO
AO 0.34 AO
AMO  −0.26 0.26 AMO  −0.26
Nino  3.4 −0.30 Nino 3.4
SO  0.27 −0.30 SO
NPO 0.26 0.26 0.41 NPO 0.35
PNA  −0.34 PNA −0.30 −0.26
PDO  PDO

(b)  Precipitation

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO NAO
AO  AO
AMO  −0.26 0.49 −0.30 AMO
Nino 3.4 0.38 Nino 3.4
SO  −0.30 −0.30 SO
NPO  NPO
PNA  0.27 PNA
PDO  0.33 PDO

(c)  Temperature

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO 0.38 0.43 0.34 0.33 0.31 0.50 NAO 0.49
AO  0.42 0.37 0.32 0.28 0.35 0.36 0.58 AO 0.53
AMO  AMO  0.28
Nino 3.4 −0.28 Nino 3.4 −0.25
SO  SO

NPO  0.29 0.32 0.33 NPO
PNA  −0.30 −0.26 0.34 −0.29 PNA
PDO −0.30 −0.38 −0.39 PDO −0.43

whereas pronounced low-frequency variability as well as high-frequency variability occurred during 1960–1980. The low-
frequency variability is evident by examining the five-year running mean of the time series (shown in black), which highlights
the decadal variability of streamflow during the period 1950–1980. The 1960s drought and the pluvials (very wet periods)
of the 1970s and 2000s are evident in all three basins. The 1960s drought was deepest in the DRB whereas the pluvials
appear to have been greatest in the HRB. The mean annual cycles of streamflow and precipitation in the three basins are
shown in Fig. 2b, d and f. The streamflow annual cycles are characterized by large maxima in spring, minima in summer, and
a secondary maximum in late fall, extrema that are caused by the annual cycle in evapotranspiration and snowmelt—not
precipitation, which has a weak annual cycle (e.g., Najjar, 1999). Unlike Susquehanna and Delaware River streamflow, Hudson
River streamflow exceeded precipitation during April, possibly due to snowmelt during that month.

3.2. Streamflow/precipitation-climate mode correlation analysis

Panels a and b of Tables 2, 3, and 4 show the linear correlation analysis of streamflow-climate index and precipitation-
climate index for the Susquehanna, Delaware, and Hudson Rivers, respectively. The Niño 3.4 index was  found to be weakly
correlated with Delaware River streamflow and DRB precipitation in April, accounting for approximately 16% of the variance
of precipitation. A similar relationship was found for SRB precipitation and no relationships were identified for the HRB. A
possible explanation for the increased April streamflow during positive Niño 3.4 phases is the increased January–March US
East Coast storm frequency and subsequent increase in precipitation (Eichler and Higgins, 2006). The significant correlation
coefficients with the SO and Niño 3.4 indices were generally similar and of opposite sign. There are a few notable exceptions:
for example, November Susquehanna streamflow and HRB precipitation were not correlated with the Niño 3.4 index but
were correlated with the SO index. Differences may  be the result of how SSTs lag changes in the atmosphere.

Numerous statistically significant PNA-precipitation and PNA-streamflow relationships were found, consistent with the
fact that the PNA tends to be in a positive phase during positive Niño 3.4 events (Feldstein, 2000). The April PNA index

was found to be significantly and positively correlated with April precipitation for the DRB and SRB, though the PNA index
was only significantly correlated with Delaware River streamflow. The streamflow-PNA and precipitation-PNA relationships
may  be the result of a southeastward-shifted trough that provides more favorable conditions for coastal storm development
(Leathers et al., 1991). The PNA and the related NPO also had seasonal influences: the PNA and NPO indices were significantly
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Table  3
Same as Table 2 but for the DRB.

(a) Streamflow

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO −0.32 NAO
AO  0.34 AO
AMO −0.30 0.44 AMO  0.31
Nino  3.4 −0.28 0.27 Nino 3.4
SO  0.30 SO
NPO −0.34 0.25 0.28 NPO −0.37 0.36
PNA  0.39 PNA 0.36
PDO  0.27 −0.25 PDO

(b)  Precipitation

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO 0.25 NAO
AO  AO
AMO  −0.31 0.45 AMO  0.26
Nino  3.4 0.37 Nino 3.4
SO  −0.26 0.33 SO
NPO  −0.29 NPO −0.31 0.30
PNA  0.38 PNA 0.34
PDO  0.29 PDO

(c)  Temperature

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO 0.37 0.41 0.32 0.30 0.28 0.53 NAO 0.50
AO  0.41 0.36 0.31 0.39 0.36 0.56 AO 0.53 0.28
AMO  0.30 AMO  0.30
Nino  3.4 −0.26 Nino 3.4
SO  SO

c
c

r
s
a
(
w
s

r
a
P
i

c
l
A
c
f
t
c
m

m
t
s
c

NPO 0.25 0.33 0.27 NPO
PNA −0.25 0.30 −0.31 PNA
PDO −0.24 −0.39 −0.36 PDO −0.42

orrelated with Delaware River streamflow and precipitation at the 1% level in spring and were also found to be significantly
orrelated with Susquehanna and Hudson River streamflow in fall.

It is noted that the NPO, PDO, and PNA indices were not found to be correlated with summer streamflow for all three
ivers, though Barlow et al. (2001) found North Pacific SSTs, the so-called North Pacific mode (NPM), to be related to summer
treamflow and drought conditions across the Northeast US. On the other hand, the modes were generally related to spring
nd fall streamflow, which were correlated with the SO and Niño 3.4. Differences between the results from Barlow et al.
2001) may  be due to how the NPM, using EOF analysis, was  statistically constrained to be independent from the PDO that
as simultaneously derived from the same data set. In the present case, the NPO and PDO indices are not orthogonal but

trongly correlated so that no independent information was  gained.
In agreement with Xu et al. (2012), some PDO-streamflow associations were identified, particularly in April. The lagged

elationship between Susquehanna streamflow and the PDO index found by Xu et al. (2012) may  be an artifact of the
utocorrelation inherent in the PDO time series and the PDO’s relationship with the PNA and NPO. For example, the winter
DO index may  be correlated with the subsequent fall PNA index, which was related to fall streamflow, resulting in the PDO
ndex being correlated with future streamflow.

Linear correlation coefficients between streamflow and precipitation are shown in Fig. 3, where all the correlation coeffi-
ients are significant at the 5% level. For all three river basins, the streamflow-precipitation correlation coefficients reached
ocal minima in February–April, July, and November; local maxima were found in May–June, August–October, and December.
s shown in Fig. 2, precipitation equals streamflow in February and March for the DRB and SRB and yet the correlation coeffi-
ients reach local minima in those months, suggesting that some of the precipitation is falling as snow. The same arguments
or the HRB hold in January and February but streamflow exceeds precipitation in March so that snowmelt may  contribute to
he low correlation coefficients in March and April. The minima in July for all three river basins may  be due to large base-flow
ontributions and large evapotranspiration rates. Base-flow has a longer time-scale so that streamflow from prior months
ay be contributing to streamflow variability in subsequent months.
Perhaps the most interesting minima occurred in November, when there also may  be a base-flow contribution in this
onth given the relatively low mean streamflow. However, the partial correlation coefficients between November precipita-
ion and November streamflow with the effect of October streamflow removed showed that October streamflow contributed
ubstantially to the observed November streamflow variability for all three basins. The effect was to reduce the simultaneous
orrelation between streamflow and precipitation. In fact, the difference between the linear correlation and partial correla-
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Table 4
Same as Table 3 but for the HRB.

(a) Streamflow

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO 0.26 NAO
AO  0.30 0.32 AO
AMO  0.31 AMO
Nino  3.4 Nino 3.4
SO SO
NPO  0.29 NPO 0.29
PNA  −0.27 PNA
PDO  PDO

(b)  Precipitation

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO 0.26 NAO
AO  0.32 AO
AMO  −0.31 0.48 −0.39 AMO
Nino  3.4 −0.32 Nino 3.4
SO  0.27 −0.30 SO
NPO  NPO
PNA  PNA
PDO  −0.28 PDO

(c)Temperature

J F M A M J J A S O N D DJF MAM  JJA SON Annual

NAO 0.38 0.40 0.32 0.30 0.49 NAO 0.51
AO  0.41 0.27 0.37 0.42 0.40 0.53 AO 0.52 0.37 0.31
AMO  0.28 AMO  0.28
Nino 3.4 0.29 −0.27 Nino 3.4
SO  −0.30 SO
NPO 0.27 0.34 0.26 NPO
PNA 0.37 −0.25 −0.30 PNA
PDO −0.40 −0.37 PDO −0.47
Fig. 3. Ordinary and partial correlation coefficients between mean monthly streamflow and precipitation for the Susquehanna, Delaware, and Hudson
River  basins for the period 1950–2010. The partial correlation coefficients account for the previous month’s streamflow. All correlation coefficents are
signifcant at the 5% level.

tion coefficients was generally greatest in the fall and summer for all three rivers basins, suggesting preceding streamflow
is most important during the fall and summer. Physically, the stronger influence of preceding streamflow represents the
larger groundwater component of streamflow.
In contrast to the seasonal time scale, streamflow and precipitation are highly correlated on the annual timescale, with
the correlation coefficients between annual-mean streamflow and precipitation for 1950–2010 being 0.92, 0.95, and 0.85
for the SRB, DRB, and HRB, respectively, similar to previous analyses (Najjar, 1999; Najjar et al., 2009).
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ig. 4. Partial correlations coefficients between mean monthly maximum temperature and streamflow for the Susquehanna, Delaware, and Hudson Rivers
or  the period 1950–2010. Markers indicate the significance of the partial correlation coefficients.

.3. Temperature-climate mode correlation analysis

Partial correlation coefficients (with the dependence of precipitation removed) between mean maximum temperature
nd streamflow are shown in Fig. 4. In general, temperature was positively and significantly partially correlated with stream-
ow during the cold season for all three river basins, consistent with the fact that winter precipitation type is strongly
ependent on daily mean maximum temperature on precipitation days so that precipitation on cold days will fall as snow
nd contribute little to streamflow (Serreze et al., 1998). The negative relationships between temperature and streamflow
uring the summer are physically consistent with an increase in temperature leading to more evapotranspiration and less
treamflow. Having been correlated with temperature, streamflow may  also have been influenced by climate modes through
emperature effects in addition to precipitation effects, motivating the temperature-climate mode analysis discussed next.

Tables 2–4c show the results of the temperature-climate index (simple) correlation analysis. The NAO index was found
o be positively correlated with temperature, with the strongest influence occurring in the winter, when the atmosphere is

ost dynamically active and an enhanced jet and surface southerly flow associated with the positive NAO phase advects
ositive temperature anomalies across the Northeast US (Notaro et al., 2006). The positive correlation coefficients between
he AO and temperature are a result of a positive AO phase being associated with fewer polar air outbreaks across North
merica (Thompson and Wallace, 2001), whereas the moderate temperature-PNA and temperature-NPO connections are

he result of a deep Eastern-US trough during positive PNA and negative NPO phases (Leathers et al., 1991). A moderate
orrelation was identified between temperature and the PDO index in the fall, though no significant correlation coefficients
ere found with the PNA and NPO indices.

September Hudson River streamflow was negatively correlated to the PNA index but no precipitation-PNA associa-
ion was identified. The PNA, however, was positively correlated with temperature during that month, and therefore the
treamflow variability could possibly be related to PNA-related changes in temperature. The PNA-temperature relationships
ay also explain why, in November, the PNA index was significantly related to Susquehanna River streamflow and not to

recipitation. A positive PNA index, being associated with lower-than-normal temperatures, may  have resulted in more
recipitation falling as snow, reducing November monthly streamflow. Note that the PNA index needs to only be related
o precipitation type to affect streamflow. On the other hand, the precipitation-climate mode relationships could explain
he April streamflow-climate mode associations found for the Delaware River because April streamflow was strongly cor-
elated with April precipitation (Fig. 3) and was uncorrelated with April maximum temperature (Fig. 4). The ENSO-induced
elaware River streamflow variability is also associated with the concurrent changes in precipitation. Despite the moderate
orrelation between temperature and the indices for the AO and NAO, the NAO and AO were not found to be significantly
orrelated with winter streamflow.

.4. Wavelet analysis

In order to detect the major frequencies of oscillation in the hydrometeorology of the Mid-Atlantic Region, we now

resent wavelet power spectra of SRB, DRB, and HRB streamflow and precipitation along with the corresponding global
avelet spectra (Figs. 5, 6, and 7).

The local power spectra revealed statistically significant streamflow variability at � = 26 years in all three river basins from
oughly 1940 to 2010 (Figs. 5a, 6a, and 7a). The global power spectra of streamflow also identified statistically significant
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Fig. 5. (a) Normalized wavelet power spectrum of Susquehanna River streamflow from 1900 to 2010 together with the global wavelet power spectrum
(b).  (c) The normalized wavelet power spectrum of SRB precipitation together with the global wavelet power spectrum (d). Thick black contours in wavelet
power spectra enclose areas of 5% significance against a red-noise background. Light shading represents the cone of influence. In the global power spectra,
thick  black lines represents the global wavelet power estimates and thin dashed black lines are the 95%, 99%, 99.9% confidence bounds against red-noise
background spectra. Periods of peaks in the global power spectra exceeding 95% confidence are indicated.

Fig. 6. Same as Fig. 4 but for the Delaware River Basin. Note that the streamflow record is shorter (1913–2010).

Fig. 7. Same as Fig. 4 but for the Hudson River Basin.
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Fig. 8. (a) Wavelet coherence of monthly Susquehanna River streamflow and the (a) PDO, (b) NAO, (c) SO, and (d) AMO  indices during 1900–2010. Thick
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lack  contours indicate significance at the 5% level and arrows indicate relative phase relationships (see legend in the lower right). Light shading represents
he  cone of influence. The wavelet coherence spectra were truncated to four years for clarity. Arrows are only plotted for those wavelet coherence values
xceeding 0.55. (e) Significance of the 1900–2010 time-averaged wavelet coherence between streamflow and the climate indices.

avelet power (Figs. 5b, 6b, and 7b). For the Hudson and Susquehanna Rivers, 1% significant peaks at � = 26 years were
dentified, while a 0.1% significant peak at � = 26 years was identified for the Delaware River (Figs. 5b, 6b, and 7b). Secondary
eaks at � = 18 years were also identified in the global wavelet spectrum of Hudson (1% significance) and Susquehanna (5%
ignificance) River streamflow. The wavelet spectrum for Susquehanna River streamflow also contains a 5% significant peak
t ∼10 years, which was not found for the other two rivers. The wavelet power spectra suggest that the low-frequency
uctuations in streamflow were unlikely the result of a stochastic fluctuation and may  be predictable. In other words,
treamflow for the investigated rivers shifted between regimes of negative and positive anomalies every 13 years and such
hifts were not random, occurring at regular intervals.

The wavelet power spectra of precipitation (panels c and d of Figs. 5, 6, and 7) are similar to the wavelet power of
treamflow, suggesting that the streamflow variability was primarily driven by regional precipitation changes. This is not
urprising given the strong correlation between annual-mean streamflow and annual-mean precipitation noted earlier
Section 3.2). The statistical significance of the peaks, however, are lower, especially for HRB and DRB precipitation, where
he peaks at � = 26 years only exceed the 5% significance level (Figs. 5d, 6d, and 7d). The peak at � = 26 years for Susquehanna
iver streamflow is nearly significant at the 1% level. There is also a secondary peak at ∼18 years for the DRB not found for
he SRB or HRB, though a similar peak was found in the global spectra for Hudson River streamflow.

The results from the wavelet analysis of temperature (not shown) identified no significant decadal variability for all three
iver basins and support the idea that streamflow variability at the decadal timescale was  mainly driven by precipitation
hanges.

.5. Wavelet coherence analysis

Local and global wavelet coherence spectra show that the PDO, AMO, NAO, and SO are coherent with Susquehanna River
treamflow at a variety of timescales (Fig. 8). Wavelet coherence spectra for the Niño 3.4 index and NPO index are not
hown for any of the basins because the Niño 3.4 results are nearly identical to those for the SO and the NPO results reveal no
ignificant coherence. The PDO, NAO, and SO were found to be coherent with Susquehanna River streamflow at multi-decadal
imescales, mainly in the latter half of the record. The wavelet coherence analysis detected a 7-year lagged (i.e., streamflow
eads) relationship with the PDO at � = 23 years from 1950 to 2010, an in-phase relationship between streamflow and the SO
t � = 25 years extending from 1940 to 2010, and a 2-year lagged relationship with the NAO at 20 years extending from 1950
o 2010. The peaks were inferred from the significance of global coherence as shown in Fig. 8e The AMO  has a multidecadal
eak (� = 23 years in the global spectra), which reflects local coherence in the 1950s and 1960s. The secondary peak in SO
lobal coherence significance at � = 18 years suggests that the region of local coherence in Fig. 8c at � = 25 years is actually
he merger of two separate peaks. The SO and the PDO also show peaks in the global spectra at around 10 years, which
re presumably related to local spectra significance since approximately 1990. The phases are roughly opposite to those
orresponding to the ∼20-year periods, the implications of which will be discussed in Section 4.
Wavelet coherence between SRB precipitation and climate modes (Fig. 9) are broadly similar to spectra between Susque-
anna River streamflow and climate modes, with both coherence spectra having significant (95% confidence) peaks for the
O at approximately 18 and 26 years and for the PDO at about 10 and 20 years. However, the AMO  and NAO peaks, significant
n the streamflow global coherence spectra, have less than 85% confidence in the corresponding precipitation spectra.
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Fig. 9. Same as Fig. 8 but for Susquehanna River Basin precipitation.
Fig. 10. Same as Fig. 8 but for Delaware River streamflow for 1913–2010.

Wavelet coherence results for the DRB (Figs. 10 and 11) were broadly similar to those for the SRB in terms of dominant
periods, phase relationships, and temporal variability, except that the significance in the local spectra for the PDO and SO
at ∼20 years extended from 1920 to 2010. As with the SRB, the coherence between streamflow and climate modes was
similar to that between precipitation and climate modes, except that precipitation generally had a greater response to the
PDO and SO at ∼20 years, suggesting that another mechanism may  be weakening the response of streamflow to the climate
modes. The local coherence significance region extending from 1980 to 2010 corresponding to local coherence between
the SO and streamflow at ∼10 years for the SRB is also present for the DRB, with the same out-of-phase relationship as the
SRB. The PDO streamflow relationships at ∼10 years were found to be identical. In particular, the local coherence spectra
for SRB and DRB precipitation contain significance regions at ∼10 years (extending from 1980 to 2010), which are similar
and smaller than those for streamflow. The differences indicate that another mechanism enhanced the streamflow response
to the PDO, unlike the responses at ∼20 years. The difference between the streamflow and precipitation response to the
PDO is not, however, evident in global coherence spectra for the SRB, unlike for the DRB, where the confidence of peak for
precipitation is approximately 5% less. Statistically significant global coherence between Delaware River streamflow and
the NAO index at � = 17 years was also identified, though locally little statistical significance was found. No global or local
statistically significant NAO-precipitation relationships were detected. At both 10 years and 20 years the precipitation-PDO
and precipitation-SO relationships were similar to the streamflow-climate mode relationships, suggesting that precipitation

was the primary driver of the multi-decadal streamflow variability, which is influenced by the PDO and SO.

The wavelet coherence between the four climate modes and Hudson River streamflow is shown in Fig. 12. The wavelet
coherence analysis detected a statistically significant coherent and in-phase SO-streamflow relationship at � = 25 years
extending from 1930 to 2010, as indicated by the peak in local and global coherence (Fig. 12e). A period of significant
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Fig. 11. Same as Fig. 8 but for Delaware River Basin precipitation.
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Fig. 12. Same as Fig. 8 but for Hudson River streamflow.

oherence between the PDO and streamflow extending from 1940 to 2010 was  also identified at � = 23 years, with streamflow
agging by 7 years. The results were similar to those for the other rivers except that the Hudson River streamflow relationship

ith the SO was  stronger than the Susquehanna-SO relationship. The global coherence spectra indicate that the SO was more
oherent with Hudson River streamflow than with streamflow of the other rivers at � = 10 years. It is also noted that the
RB precipitation response to the PDO and SO is stronger than the streamflow response, implying that another mechanism

s operating to weaken the streamflow response.
One commonality between the HRB and SRB is the NAO-streamflow relationships; little statistically significant local

oherence was found for the DRB, whereas both Hudson and Susquehanna River streamflow were both significantly coherent
ith the NAO at ∼18 years. The commonality also exists in the local coherence spectra for precipitation but is less evident. A

ransient relationship between precipitation and the AMO in the HRB—not existing in the local coherence spectra for the DRB
nd SRB—was also found in the period band of 6–8 years from 1900 to 1960. A corresponding peak in the global coherence
as also identified, which was also not found for the DRB and SRB.

It is possible that the observed streamflow variability at a period of 20 years was partially due to temperature vari-
bility. The wavelet coherence between climate indices and temperature for each river basin was therefore computed (not
hown). For the SRB no significant wavelet coherence with temperature and the SO and AMO  indices at a period of 20 years
as found. On the other hand, significant out-of-phase coherence was found with the PDO index at a period of 20 years,

uggesting that the positive phase of the PDO contributes to drier and cooler conditions across the Northeast US at that

imescale. Namias (1966) also found the 1960s drought to be accompanied by below-normal temperatures associated with

 prevailing northerly wind component. Identical relationships with the PDO index were found for the DRB and HRB and
ittle to no significant coherence was found with the other climate indices. The out-of-phase relationship between the PDO
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Fig. 13. Same as Fig. 8 but for Hudson River Basin precipitation.

Fig. 14. The observed annually averaged Delaware River streamflow anomalies and the PDO and SO components of the observed time series for 1920–2010.

Table 5
Contribution of the Southern Oscillation and the Pacific Decadal Oscillation to streamflow anomalies during the 1960s drought and the pluvials of the 1970s
and  2000s.

Time period Basin Streamflow anomaly (cm mon−1) SO contribution (%) PDO contribution (%)

1963–1968 SRB −1.0 37 13
DRB −1.8 40 21
HRB −1.2 54 27

1971–1979 SRB 1.0 33 25
DRB 1.1 49 27
HRB 1.4 35 23
2002–2007 SRB 0.9 50 57
DRB 1.4 36 32
HRB 1.0 19 14

and temperature could explain the weaker response of streamflow to the PDO for the DRB and HRB; cooler conditions would
favor more streamflow on longer-scales, opposing the drying effects caused by the lack of rainfall Fig. 13.

3.6. Impact of climate modes on low-frequency variability of streamflow

The PDO and SO components of mean annual anomalies of Delaware streamflow, estimated using Eq. (7), are shown
in Fig. 14 from 1920 to 2010, when large, low-frequency fluctuations were present. These climate modes appear to have

contributed substantially to the 1960s drought and the pluvials of the 1970s and 2000s. To quantify the contributions
of these two climate modes to the three aforementioned hydrometeorological events, the mean streamflow anomaly for
the periods 1963–1968, 1971–1979, and 2002–2007 was computed for the SO component, the PDO component, and the
observed time series for the Susquehanna, Delaware, and Hudson Rivers (Table 5). For the 1960s drought, the SO and PDO
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Fig. 15. The relative phase relationship between the SO index and Delaware River streamflow at a period of 20 years shown with black arrows and
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he  relative phase relationship between the SO index and US climate divisional precipitation anomalies at a period of 20 years shown with red arrows.
alculations are for the 1913–2010 period and arrows are located at the centroids of the climate divisions for which the global coherence was  significant
t  the 5% level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ontributions were greatest for the Hudson and lowest for the Susquehanna, being roughly a factor of two  larger for the
udson; the SO contributions were about twice those of the PDO. Note that the contributions of the SO and PDO may  not
e independent because of the close relationship between these two climate modes (Newman et al., 2003). The impact of
he PDO and SO on the subsequent wet period 1971–1979 was similar for all three rivers but was  greatest for Delaware
iver. The PDO’s contribution was also smaller compared to the SO contributions for all three rivers. Similarly, the SO and
DO contributed approximately equally to the pluvial of the 2000s, with the Susquehanna being most influenced and the
udson the least. In fact, the contributions differed by more than a factor of two, opposite to the climate-mode contributions

o the 1960s drought. Results for precipitation (not shown) were similar to those for streamflow, indicating that the climate
odes influenced streamflow during these hydrometeorological events mainly through precipitation. In addition to the SO

nd PDO, the analyses presented in Fig. 14 and Table 5 were conducted for the NAO, NPO, AMO, and Niño 3.4 indices. No
ubstantial contributions to the 1960s drought and pluvials of the 1970s and 2000s were found for the NAO, NPO, and AMO;
iño 3.4 results were very similar to those for the SO.

.7. Teleconnection analysis

Among all of the climate modes, the Southern Oscillation appears to have the greatest influence on Mid-Atlantic stream-
ow. Further, the SO influence is greatest at a period of approximately two  decades. To investigate a possible teleconnection

nfluence of the SO on Mid-Atlantic streamflow, a wavelet coherence analysis was  conducted between the SO index and
limate-division precipitation. The phase of the SO-precipitation relationship at a period of 20 years for each climate divi-
ion is indicated by black arrows in Fig. 15 when the global coherence exceeds the 5% significant level. The SO-precipitation
elationship was found to be in-phase across the eastern US, with statistically significant global coherence limited to the
ortheast. A remote region of significant global coherence is also present in the Western and Southern US but the phase

elationship is opposite to that of the Northeast. A similar analysis was  conducted between Delaware River streamflow and
limate-division precipitation (red arrows). Remarkably, it was  found that the global coherence spatial pattern was  nearly
dentical to the SO-precipitation associations. The remote region of significant global coherence in the West is suggestive of

 teleconnection pattern, with wet conditions in the Western US being accompanied by drier conditions in the East. In fact,
amias (1966) noted that while the Northeast was dry during the period 1962–1966, the Southwest and Northern plains
ere wet, generally consistent with the results presented in Fig.15. Seager et al. (2005) found, using a general circulation
odel, that tropical SSTs can produce the Dust Bowl in the 1930s for the Southwestern US, but Seager et al. (2012) showed

hat the models cannot produce the 1960s drought in the Northeastern US. However, Fig. 15 implies that Delaware River
treamflow is phase-locked to Southwestern US precipitation and so must also be phase-locked to tropical SSTs that forced

recipitation variability in that region.

The relative phase relationship between DRB precipitation and 500-hPa geopotential height anomalies at a period of 20
ears is shown in Fig. 16a. The figure shows regions of statistically significant global coherence as indicated by contours with
orresponding opposite phase relationships. The alternating phase relationships suggest that DRB precipitation at a period
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Fig. 16. (a) Relative phase difference between 500-hPa geopotential height and DRB precipitation, (b) between 500-hPa geopotential height and the PDO

index,  and (c) between 500-hPa geopotential height and the SO index at a period of 20 years. Thin contours enclose regions of 15% statistically significant
global coherence, medium-weighted contours enclose regions of 10% statistical significance, and the thickest contours enclose regions of 5% statistical
significance.

of 20 years was related to a Rossby wave train emanating from the tropical North Pacific Ocean, which arced over North
America. Such a Rossby wave response is consistent with the mid-latitude response to tropical thermal forcing (Hoskins
and Karoly, 1981). The Rossby wave train, moreover, explains why DRB precipitation fluctuated coherently with Southwest
US precipitation at a period of 20 years. The SO and PDO indices were also found to have been synchronized with 500-hPa
geopotential height anomalies in a similar manner to DRB precipitation, which suggests that the PDO and SO were related
to the global circulation pattern that was linked to the 20-year variability of DRB precipitation.

4. Discussion

The AMO, NAO, PDO, and the SO were found to be contributors to decadal to multi-decadal variability of streamflow in the
Mid-Atlantic region of the US. The wavelet coherence analysis identified the PDO and the SO as being the main regulators of
the enhanced 26-year streamflow and precipitation variability identified in the wavelet power analysis. As noted by Mantua
(2010), the PDO is most energetic at periods of 15–25 years and 50–70 years, which could explain why  the PDO is most
coherent with precipitation at a period of 22–24 years. Whitney (2010) speculated that the NAO could be responsible for

the 26-year periodicity. However, our analysis clearly shows that the NAO plays a minor role while the PDO and the SO play
a major role. Variability of Susquehanna River streamflow at low-frequencies was also noted by Labat (2008), who revealed
statistically significant periodicities at periods of 3, 12, and 27 years using a global wavelet analysis. Though Labat (2008)
and Whitney (2010) did not analyze precipitation, the findings from this study suggest that the 26–27 year streamflow
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eriodicities identified in these studies were driven by precipitation changes related to the SO and PDO, and to a lesser
xtent, the NAO.

Labat (2010), using a cross-wavelet analysis, determined that the PDO was  driving North American continental freshwater
ischarge variability at a period of 22 years, a result similar to that found in this study (despite the very different study regions
onsidered). However, this study added the phase relationship. Labat (2010) found the SO to have a weaker relationship
t 21 years with North American continental freshwater discharge. It is important to note that, while the PDO and ENSO
re regarded as distinct phenomena, the PDO is dependent on ENSO. According to Newman et al. (2003), the PDO may be
egarded as the reddened response of atmospheric noise and ENSO, which could be problematic when separating pure ENSO
nd PDO signals in North American drought and climate proxies. Numerous studies have analyzed the connection between
orth Pacific SSTs and ENSO (Bjerknes, 1969; Luksch and von Storch, 1992; Trenberth and Hurrell, 1994; Nath and Lau,
996), further supporting the similarity between the streamflow-PDO and streamflow-SO relationships as identified in our
avelet coherence analysis. According to Latif and Barnett (1996), SST anomalies in the North Pacific undergo a 20-year

scillation involving the interaction between the Aleutian Low and the subtropical gyre. This model suggests that a positive
ST anomaly in the North Pacific resulting from an anomalously strong subtropical gyre weakens the Aleutian Low, which
lters air-sea heat fluxes, reinforcing the initial SST anomaly set up by the subtropical gyre. Changes in the wind stress curl
ssociated with the atmospheric response to the SST anomalies, however, act to spin down the subtropical gyre, reversing
he initial temperature anomaly, with the oceanic response lagging the changes in wind stress curl. It is the interaction
etween the Aleutian Low and subtropical gyre that generates a 20-year oscillation, which coincides with the period at
hich the PDO is most coherent with Northeast US streamflow and precipitation, providing a possible physical mechanism

or the PDO-streamflow teleconnection.
The similarity between the streamflow-SO and the streamflow-PDO relationships can be interpreted using the “atmo-

pheric bridge” concept (Alexander, 2002). The essential component of the atmospheric bridge is the anomalously strong
leutian Low during El Niño phases (Bjerknes, 1969), which alters heat fluxes, Ekman transport, and the ocean mixed layer
epth, resulting in negative SST anomalies in the central North Pacific (Nath and Lau, 1996). Low SSTs in the central North
acific contribute to a positive phase of the PDO and thus similarities between the streamflow-PDO and streamflow-SO
elationships are expected.

A common theme from the wavelet analysis is the relationship between streamflow and four dominant modes on the
20 year timescale. Even the less-coherent streamflow-NAO and streamflow-AMO relationships have a preferred timescale

imilar to the SO and PDO. Perhaps this is due to the link of the AMO  and NAO with ENSO. For example, several studies
ave related NAO variability to SO variability and Atlantic Ocean SSTs to ENSO through Ekman pumping, ocean dynamics,
nd surface heat fluxes (e.g., Alexander et al., 2002). Furthermore, some studies suggest that the AMO  may  also influence
he NAO and the PDO (Higuchi et al., 1999; Czaja and Frankignoul, 2002; Zhang and Delworth, 2007). Finally, solar activity

ay  be responsible for the similarity in the wavelet coherence spectra. For example, Velasco and Mendoza (2008) found
hat solar activity influences the AMO, PDO, SO and the NAO at a 22-year timescale. Hence it is not surprising that a similar
imescale was found for all climate indices in the wavelet coherence analysis. However, the SO and PDO have much stronger
oherence with Mid-Atlantic streamflow than the NAO and AMO  do.

Our finding on the connection between the SO and the 1960s drought contrasts with that of Seager et al. (2012), who
ttributed it to internal atmospheric variability. The contrasting results may  be due to differences in statistical approaches;
eager et al. (2012) only considered the correlation between Northeast US seasonal precipitation and North American precip-
tation and concluded that Northeast precipitation was  only locally correlated so that teleconnections were unlikely during
ny season. In contrast, in the present study, a correlation pattern suggestive of a teleconnection pattern was identified at a
eriod of 20 years, where precipitation in the Southwestern US fluctuated coherently with Northeast precipitation. Another
otential problem in Seager et al. (2012) is the exclusive use of standard correlation coefficients. A standard correlation
oefficient quantifies the linear relationship between two time series on all timescales simultaneously, ignoring the fact
hat the phase relationships between two time series at one timescale can be opposite to a phase relationship at a another
imescale. Fig. 11, as an example, shows that at a period of 20 years the SO is in-phase with DRB precipitation, whereas at
eriod of 10 years it is out-of-phase with precipitation. Effects at the two  timescales could cancel each other, resulting in a

ow overall correlation coefficient, even though the relationships are strong at particular timescales.
Seager et al. (2012) also base their conclusions on atmospheric global circulation model (GCM) simulations with pre-

cribed SSTs, but uncertainties in the representation of convection in GCMs can manifest as false simulations of precipitation,
articularly in terms of spatial patterns and variance (Peters et al., 2013). The uncertainties in convection and cloud feedback
ere also noted by Randall et al. (2007) and represent some of the largest problems in the latest GCMs. Given that the North-

ast US given is relatively small, an accurate determination of the spatial pattern of precipitation is critical; small errors
n the locations can produce large differences among GCM ensembles. The 1930s drought, for example, can be reproduced
y forcing the GCM with SSTs during that period but the drought center is too far south (Cook et al., 2008). The statistical
nalysis of historical data in this study provides compelling evidence that the 1960s drought was  externally forced, with
recipitation anomalies fluctuating coherently with those across the Southwestern US, a region where tropical influences

n drought have already been documented (Seager et al., 2005).

Climate models are in disagreement with how ENSO will respond to climate change. Some models suggest that more El
iños will occur and other models suggest more La Niñas will be preferred (Latif and Keenlyside, 2008). The uncertainties in

he future behavior of ENSO may  lead to uncertainties in Northeast US precipitation projections. If more La Niñas are favored
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in the future, then, according to the results from the wavelet analysis, more frequent wet  conditions will be preferred. On
the other hand, if El Niños become more frequent so will drought conditions across the Northeast US. Thus, uncertainties in
climate model projections of ENSO currently pose a great challenge in understanding future changes in regional precipitation
variability.

5. Conclusions

Streamflow, precipitation, and temperature variability in the Mid-Atlantic region of the US was  analyzed and linked to
dominant modes of climate variability at annual to multi-decadal timescales. The influence of climate modes on precipitation,
temperature, and streamflow were found to vary from month to month and from season to season. Moreover, correlation
coefficients were generally similar for the three river basins considered here. The streamflow-climate mode relationships,
precipitation-climate mode relationships, and temperature-climate mode relationships can be physically attributed to alter-
ations in storm tracks, jet-stream positions, and prevailing winds, all of which affect the air mass characteristics across the
Mid-Atlantic region. Both streamflow and precipitation showed significant variability at a period of 26 years as revealed by
wavelet power spectra. Moreover, such periodicities could not be attributed to red-noise; rather, it was  the result of ENSO
and the PDO. The SO explains 37–54% of the streamflow decline across the Mid-Atlantic region during the 1960s drought,
33–49% of the 1970s pluvial, and 19–50% of the 2000s pluvial. It is therefore important for hydrological and climate studies
to include such oscillations when assessing future impacts of climate change on the hydrology and ecology of the Hudson,
Susquehanna, and Delaware watersheds and their receiving estuaries. It is hoped that the results from this study will aid
hydrological and climate forecasts so that predictions about the future state of hydrological systems such as rivers and
estuaries under a changing global climate system can be more accurately assessed.
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