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Abstract

Recent research suggests a link between drought occurrence in the conterminous United States (US) and sea surface temperature (SST)

variability in both the tropical Pacific and North Atlantic Oceans on decadal to multidecadal (D2M) time scales. Results show that the

Atlantic Multidecadal Oscillation (AMO) is the most consistent indicator of D2M drought variability in the conterminous US during the

20th century, but during the 19th century the tropical Pacific is a more consistent indicator of D2M drought. The interaction between El

Niño-Southern Oscillation (ENSO) and the AMO explain a large part of the D2M drought variability in the conterminous US. More

modeling studies are needed to reveal possible mechanisms linking low-frequency ENSO variability and the AMO with drought in the

conterminous US.

r 2007 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Droughts of varying frequency, intensity, and duration
affect most land areas of the world at some time. In
addition, drought is one of the most expensive types of
natural disasters in developed societies where a large part
of the economy is based on industrial agriculture (FEMA,
1995), and is very costly in terms of human life in societies
dependent on subsistence agriculture (FAO, 2004). Because
of the potential substantial effects of drought, there have
been increased efforts during recent years to monitor
drought status (Svoboda et al., 2002), and predict its onset,
intensification, or amelioration globally (Goddard et al.,
2003). These efforts primarily focus on the occurrence of
drought events on temporal scales that range from seasons
to years. Climate indices computed from atmospheric
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aint.2007.07.001

ing author.

esses: gmccabe@usgs.gov (G.J. McCabe),

ov (J.L. Betancourt), sgray8@uwyo.edu (S.T. Gray),

du (M.A. Palecki), hhidalgo@ucsd.edu (H.G. Hidalgo).
pressure data or sea-surface temperatures often have
specific and quantifiable relations with drought compo-
nents, such as precipitation, at particular geographic
locations. For instance, El Niño and La Niña events of
the Southern Oscillation have been associated with changes
in precipitation or drought indices in many areas of the
world (Walker, 1923; Kousky et al., 1984; Nicholson, 1986;
Ropelewski and Halpert, 1986, 1989; Kiladis and Diaz,
1989; Dai and Wigley, 2000; Diaz and Markgraf, 2000;
Goodrich, 2007). Many of these forcing-response relations
are useful in diagnostic studies; however, the reliability of
seasonal predictions based on these relations varies over
time and from region to region or is confounded by other
forcing factors that may or may not vary independently
(Cayan et al., 1998; Cole and Cook, 1998; McCabe and
Dettinger, 1999; Rajagopalan et al., 2000).
The uncertainties of drought monitoring and prediction

are increased further by the non-stationary nature of
drought in many locations. In a study of global Palmer
Drought Severity Index (PDSI) values Dai et al. (2004)
identified a global mode of spatially coherent trends in
served.
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drought during the 20th Century. Decreasing PDSI values
(i.e. increasing drought incidence) are especially apparent
during the last 50 years in the Sahel region of Africa and in
high-latitude regions of North America and Asia, while
increasing PDSI values (i.e. decreasing drought incidence)
are apparent in some mid-latitude continental zones in
both the Northern and Southern Hemisphere. Changes in
air temperature substantially contribute to the drought
trends during the latter decades of the period. While a
trend mode is identified encompassing the entire 20th
Century, it is apparent that some sub-regions represented
by this mode, such as the US Great Plains and the central
Asian steppe, exhibit reversed drought trends between the
periods before and after 1950 (Dai et al., 2004). In addition
to natural variations, drought trends may be altered in the
future as the climate system adjusts to human-induced
changes in global radiative forcing, and the regional nature
of these changes is not well established (Allen and Ingram,
2002; Burke et al., 2006). Simulations from 19 general
circulation models, based on a moderate carbon dioxide
emissions scenario (A1B), generally agree that the sub-
tropics will become drier while the high latitudes become
wetter throughout the 21st Century (Lu et al., 2007; Seager
et al., 2007). In any case, currently observed trends in
global drought patterns may or may not be a reliable
predictor of future states.

Multi-year to multidecadal variations have been found
in drought and precipitation records of many global
regions (Mccabe and Palecki, 2006). Work to reconstruct
drought status or seasonal precipitation from tree-ring
analysis in North America clearly demonstrates the
existence of several periodic and quasi-periodic drought
cycles as well as individual events of great severity within
the last two millennia (Woodhouse and Overpeck, 1998;
Cook et al., 1999, 2004, 2007). Several candidate forcing
factors for the variance of drought at decadal to multi-
decadal time scales have been identified over the last 10
years, including several with Pacific/Indian Ocean and
Atlantic Ocean source regions (Enfield et al., 2001;
Hoerling and Kumar, 2003; McCabe et al., 2004; Schubert
et al., 2004; Seager et al., 2005; Sutton and Hodson, 2005;
Cook et al., 2007; Goodrich, 2007). Sea-surface tempera-
ture indices that appear to be strongly related to drought in
the US are the Pacific Decadal Oscillation (PDO), the
Atlantic Multidecadal Oscillation (AMO), and the El
Niño/Southern Oscillation (ENSO) (Enfield et al., 2001;
Schubert et al., 2004; McCabe et al., 2004; Seager et al.,
2005; Cook et al., 2007; Goodrich, 2007). The probabilities
of shifts in decadal to multidecadal modes of climate
variation can be quantified (Enfield and Cid-Serrano,
2006), and, combined with information about the forcing
of these variations, may offer the best opportunity for
improving drought forecasts (Sutton and Hodson, 2005).

The PDO (Mantua et al., 1997) represents low frequency
changes in the sea surface temperature (SST) patterns of
the Pacific Ocean and is computed from SSTs in the North
Pacific Ocean north of 201 North latitude. The PDO is
generally correlated with ENSO and incorporates subtle
multiple-frequency responses to ENSO as well as responses
to extratropical ocean circulation dynamics (Gu and
Philander, 1997; Alexander et al., 1999; Newman et al.,
2003). Thus, some argue that the PDO may be nothing
more than a low frequency realization of ENSO. However,
the PDO index does not always correlate well with ENSO
indices (Mantua et al., 1997), and may explain modulations
in the strength of ENSO teleconnections to drought and/or
precipitation (Cayan et al., 1998; Cole and Cook, 1998;
Gershunov and Barnett, 1998; McCabe and Dettinger,
1999, 2002), and, according to one author, appears to be
more than just a manifestation of a red noise process
(Rodionov, 2006). It should be noted that Bulic and
Brankovic (2006) suggest that changing patterns of ENSO
teleconnections in observations is an artifact of poor
sampling. For the purposes of examining decadal climate
variability, the PDO is useful as a statistical representation
of important Pacific Ocean forcing factors at decadal and
greater time scales, even if its physical independence from
ENSO is only partial.
The AMO is an index of SSTs in the North Atlantic

Ocean between the equator and 701N (Enfield et al., 2001).
The AMO index is generally computed as a detrended 10-
year running mean of these SSTs. An alternative AMO
definition was based on an analysis of low-frequency global
SST modes (Enfield and Mestas-Nuñez, 1999). A single
mode represented the entire North Atlantic basin, exhibit-
ing a long-term, quasi-cyclic variation at time scales of
50–70 years that was first noted in the North Atlantic by
Schlesinger and Ramankutty (1994). More recent research
also reveals that multidecadal variability in North Atlantic
climate is dominated by a single mode of SST variability
(Sutton and Hodson, 2003; Knight et al., 2006).
There have been a number of findings in the literature

identifying influences of low-frequency changes in Atlantic
SSTs on drought and precipitation variations in North
America (Enfield et al., 2001; McCabe et al., 2004; Shabbar
and Skinner, 2004), Africa (Fontaine and Janicot, 1996),
Europe (Sutton and Hodson, 2005; McCabe and Palecki,
2006), South America (Carton et al., 1996), and the
Caribbean (Giannini et al., 2003). Like PDO and ENSO
relations, the relation between the AMO and the dominant
mode of atmospheric circulation variability in the Atlantic
basin, the North Atlantic Oscillation (NAO), is not
completely established, although modeling studies suggest
a link between the NAO and North Atlantic SSTs (Peng
et al., 2002; Czaja and Frankignoul, 2002). In addition,
research has indicated that the North Atlantic may have
climatic predictability on the order of a decade or longer
(Griffies and Bryan, 1997) which has important implica-
tions for climate forecasting.
Low-frequency modes of global SST variability may or

may not be independent; meaning that variability in one
ocean sector could modulate variability in another. Dima
and Lohmann (2007) suggest that variations in the
thermohaline circulation (THC) produce uniform SST
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anomalies in the North Atlantic that are associated
with a hemispheric sea-level pressure (SLP) pattern that
features atmospheric pressure anomalies of opposite
signs over the North Pacific and North Atlantic Oceans.
This SLP pattern is amplified through atmosphere–
ocean interactions in the North Pacific and subsequently
affects ice transport from the Arctic into the North
Atlantic and consequently the strength of the THC.
This mechanism suggests a link between the variability of
the Atlantic, Pacific, and Arctic oceans on D2M time
scales.

We offer an additional example that admittedly plays to
our own bias that D2M North American hydroclimatic
variability in all seasons is at least partly related to the
AMO. Multi-model experiments indicate that D2M
variability in North and South Atlantic SSTs associated
with changes in the THC can modulate ENSO variability
(Timmerman et al., in press). Timmermann et al. (in press)
suggest that a strong THC leads to a weakening of ENSO
variability. Similarly, Dong et al. (2006) show that an
enhanced THC produces atmospheric bridging from the
tropical Atlantic to the tropical Pacific, which leads to
reduced ENSO variability. The opposite also is true. In a
companion paper, Dong and Sutton (in press) introduce
freshwater perturbations in the North Atlantic, which
induce a weakened THC, a North Atlantic cooling/South
Atlantic warming dipole, a southward shift in the Inter-
tropical Convergence Zone (ITCZ), enhanced ENSO
variance, and stronger asymmetry between El Niño and
La Niña. These results are in line with Torrence and
Webster’s (1998, 1999) observations of a higher ENSO
variance before about 1920 and after 1960, and lower
ENSO variance from about 1935 to about 1960. These
changes in ENSO variance roughly coincide with the
characteristic periods of North Atlantic cooling (before
1920 and after 1960) and warming (from the mid-1920s to
just after 1960).

This North Atlantic THC modulation of ENSO offers
one alternative to the leading theory of decadal ENSO
variability on paleo timescales—the ocean dynamical
thermostat mechanism of Clement et al. (1996). According
to this theory, uniform radiative forcing (heating) over the
tropical Pacific causes disproportionate cooling in the
eastern tropical Pacific, steepens the east-west SST
gradient, and produces persistent La Niña-like conditions;
this theory seems to hold up in models of ENSO variability
over the last 1000 years (Mann et al., 2005). Radiative
forcing (solar and volcanic fluctuations), and not just
internal ocean atmosphere interactions, however, also can
cause multidecadal fluctuations in North Atlantic SSTs
(Shindell et al., 2003), which could modulate ENSO
variability (Dong et al., 2006; Dong and Sutton, in press).
Given the importance of the tropical Pacific, future
discussion of the ultimate sources of North American
drought will surely revolve around these two, perhaps
compatible hypotheses (AMO vs. the dynamic ocean
thermostat model) of ENSO variability.
2. Decadal-to-multidecadal (D2M) climate variability

D2M variability, characterized by alternating and wide-
spread droughts and pluvials, is a consistent feature of both
instrumental and tree-ring records of hydroclimate in the
western United States (US). Some notable examples
include the dramatic switch from the megadrought in the
late 1500s to the megapluvial in the early 1600s, and the
bracketing of epic droughts in the 1930s and 1950s by two
of the wettest episodes (1905–1920 and 1965–1995) in the
last millennium (Woodhouse and Overpeck, 1998). D2M
precipitation variability in the western US tends to be
spatially coherent, and can synchronize physical and
biological processes in ways that are complex and difficult
to forecast and monitor (Swetnam and Betancourt, 1998;
Siebold and Veblen, 2006; Gray et al., 2006).
There is growing debate about whether D2M variability

in western US hydroclimate represents true climatic
regimes—i.e., multiple steady states with different statistics
and rapid transitions from one state to the other. Low-
order persistence can arise in any time series from
stationary red-noise processes, and could be misinterpreted
as regimes (Rodionov, 2006). D2M variability should not
be dismissed summarily, however, based solely on analysis
of instrumental records too brief to capture more than a
couple of realizations; D2M variability commonly is found
in ‘prewhitened’’ tree-ring chronologies (Fig. 1). In these
reconstructions, climatic regimes can be quantified objec-
tively by removing year-to-year persistence in tree growth
(e.g., Biondi et al., 2005), and D2M variability is often
statistically significantly greater than what can be expected
from red noise processes alone.
In a study of D2M variability in global PDSI values and

global SSTs, McCabe and Palecki (2006) found similar
D2M signals in both ocean and land-based climate.
McCabe and Palecki (2006) examined detrended and 10-
year smoothed annual global PDSI values and SSTs for the
period 1925 through 2003 using principal components
analysis (PCA) and singular value decomposition (SVD) to
identify the primary modes of multidecadal PDSI and SST
variability (Fig. 2). The PCA of the data indicated that two
PCs explain approximately 38% of the variance in the
detrended and smoothed PDSI data. The score time series
and loadings of these two PCs indicate that these modes of
PDSI variability are related to the PDO (and Indian Ocean
SSTs) and the AMO. Similarly, a PCA of detrended and
10-year smoothed annual global SSTs indicated that the
first two PCs explain nearly 56% of decadal SST
variability. The SST PCs also are highly correlated with
the PDO, Indian Ocean SSTs, and the AMO, and more
weakly related to NINO3.4 (NINO3.4 SSTs are often used
as an index of ENSO conditions (Trenberth, 1997) and are
averaged SSTs for the region from 51 north latitude to 51
south latitude and from 1701 west longitude to 1201 west
longitude). In addition, the PDSI PCs and the SST PCs are
directly correlated in a pairwise fashion. The first PDSI and
SST PCs reflect variability of the detrended and smoothed
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Fig. 1. Reconstruction of Yellowstone precipitation (820-year period) and spectral analysis of the time series (Gray et al., 2007). Decadal-to-multidecadal

(D2M) variability is noticeable in this reconstruction. The spectral analysis indicates that the D2M variability is more significant than random red noise.
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annual PDO, as well as detrended and smoothed annual
Indian Ocean SSTs. The second set of PCs is strongly
associated with the AMO. In all of these analyses Monte
Carlo analyses were used to compute the statistical
significance of the correlations. In all cases the correlations
were found to be statistically significant at a 95%
confidence level. The SVD analysis of the cross-covariance
of the PDSI and SST data confirmed the close link between
the PDSI and SST modes of decadal and multidecadal
variation and provided a verification of the PCA results.
These findings indicate that the major modes of multi-
decadal variations in SSTs and land surface climate
conditions are highly interrelated through a small number
of spatially complex but slowly varying teleconnections.
These results also suggest that the D2M variability
identified in McCabe and Palecki (2006) is not simply a
result of statistical red noise, but is part of global climate
variability.

There are a number of important reasons for examining
and understanding D2M climate variability. For example,
understanding what portion of climate variability is due to
D2M variability allows the discrimination of anthropo-
genically caused changes in climate from natural varia-
bility. Understanding of D2M climate variability also has
implications for defining and possibly predicting risks in
agriculture, water resources, public health, and natural
hazards. A growing number of studies also demonstrate the
importance of D2M variability in controlling key physical
and ecological processes (e.g. Swetnam and Betancourt,
1998; Pederson et al., 2004, 2006; Gray et al., 2006;
Kitzberger et al., 2007).

3. Variability of sea-surface temperatures and North

American hydroclimate

ENSO is an important source of inter-annual hydrocli-
matic variability in North America (Redmond and Koch,
1991). Persistent ENSO events also may be a source of
D2M hydroclimatic variability (Seager et al., 2005).
Schubert et al. (2004) and Seager et al. (2005) suggest that
the 1930s drought in North America was primarily forced
by cool SSTs in the eastern tropical Pacific Ocean (i.e. La
Niña conditions). Fye et al. (2004) found that cool (warm)
eastern tropical Pacific SSTs were associated with droughts
(pluvials) in North America during the 20th century.
Similarly, in a modeling study of 19th century droughts in
North America, Herweijer et al. (2006) suggest that these
droughts were associated with La Niña conditions. A
recent synthesis of North American drought over the last
millennium also points to the dominating importance of
cool ‘‘La Niña-like’’ SST’s in the eastern tropical Pacific
region (Cook et al., 2007).
Recently, research efforts have pointed to the Atlantic

Ocean as a source of information to explain significant
amounts of the D2M variability in North American, and
possibly, global climate (Enfield et al., 2001; Gray et al.,
2003, 2004; Sutton and Hodson, 2003, 2005; McCabe and
Palecki, 2006). For example, the AMO has a strong
relation to summer rainfall over the conterminous US, and
may modulate the strength of the teleconnection between
ENSO and winter precipitation (Enfield et al., 2001).
Schubert et al. (2004) found that a warm Atlantic Ocean
was important to properly model the Dust Bowl era
precipitation deficits in the Great Plains. Low frequency
changes in Atlantic SST anomalies also have been found to
modulate ENSO effects on precipitation in southern Africa
(Nicholson et al., 2001). In a study of North American
precipitation and PDSI values for the 20th century, Booth
et al. (2006) showed that the first PCs for each of these data
sets are highly correlated with North Atlantic SSTs.
Recent studies by McCabe et al. (2004) and Hidalgo

(2004) underscore the importance of the AMO for under-
standing changes in Western US drought status over the
instrumental and proxy climate records of drought.
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Fig. 2. Scores from principal components (PCs) analyses of detrended and

10-year smoothed global Palmer Drought Severity Index (PDSI) values (A

and B) and global sea-surface temperatures (SSTs) (C and D) compared

with time series of the Atlantic Multidecadal Oscillation (AMO), the

Pacific Decadal Oscillation (PDO), Indian Ocean SSTs, and NINO3.4

SSTs. The PCs for global PDSI and global SSTs are directly compared in

panels (E) and (F).
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Multidecadal drought time series were derived in McCabe
et al. (2004) by summing the number of times during a
moving 20-year window that a conterminous US climate
division had an annual precipitation value less than the
25th percentile for 1900–1999. These time series then were
subjected to an unrotated PCA, yielding three major modes
of spatio-temporal drought variance that were found to be
extremely closely associated with the PDO, the AMO, and
a temporal trend similar to hemispheric temperature
change. The AMO drought signal was found to be the
most coherent across the US; if the AMO was positive
(negative), drought was more likely (less likely) in most of
the US, especially the mountain West (Fig. 3). The PDO
appears to act as a modifier of the AMO drought mode,
focusing western drought in the northwestern US during
positive PDO/positive AMO periods and focusing western
drought in the southwestern US during negative PDO/
positive AMO periods (Fig. 3). Annual drought probabil-
ities could as much as double given appropriate AMO and
PDO signatures, a potentially useful relation for improving
drought outlooks. Hidalgo (2004) confirmed the results of
McCabe et al. (2004) with a study focused on the Western
US exclusively, by using the 500-yr records of the PDSI
generated by Cook et al. (1999) as a basis for the drought
PCA. Three rotated principal components corresponded to
the PDO, AMO, and a smoothed time series of an
indicator of ENSO status. In fact, while the amplitude of
the PDO and ENSO linked western US drought modes
varied somewhat through time, the AMO related drought
mode seemed to be markedly steady in its oscillations over
the 500-yr period. The one exception is the 18th century,
when drought variability in the western US shifted from
multidecadal (32–64 yr) to bidecadal (8–32 yr) and from
subcontinental to regional (mostly the Southwest) in scale,
respectively.
Analysis of the major US droughts during the last

century indicates that North Atlantic SSTs were warm in
the 1930s, 1950s, and in the drying trend that began in the
late 1990s (Table 1). In contrast, both the early (1905–1920)
and late 20th century (1965–1995) pluvials were associated
with cool North Atlantic SSTs (Table 1). Findings suggest
that SSTs in all oceans have some relation with US
hydroclimate, but SSTs in the North Atlantic have shown
the most consistent association on D2M time scales during
the 20th century. However, during the 19th century the
tropical Pacific seems to have had a more consistent
association with drought (e.g. Herweijer et al., 2006).
In addition to analyses of the instrumental climate

record, a number of paleoclimate studies also have
identified relations between North American climate and
variability of the North Atlantic Ocean. For example, in a
study of climate conditions in the western US during the
past seven centuries reconstructed from tree rings (Gray
et al., 2003) found a link to North Atlantic SSTs that
suggests that when the North Atlantic is warm the
percentage of the western US that experiences drought
conditions is elevated. In subsequent research Gray et al.
(2004) exploited the relations found between North
Atlantic SSTs and tree-rings from sites in the eastern US,
the Mediterranean, and Europe to reconstruct a time series
of the AMO. The reconstructed time series spanned the
period from 1567 to 1990, and was strongly correlated
(r ¼ 0.94) with 20th century records of the AMO. Analysis
of this tree-ring based AMO reconstruction showed that
the type of strong D2M variability observed in instru-
mental SST records has been a consistent feature of the
North Atlantic for at least the past four and a half
centuries. An interesting feature of the Gray et al. (2004)
AMO reconstruction is the lack of multidecadal variability
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Fig. 3. Drought frequency (in percent of years) for positive and negative regimes of the Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal

Oscillation (AMO); (A) positive PDO, negative AMO, (B) negative PDO, negative AMO, (C) positive PDO, positive AMO, (D) negative PDO, positive

AMO. Dark areas indicate regions with relatively high drought frequency and light areas indicate regions with relatively low drought frequency. Drought

is defined as below the 25th percentile of the distribution, so the long-term mean drought frequency is 25%.
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in the 18th century, in agreement with Hidalgo’s (2004)
observation for western US PDSI (Fig. 4). Based on
comparisons of the AMO reconstruction against paleo-
droughts identified by Fye et al. (2003), 9 out of 10 major
1930s and 1950s style droughts (of at least 10 years in
length) that occurred in North America between 1567 and
1990 coincided with warm North Atlantic SSTs (Fig. 4).
Conversely, of the three major pluvials over this same
period, all occurred during cool North Atlantic SST
conditions (Fig. 4).

Sutton and Hodson (2005) recently performed a number
of experiments with the Hadley climate model (HadCM3)
to examine the effects of North Atlantic SSTs on the
summer climate of North America and Europe. Their
results provide evidence that basin-wide changes in the
North Atlantic Ocean are an important driver of D2M
variations in the summer climate of North America and
Europe. They suggest that the D2M variability of the
North Atlantic is related to the THC. In addition, the
relations they report between the North Atlantic Ocean
and North American climate are consistent with the
findings of McCabe et al. (2004) obtained by analyzing
observed climate records.
There have been recent and substantial efforts to model
Atlantic SST forcing of the climate system at both
interannual and interdecadal time scales. Lu and Dong
(2005) demonstrated in a modeling study that the relative
importance of Pacific and Atlantic tropical SSTs to the
forcing of summer atmospheric circulation anomalies vary
from year-to-year. They showed that the tropical circula-
tion variations forced by Pacific SSTs were dominant
during El Niño in 1997, while Atlantic SST forcing was
much stronger than Pacific forcing in 1998, and propagated
atmospheric circulation anomalies to all ocean basins.
Zhang and Delworth (2006) recently demonstrated with a
sophisticated atmosphere-ocean GCM with a fixed SST
slab over the Atlantic that observed Atlantic Ocean
temperatures alone can drive observed decadal scale
dynamical forcing of Atlantic hurricane development and
precipitation variations in the Sahel and India. Further-
more, Zhang et al. (2007) showed that the same modeling
approach produced multi-decadal oscillations in northern
hemisphere mean temperatures that were very similar to
those observed with trend removed. Both of these findings
have obvious implications for the forcing potential of the
Atlantic Ocean that would be supportive of the work of
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Sutton and Hodson (2007), who clearly demonstrated the
forcing of US temperature and precipitation by multi-
decadal variations in Atlantic SSTs.

The dynamics forced by an epoch of warmer Atlantic
SSTs may be similar in some ways to those expected with
future global warming. Basin wide increases in SSTs would
expand the Hadley cell northward and decrease local
moisture flux, reducing summer precipitation in south-
western North America (Seager et al., 2007) and, probably,
all northern subtropical land areas. When the North
Atlantic Basin alone is warmer than normal, a similar
decadal-scale dynamical response would also be expected,
Fig. 4. Time series of reconstructed Atlantic Multidecadal Oscillation (North

line)) with severe droughts (10 years or longer) indicated by gray bars, and pluvi

is from Gray et al. (2004) and the droughts and pluvials are from Fye et al. (

Table 1

Number of positive (pos 40.5) and negative (nego�0.5) values of

standardized departures of annual NINO3.4 sea-surface temperatures

(SSTs) and annual North Atlantic SSTs (averaged for the region 0–701

North latitude and 101 west to 601 west longitude) for droughts and

pluvials in the conterminous United States

Time period NINO3.4 North Atlantic SSTs

Pos Neg Pos Neg

Droughts

1856–1865 2 3 3 1

1870–1877 1 6 1 0

1890–1896 1 4 1 2

1931–1940 2 3 6 0

1929–1940 4 3 7 0

1951–1956 0 3 4 0

1946–1956 0 6 4 0

1999–2003 1 2 4 0

Pluvials

1905–1920 8 5 1 14

1965–1995 10 11 1 18

The annual NINO3.4 and mean North Atlantic SSTs time series were

detrended and subsequently standardized by dividing by the respective

1856–2005 mean and dividing by the respective 1856–2005 standard

deviation.
except when overwhelmed by interannual variability
in the Pacific. It appears that most recent climate
modeling studies that look at the effects of the Atlantic
Ocean on interannual and interdecdal climate variability
are finding a substantial, albeit non-exclusive role in the
forcing of land climates around the world, including over
North America.
4. Possible underlying mechanisms for the associations of

the North Atlantic Ocean with North American hydroclimate

The actual physical mechanisms that explain the
associations between the North Atlantic Ocean and the
hydro-climate of North America are still unknown, but
possible mechanisms include: (1) effects of North Atlantic
SSTs on Northern Hemisphere atmospheric circulation
such that the frequency of zonal versus meridional atmo-
spheric flow over North America is modulated (Enfield et
al., 2001). (2) D2M variability of North Atlantic SSTs may
be aliasing for low-frequency and/or lagged variations of
the tropical oceans (Latif, 2001). Modeling studies have
indicated that low-frequency SST variability in the tropical
Pacific may be the most significant source of D2M climatic
variability (Seager et al., 2005), but may not operate
independently of other oceans. In addition, it has been
suggested that low-frequency variability of tropical Pacific
SSTs is primarily driven by radiative forcing (Clement et
al., 1996; Cane and Clement, 1999; Mann et al., 2005). (3)
North Atlantic Ocean SSTs may be influencing the location
and strength of sub-tropical high pressure (i.e. Bermuda
High) and thus affecting the flow of moisture from the Gulf
of Mexico into the US. Finally, (4) the North Atlantic
Ocean may be modulating the strength and variability of
tropical Pacific SSTs (Dong et al., 2006). A recent study
using HadCM3 shows that multidecadal changes in
Atlantic SSTs associated with THC overturning can
modulate the variability of ENSO (Dong et al., 2006).
Atlantic Sea-Surface (SST) Temperature Anomaly, dimensionless, (black

als (10 years or longer) indicated by dotted boxes. The reconstructed AMO

2003).
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One other possible explanation for the associations of
North Atlantic SSTs with North American hydro-climate
is that these statistical associations are happenstance.
Additional modeling studies are needed to determine if
these associations have physical meaning and whether they
are independent from the influences of the tropical Pacific.
5. Summary

Mechanisms for inducing D2M signals in precipitation
over land are poorly understood. Statistical and modeling
studies suggest teleconnections to low-frequency SST
variability in the Pacific, Indian, and North Atlantic
Oceans (Hoerling and Kumar, 2003; McCabe and Palecki,
2006), and there is debate and mounting interest about
mechanisms and predictability (e.g., Collins and Sinha,
2003). In the western US and Great Plains, correlation
studies show consistent association of persistent droughts
(pluvials) with North Atlantic warming (cooling) and
tropical and eastern Pacific cooling (warming) (Enfield
et al., 2001; McCabe et al., 2004; Schubert et al., 2004).
Preliminary studies show similar relations between D2M
variability in tree-ring reconstructions of precipitation (or
the PDSI) with the PDO (e.g., Biondi et al., 2001) and the
AMO (Hidalgo, 2004; Gray et al., 2004, 2006).

A review of previous research suggests that there are two
primary hypotheses regarding the cause of drought in
North America: (1) ENSO is the primary driver of D2M
drought occurrence; and (2) interaction between the North
Atlantic Ocean and ENSO drive drought occurrence.
Additional modeling studies are needed to sort the relative
influences and interactions (or non-interactions) of the
tropical Pacific and Atlantic Oceans regarding drought
occurrence in North America.

These previously published research results indicate that
modes of multidecadal SST variation contain information
that is useful for increasing the understanding of the
climate system, identifying persistent climate regimes, and
potentially improving seasonal climate forecasts. The
utility of these multidecadal modes in adjusting base states
for climate forecasting is currently being examined (Enfield
and Cid-Serrano, 2006). Proximate causes aside, hydrocli-
matic persistence on these timescales introduces substantial
non-stationarity in hydroclimatic conditions, with critical
implications for water-resource management.
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