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Chapter 1

Decadal Hydroclimate Variability Across the Americas

Richard Seager∗

Lamont Doherty Earth Observatory of Columbia University,

Palisades, New York 10964, USA†

Decadal hydroclimate variability in North America and tropical and extratropical South America
is analyzed and possible mechanisms for its origin discussed. Focus is on southwestern North Amer-
ica (including Mexico) and the Great Plains, the northeast United States, northeast Brazil and
southeastern South America. The varying roles of ocean forcing, internal atmospheric variability
and radiatively-forced hydroclimate change are analyzed. In some regions such as southwest North
America and the Plains, and northeast Brazil, decadal variations of hydroclimate are quite well
understood and can be attributed to variations in tropical Pacific and tropical North Atlantic sea
surface temperatures. The mechanisms of tropical ocean influence are reviewed and a case is made
that the precipitation anomalies across the Americas associated with the so-called Pacific Decadal
Oscillation are essentially the same as those associated with the El Niño-Southern Oscillation and
also derive from the tropical component of the PDO SST anomalies. In other regions, such as the
north east United States, strong decadal timescale variations are present but cannot be explained in
terms of ocean forcing. Both there and in southeast South America decadal variations cannot easily
be distinguished from secular wetting trends given the length of the observational record. Finally, it
is shown that across much of the Americas near term future radiatively-forced precipitation change
will be of the amplitude of historical decadal precipitation variability indicating an important and
predictable change.

1.1. Introduction

Decadal variations of hydroclimate across the

Americas have left a substantial mark on the so-

cial, economic and agricultural character of the

continent. For example, in perhaps the most fa-

mous example, the Colorado River Pact of 1922

apportioned river flow between the upper basin

and lower basin states based on recorded flows

in the immediately preceding decades. However

these decades happened to coincide with the

early twentieth century North America pluvial

(Fye et al., 2003; Cook et al., 2011) and the

flows of 22 billion cubic meters (BCM) per year

were, as we now know, about the highest to oc-

cur in the past millennium, way in excess of

both the long term 20th Century average of 18.6

BCM and the tree ring reconstructed average

flow over the last 500 years of only 16.7 BCM

(Christensen and Lettenmaier, 2007; Meko et

al., 2007). Seven U.S. states and Mexico are still

trying to grapple with this coincidence of deci-

sion making and the quirks of climate variabil-

ity. Later, the tremendous population growth of

the southwest U.S. occurred within the decades

of the 1980s and 1990s and was no doubt made

easier by that fact that this was another wet-

ter than normal (pluvial) period (Seager et al.,

2005b; Swetnam and Betancourt , 1998). On the

dry side, the 1930s Dust Bowl drought forced

millions to leave their homes, an exodus from

the Plains states and a permanent shift in the

agricultural, social and economic structure of

the Plains and the wider U.S. (Worster, 1979).

∗email: seager@ldeo.columbia.edu
†Lamont Doherty Earth Observatory Contribution Number XXXX

1



March 26, 2013 11:21 World Scientific Review Volume - 10.25in x 7.5in Seager˙decadal˙hydro˙1col

2 R. Seager

Further back, the 1890s drought was a defining

event in the decision to create the Bureau of

Reclamation and Federalize the development of

the West (Reisner, 1986). At the other end of

the Americas a shift in the last few decades to a

wetter climate has enabled a vast expansion of

agriculture in the sub-humid to semi-arid Pam-

pas of southeast South America (Seager et al.,

2010) with tremendous benefit to local agricul-

tural interests and the global food supply.

While it is remarkably easy to draw convinc-

ing connections between decadal hydroclimate

variability and matters of social import and in-

terest that effect millions, it remains almost im-

possible to predict how hydroclimate will evolve

in coming decades due to natural causes. That

may be because it is truly unpredictable. How-

ever, while the mechanisms of atmospheric re-

sponse to SST variations are reasonably well un-

derstood, the ocean mechanisms of decadal vari-

ability remain poorly understood, and efforts in

decadal prediction, while no longer embryonic,

are still in their infancy. Hence it might be rash

at this point to conclude that decadal variabil-

ity is unpredictable. Regardless, at this point our

ability to predict hydroclimate change in coming

decades relies almost entirely on the response to

increasing radiative forcing which in some re-

gions of the Americas is likely to quickly be-

come a serious matter (e.g. Seager et al. (2007,

2012); Vano et al. (2013). On the other hand

the amplitude of projected human-induced hy-

droclimate change in the coming decades is not

expected to be outside the range of natural vari-

ability (Seager et al., 2012). Of course, un-

like natural decadal variability, human-induced

change is uni-directional as long as the responsi-

ble changes in forcing (e.g. greenhouse gases) do

not reverse in sign. Nonetheless, this does imply

that for the coming decades probabilistic projec-

tions of future hydroclimate need to account for

both forced change and evolving natural vari-

ability. Which brings us back to the character

and cause of natural decadal variability.

In the absence of any proven ability to pre-

dict the evolution of naturally occurring modes

of hydroclimate variability, the very least we can

do is to better understand the nature of this phe-

nomena and reliably attribute past change be-

tween natural variability and forced change as

one means, together with model projections, of

providing guidance, in a probabilistic manner, as

to future hydroclimate in key regions of concern.

This is what we will attempt to do here. The re-

gions we will focus on are southwestern North

America and the Plains, the northeast U.S.,

northeast Brazil and southeast South America

which span a range of tropical to mid-latitude

regions, semi-arid to humid climates and states

of understanding. In all cases we aim to illus-

trate the character and causes of decadal hy-

drolcimate variability across the Americas using

nothing more than a simple set of time series

and maps. This deliberately simple approach is

based on the idea that, to be worth worrying

about, decadal variability of hydroclimate must

be visible in the raw climate record and evi-

dent in the personal experiences of anyone living

through it.

1.2. Western North America; A rea-

sonably well understood exam-

ple of strong oceanic control

We begin with probably the most studied re-

gion, that of western North America which for

our purposes includes the Plains and regions to

the West from central Mexico to the latitude

of the California-Oregon border. Considerable

work to date has shown that the hydroclimate

history of these regions on the interannual to

decadal timescales can be quite well reproduced

by atmosphere models forced by observed SSTs

(Schubert et al., 2004; Huang et al., 2005; Sea-

ger et al., 2005b; Herweijer et al., 2006). Here

we make this same point again but take the op-

portunity to show a comparison of soil moisture

as simulated by the atmosphere model against

that simulated by a land hydrology model forced

by the observed history of air temperature and
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precipitation.
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Fig. 1.1. Top, the soil moisture anomaly in southwest-
ern North America as computed by the VIC model forced
by observed meteorology (black) and that computed by
the global climate model forced by observed global SSTs
(GOGA configuration) shown as the 16 member ensem-
ble mean (blue) and the plus and minus two standard de-
viation spread of the ensemble (blue shading). Bottom,
same as top but with the global climate model forced by
only tropical Pacific SSTs (POGA-ML configuration).

The land hydrology model is the Variable In-

flitration Capacity (VIC) model of Liang et al.

(1994) and covers 1915 to 2003. The atmosphere

model is a 16 member ensemble of simulations

with the National Center for Atmospheric Re-

search (NCAR) Community Climate Model 3

(CCM3) (Kiehl et al., 1998). In the first con-

figuration (Global Ocean Global Atmosphere -

GOGA) the model is forced by Kaplan et al.

(1998) SSTs in the tropical Pacific and Hadley

Centre SSTs elsewhere (Rayner et al., 2003). In

the second configuration (tropical Pacific Ocean

Global Atmosphere - POGA-ML) the model is

forced only by tropical Pacific Ocean observed

SSTs and is coupled to a mixed layer ocean

which computes the SST elsewhere. The reader

is referred to Seager et al. (2005b) for more

details and explanation of these choices. Both

simulations cover 1856 to 2011.
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Fig. 1.2. Same as Figure 1 but for the Great Plains
region.

Figure 1 shows that, for the common period,

the GOGA modeled soil moisture tracks the VIC

observationally-based estimates remarkably well

including the early to mid 1950s drought, the

overall wet conditions in the 1980s and 1990s

and the shift back to drier conditions follow-

ing the 1997/98 El Niño. That this is so in-

dicates that hydroclimate in southwest North

America is strongly influenced by variations of

SSTs. The correlation coefficient between the

observed and modeled time series is 0.52 indi-

cating that a quarter of the variance in the for-

mer is controlled by ocean variability. Figure 2

shows the same comparison for the Great Plains

(30−50◦N, 110−90◦W ) where the GOGA model

tracks VIC soil moisture with only slightly less

skill than in the southwest and with both regions

sharing many of the same decadal scale droughts

and pluvials. For both regions the lower pan-

els show the POGA-ML simulations which also

have high skill and indicate that the part of

the global SST forcing that matters most in the

GOGA simulations is the tropical Pacific Ocean.

Note that forcing by SST variability can create

trends in precipitation of multidecadal length

and that, therefore, assuming that late twen-

tieth century trends, or even trends over the

whole twentieth century, will necessarily repre-
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sent radiatively-forced hydroclimate change are

almost certainly misguided.

Regression of SSTA on Standardized Annual
Southwest U.S. Soil Moisture, Significant Area (color)
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Fig. 1.3. The regression of annual mean global SST
anomaly on the VIC (top) and GOGA modeled (bot-
tom) annual mean soil moisture anomaly in southwest
North America. Areas of significance at the 5% level are
colored.

The driving role of the tropical Pacific is fur-

ther illustrated in Figure 3 where the regression

of global SST anomalies on annual mean south-

west North America soil moisture is shown for

observations (with VIC soil moisture) and the

GOGA model. Colors are only shown where the

regression is significant at the 5% level. The

association of wet (dry) conditions with warm

(cold) tropical Pacific SSTs is clearly seen. The

relationship is stronger in the model due to

the isolation in the ensemble mean of the SST

forced component. These relations between soil

moisture and SSTs are weaker than those be-

tween precipitation and SSTs (see Seager et al.

(2005b)) but still easily retain significance in-

dicating a clear association between the tropical

Pacific Ocean and land surface hydrological con-

ditions.

Although not seen in Figure 2, dry condi-

tions in the southwest and Plains are also associ-

ated with warm tropical Atlantic SST anomalies

and these have been shown to play a generally

secondary role relative to the tropical Pacific

anomalies but are important for generating the

1930s and 1950s droughts (Schubert et al., 2004;

Seager et al., 2005b; Seager, 2007; Seager et al.,

2008). The mechanisms of the tropical Atlantic-

North America precipitation link are detailed in

Kushnir et al. (2010).
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Fig. 1.4. The observed SST (top) and precipitation
(middle) and modeled precipitation (bottom) anomalies
for the 1932-39 Dust Bowl period (left column) and 1990-
98 pluvial period (right column) in North America.

To make the links between tropical SSTs

and decadal hydroclimate variations over North

America more clear we show in Figure 4 the

observed SST anomaly and the observed and

GOGA modeled precipitation over North Amer-

ica for the dry decade of 1932 to1939 and the

wet decade of 1990 to 1998. Much like the re-
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gression derived pattern, which accounted for

both interannual and longer timescales, these

decadal timescale maps emphasize the role of the

tropical Pacific: the cold SSTs in the 1930s and

the warm SSTs in the 1990s. The warm trop-

ical North Atlantic, partly responsible for the

Dust Bowl drought, is also seen in the 1930s.

The degree to which the 1930s and 1990s were

the opposite of each other in SST and precipi-

tation anomalies (apart from a general warming

of the oceans) is quite striking. The model pre-

cipitation anomalies also reasonably reproduce

the observed patterns, emphasizing the extent

of oceanic control on precipitation anomalies at

these timescales.

However it must be noted that the modeled

Dust Bowl drought is centered in the south-

ern Plains and northern Mexico whereas the

observed drought was centered in the Central

to northern Plains. The model drought pat-

tern is typical of droughts forced by cool trop-

ical Pacific and warm tropical North Atlantic

SST anomalies and is, for example, very sim-

ilar to the modeled (and observed) pattern of

the 1950s drought. The more northern-centered

Dust Bowl drought was quite unusual (Seager

et al., 2008) but this drought was also unusual in

that it was the only one that was associated with

widespread soil erosion and dust storms which

have been attributed to the post World War I

expansion of agriculture into the region and the

farming practices of the time (Worster, 1979;

Hansen and Libecap, 2004). Recently, Cook et

al. (2008, 2009, 2010) have performed simula-

tions of the Dust Bowl period with imposed

SSTs, loss of crop cover and exposure of bare

earth (in areas as indicated by contemporary

Soil Conservation Service surveys). The model

had an interactive dust module that simulates

the emission of dust, its transport, interaction

with radiation and ultimate deposition. That

work found that the dust storms reflect solar ra-

diation and induce an anomalous radiative sink

which the atmosphere balances by subsidence

and low level divergence, suppressing precipita-

tion. This intensifies the drought in the regions

of dust aerosol loading which also means the

model drought shifts its center from the south-

west into the central Plains better matching the

observed pattern. Comparison of modeled cir-

culation anomalies to those in the 20th Century

Reanalysis (Compo et al., 2010) shows that it is

only when active dust storms are included that

the model can catch the observed continental

scale subsidence that occurred during the Dust

Bowl.

If the dust storms were important to the

character and intensity of the Dust Bowl

drought then the drought was not just a nat-

ural disaster but one for which human activity

was in part, however unwittingly, responsible. In

contrast, Hoerling et al. (2009) have argued that

the SST forcing of the Dust Bowl drought was

weak and that the strength arose from internal

atmospheric variability unconnected to oceanic

conditions. Of course, it is likely that some com-

bination of SST forcing, internal atmospheric

variability and dust aerosol feedbacks on both

of these was ultimately responsible. Future re-

search may be able to unravel the relative roles

of each which will probably require a more fine

grained approach than has been attempted to

date, looking at individual seasons and years in

the Dirty Thirties.

1.3. North Eastern North America:

A poorly understood example of

strong multidecadal variability

Northeastern North America is a wet region of

the continent and does not experience the fre-

quent multiyear droughts that the sub-humid to

semi-arid regions of the Plains and southwest

do. However hydroclimate has undergone seri-

ous decadal to mulitidecadal fluctuations over

the past century. In a recent paper Seager et al.

(2012) examined the precipitation history of the

Catskill Mountains region (where 87% of New

York City’s water comes from) which is repre-

sentative of a wider northeast U.S. region. Here
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the major features of the last century are a se-

vere multiyear drought between 1962 and 1966

followed by an early 1970s abrupt transition to a

wetter climate that has persisted to the present

day.

Catskill Annual Standardized Soil Moisture (black) and Precipitation (grey)

Jan Jan Jan Jan Jan Jan Jan Jan Jan
1920 1930 1940 1950 1960 1970 1980 1990 2000

Time

-2
0

2

Soil Moisture
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Fig. 1.5. The observed precipitation and soil moisture
(as modeled by the VIC land surface hydrology model
forced by observed precipitation and temperature) in the
Catskill Mountains region of the northeast United States
which provides 87% of the New York City water supply.
The unique 1960s drought and the subsequent shift in
the early 1970s to a wetter climate are clear with the
latter being an unexplained mystery.

These are clearly seen in the gridded pre-

cipitation data from the University of East An-

glia Climatic Research Unit (CRU, http://

www.cru.uea.ac.uk/data/) as well as in the

VIC soil moisture data (Figure 5). The ampli-

tude of the multidecadal variability in this re-

gion is truly impressive: in fall the precipitation

has increased by about 25% over the last cen-

tury. None of this observed hydroclimate history

(precipitation and soil moisture) is reproduced

in atmosphere models forced by observed SSTs

indicating that, unlike for western North Amer-

ica, the observed history has not been strongly

influenced by the past variations of the oceans

(Seager et al., 2012). Further, while northeast

North America is expected to get wetter in re-

sponse to rising greenhouse gases (Hayhoe et

al., 2007), the wetting trend in the region up to

2007 is an order of magnitude greater than that

which the models participating in the Coupled

Model Intercomparison Project 3 (CMIP3), and

assessed by Intergovernmental Panel on Climate

Change Assessment Report 4 (IPCC AR4), indi-

cate should have occurred in response to changes

in radiative forcing. The CMIP5 model simula-

tions do not alter this disagreement.

The inability to simulate the past century of

northeast precipitation variability in terms of ei-

ther ocean or radiative forcing suggests that it

instead arose from internal and natural atmo-

spheric variability. The 1960s drought was diag-

nosed by Seager et al. (2012) to have arisen from

circulation anomalies that persistently placed

northerly descending air over the region with a

role for the highly negative North Atlantic Os-

cillation (NAO) during these years. In regard to

the subsequent shift to a wetter climate - plu-

vial - Seager et al. (2012) provide some tan-

talizing evidence that this was associated with

a strengthening of the mid-latitude storm track

from the east Pacific across North America to

the Atlantic that occurred quite abruptly in the

early 1970s. This storm track strengthening was

identified earlier by Chang and Fu (2002) and

Harnik and Chang (2003) in reanalyses and ra-

diosonde observations and Seager et al. (2012)

identified it again in the 20th Century reanalysis

(Compo et al., 2010) which only assimilates sur-

face pressure data while being SST forced. After

the early 1970s storm track strengthening it re-

mained stronger until the present. This storm

track behavior appears real in that it is seen

in reanalyses, radiosonde observations and also

surface pressure data but does not align with

any well known climate transitions such as the

1976/77 tropical Pacific climate shift (Zhang et

al., 1997), trends in the NAO (Hurrell, 1995) or

the Atlantic Multidecadal Oscillation (Kushnir,

1994; Ting et al., 2009). It has also received very

little attention and appears almost like an em-

barrassing uncle in the climate family. However

its reality, impacts and causes deserves more at-

tention. It might be that the mid-latitude atmo-

sphere on its own, absent the influence of the

ocean and changes in composition, can gener-

ate variability on decadal and longer timescales

that, viewed from our short period of instrumen-

tal observations, appear as ’climate change’. An-

other clue is that, according to a recent tree ring

reconstruction of Palmer Drought Severity In-
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dex in the nearby Hudson River Valley region,

the 1960s drought was a brief interruption in

a multi century trend towards a wetter climate

(Pederson et al., 2013) that is also found across

the eastern U.S. (Seager et al., 2009; Pederson

et al., 2012). However it is not known if these

changes are caused by centennial or millennial

variability, or if the wetting trend has gone on

for millennia and is potentially of orbital origin.

1.4. Northeast Brazil or ‘’Nordeste’:

A very well understood case of

strong ocean control

Northeast Brazil (or the ‘Nordeste’ as it is

known in Brazil) is a climate oddity: a semi-arid

equatorial region placed to the west of a warm

tropical ocean and under the influence of east-

erly trade winds. The Nordeste sits between the

Atlantic Intertropical Convergence Zone (ITCZ)

to its north and the South American Monsoon

and South Atlantic Convergence Zone to its

southwest. As such it has a climatic affinity to

dry regions of the equatorial West Pacific Ocean

but why this oceanic character extends over land

into the Nordeste is not clear. (Another region

of aridity to the west of a tropical ocean exists in

East Africa but appears to have different causes

but which are again not clear.) The aridity of

the Nordeste, together with an endless cycle of

disrupting climate anomalies, has long ensured

that the Nordeste is one of the poorest regions in

Brazil and the source of migrants to wealthier re-

gions. A harrowing description of the late 1870s

drought and famine in the Nordeste is given by

Davis (2001) . It is estimated that about 500,000

people died then and that between the 1930s and

1950s 1.5 million inhabitants fled the region with

drought as a prime, but not sole, cause (Siegel,

1971).
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Fig. 1.6. The observed (solid black line) precipita-
tion anomaly for the March-April-May season in North-
east Brazil and that modeled with global SST forc-
ing (GOGA, top) and tropical Pacific only SST forcing
(POGA-ML, bottom) shown as both the ensemble mean
(thick gray line) and the 16 individual ensemble mem-
bers (thin gray lines). Correlation coefficients between
the observed and ensemble mean time series are shown
at left.

The essential dynamics of Nordeste rain-

fall variability were deduced from observations

by Hastenrath and Heller (1977) and, during

drought years, involve an anomalous cross equa-

torial SST gradient with the warm anomaly to

the north, and/or cold anomaly to the south,

and a northward displaced ITCZ that prevents

rains from reaching their southernmost latitude

over the Nordeste in southern hemisphere sum-

mer to fall. This relation was then modeled suc-

cessfully with a GCM by Moura and Shukla

(1981). El Niño events also create a tendency to

dry conditions in the Nordeste, as noted early on

by Covey and Hastenrath (1978), which occurs

both by warming the tropical troposphere creat-

ing widespread stability, by altering the Walker

Circulation and, also, by remotely warming the

tropical North Atlantic Ocean and displacing

the ITCZ northwards (Chiang et al., 2002; Gi-

annini et al., 2004; Hastenrath, 2006).
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Regression of SSTA on NE Brazil Precipitation MAM
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Fig. 1.7. The regression of March-April-May global
SST anomaly on the observed (top) and GOGA modeled
(bottom) March-April-May soil precipitation anomaly in
Northeast Brazil. Areas of significance at the 5% level are
colored.

Giannini et al. (2004) showed that the

oceanic control on Nordeste precipitation is suf-

ficiently strong that an atmosphere model forced

by observed SSTs was able to accurately repro-

duce the variability of March-April-May (MAM,

the Nordeste wet season) precipitation in the

1950 to 1994 period. We expand upon this

by showing, in the top panel of Figure 6, the

modeled (with global SST forcing) and CRU

observed MAM precipitation history for the

much longer period of 1901 to 2008. In a de-

parture from our usual plotting practice, we

show both the ensemble mean and the indi-

vidual ensemble members, which is made visu-

ally tractable here because of the strong cor-

relation between ensemble members. The tight

relationship between model and observed pre-

cipitation from 1950 to 1994 noted by Gian-

nini et al. (2004) extends up through the last

two decades and also through the first half

of the 20th Centurya. Many observed strong

precipitation departures (e.g. 1932) are repro-

duced in almost all ensemble members indicat-

ing a quite high SST-forcing-signal-to-internal-

atmospheric-variability-noise ratio. The lower

panel in Figure 6 shows the same comparison

but for the tropical Pacific SST-only forced en-

semble and makes clear that much of the good

agreement in the case with global SST-forcing

derives from SST anomalies outside the tropical

Pacific Ocean.
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Fig. 1.8. The observed SST (top) and precipitation
(middle) and modeled precipitation (bottom) anomalies
for the 1920 to 1926 wet period (left column) and 1976
to 1983 dry period (right column) in Northeast Brazil.

Figure 7 shows the regression of global SST

onto MAM Nordeste precipitation for the 1900

to 2008 period with colors applied where the

relation is statistically significant for both the
aTo our knowledge this is the first presentation of an SST-forced model simulation of Nordeste precipitation during
the first half of the last century.



March 26, 2013 11:21 World Scientific Review Volume - 10.25in x 7.5in Seager˙decadal˙hydro˙1col

Decadal Hydroclimate Variability Across the Americas 9

observations (top) and the GOGA model (bot-

tom). There actually is a significant relationship

between dry conditions and El Niños in the Pa-

cific which is reliably simulated by the model. In

addition, the association between dry conditions

and warm SSTs in the tropical north Atlantic

and/or cold SSTs south of the mean ITCZ is

also very clear and this is again well represented

by the model.

The Nordeste is obviously a region of strong

interannual precipitation variability but much

longer timescale variations exists too. For exam-

ple the early to mid 1920s appear to have been a

wet period which was immediately followed by

a dry period culminating in the 1932 drought

while the mid 1970s to mid 1980s were an ex-

tended dry period. Since the early 20th Century

has not received the attention of the later pe-

riod here we show in Figure 8 the SST anomalies

and observed and modeled precipitation anoma-

lies for the MAM seasons of the 1920 to 1926

wet period and contrast this with the 1976 to

1983 dry period. The observed decadal patterns

of precipitation anomalies across South Amer-

ica, with wet in the Nordeste in the earlier pe-

riod and dry in the later period, are reproduced

with some degree of success in the global SST

forced model. The 1920-26 period was perhaps

weakly El Niño-like, which would not be ex-

pected to cause wet conditions in the Nordeste,

while the tropical Pacific anomalies were indis-

tinct in the later period. Instead it appears that

the tropical Atlantic was the dominate control

on these decadal Nordeste precipitation anoma-

lies with opposite signed north-south cross equa-

torial SST anomalies in the two periods con-

sistent with precipitation-SST relationships ex-

pected on the basis of the regression analysis.

1.5. Southeast South America: A

mixed message of strong oceanic

forcing and a mysterious long

term wetting trend

Our final example is the southeast of South

America, a region that is influenced by both

mid-latitude dynamics, the southern part of the

South American monsoon and the South At-

lantic Convergence Zone. This region has be-

come tremendously important to the global food

production system in recent years as the grow-

ing of grains and legumes has expanded into

the sub-humid to semi-arid Pampas in recent

decades to take advantage of a long term wetting

trend (Seager et al., 2010). This is also a region

where the tropical oceans exert a considerable

influence on interannual and decadal timescale

fluctuations in precipitation. Figure 9 shows the

observed variations of annual mean precipitation

for the region from 1901 to 2010 together with

the ensemble mean and plus/minus two stan-

dard deviation spread of the model forced by

global SSTs. The agreement between the obser-

vations and ensemble mean is impressive and,

as shown in Seager et al. (2010), does not de-

rive from the tropical Pacific forcing alone, even

though El Niño events are typically wet in the

region and La Niña events dry (see Seager et

al. (2010) and Mo and Berberry (2011) and ref-

erences therein). Seager et al. (2010) in fact

argue that the multidecadal precipitation vari-

ability in southeast South America precipitation

is influenced by mutlidecadal tropical North At-

lantic SST variability. Their argument is that

warm tropical North Atlantic SSTs cause an in-

tensified Atlantic ITCZ with anomalous diver-

gent winds aloft which interact with the mean

flow vorticity field to force a remote response

that includes subsidence, and precipitation sup-

pression, over southeast South America. This

mechanism draws some support from the model-

ing experiments examined by Mo and Berberry

(2011). Thus much of the decadal precipitation

variability in this region can be explained in
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terms of a combination of tropical Pacific and

tropical north Atlantic SST variability, rather

like for the Nordeste.
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Fig. 1.9. The observed precipitation anomaly for south-
eastern South America and that computed by the global
climate model forced by observed global SSTs (GOGA
configuration) shown as the 16 member ensemble mean
(blue) and the plus and minus two standard deviation
spread of the ensemble (blue shading). The correlation
coefficient between the observed and ensemble mean time
series is shown at left.

However we cannot explain the long term

wetting trend easily in terms of tropical SSTs.

Figure 10 shows the SST anomalies and ob-

served and modeled precipitation anomalies for

the 1920 to 1938 period of a drier climate and

1980 to 2003 period of a wetter climate in south-

east South America. The model does a good job

of reproducing the early 20th century drought

in southeast South America but can only pro-

duce the sign, not the amplitude, of the late 20th

century pluvial. In the earlier period the tropi-

cal Pacific was actually weakly warm, which is

not expected to go along with dry in southeast

South America, while the later period has only

weak tropical Pacific SST anomalies. However

the tropical North Atlantic was warm in the ear-

lier period and cold in the later period which

would be expected to go along with dry and

then wet in southeast South America according

to Seager et al. (2010) and Mo and Berberry

(2011). That is, on the decadal timescale, the

tropical North Atlantic appears to exert a strong

influence on southeast South America precipita-

tion.
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Fig. 1.10. The observed SST with global mean removed
(top) and precipitation (middle) and modeled precipita-
tion (bottom) anomalies for the 1920 to 1938 dry period
(left column) and 1980 to 2003 wet period (right column)
in southeast South America.

Despite this evidence of ocean influence, the

late 20th century was much wetter than can be

explained in terms of SST forcing alone. There

is no model-based evidence that such a strong

long term wetting trend in the region is a re-

sponse to rising greenhouse gases Seager et al.

(2010); Gonzalez et al. (2013). On the other

hand model evidence does suggest that ozone

depletion caused a wetting in the region over

the late 20th Century that can explain perhaps

a quarter of the observed trend (Gonzalez et

al., 2013). Even so, that would leave the ma-

jority of the wetting trend unexplained and, as

for the northeast U.S., perhaps it is evidence

of very long timescale natural variability that

arises from processes, perhaps atmospheric, un-

related to SST variability.
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1.6. Mechanisms of decadal hydro-

climate variability across the

Americas

The dynamics that link ENSO SST anomalies

to North American hydroclimate anomalies have

become increasingly well understood in recent

years. Tropical Pacific SST anomalies force con-

vective heating anomalies above with upper level

divergence anomalies that force Rossby waves

that propagate north and east towards North

America. The waves alter the mean flow which

then alters the propagation of transient eddies

whose altered momentum fluxes then feedback

onto the mean flow. The final transient and

mean flow response to ENSO SST anomalies

is, therefore, a result of the mean flow anoma-

lies forced directly by tropical heating anomalies

and the subsequent eddy-mean flow interaction

it brings into play (Seager et al., 2010; Harnik

et al., 2010). How these circulation anomalies re-

late to the moisture divergence anomalies that

force precipitation anomalies has also been stud-

ied and it appears that the mean flow diver-

gence anomalies are the most important and

themselves dominated by the change due to

the circulation change (as opposed to the hu-

midity change). Transient eddy moisture con-

vergence anomalies appear to play a secondary

role (Seager et al., 2005a; Seager and Naik,

2012). (This work could, however, be done with

the most up to date atmospheric reanalyses

and in more detail in order to clearly deter-

mine the causes of ENSO-forced hydroclimate

anomalies over the Americas.) Also, the domi-

nance of mean flow moisture divergence anoma-

lies over transient eddy moisture flux divergence

anomalies does not suggest that transient eddies

play a secondary role overall. This is because

transient momentum flux anomalies are them-

selves a main driver of the mean flow circula-

tion anomalies. A breakdown of ENSO hydro-

climate anomalies into components due to mean

and transient circulations that takes account of

this coupling has not been attempted (perhaps

for good reason!).

It has been possible to use the increased un-

derstanding of the ENSO teleconnection to hy-

droclimate in the Americas to develop improved

understand of tropical Pacific forcing of decadal

hydroclimate. For the case of persistent North

American droughts, such as the 1930s Dust

Bowl, the 1950s southwest drought, the 1998-

2002 turn-of-the-century drought, the 1856-65

’Civil War’ drought and the 1870s and 1890s

western droughts, the causes were essentially the

same as those during a La Niña season. That is

because in all these six cases the tropical Pacific

adopted an extended (though weak) La Niña like

state with no El Niño events. Similarly, the wet

North American decade of the 1990s went along

with persistent El Niño-like conditions between

1990 and 1998 except for a weak cold interval in

winter 1996/97. Huang et al. (2005) extended

this reasoning to show that the overall wetter cli-

mate in North America and extratropical South

America between 1977 and 1998, relative to the

15 years before 1976, could be reproduced within

an atmosphere model forced by the tropical Pa-

cific SST difference between the two periods.

This was so whether the time average SST dif-

ference was imposed or whether the atmosphere

model saw the actual time history of SST indi-

cating the essential linearity of the hydroclimate

response. That is, the wet northern and south-

ern mid-latitudes in the post 1976 two decades

can be understood as a response to the change

in the long term decadal mean tropical Pacific

SSTs and is not a rectified effect of the differ-

ence in El Niño and La Niña events between

the decades before and after 1976 or influenced

by any nonlinearity between SST anomalies and

the precipitation response. This was a significant

work in advancing and simplifying our under-

standing of decadal variations of hydroclimate

across the Americas.

The longer timescales of Atlantic Ocean SST

variability make interpretation of Atlantic forc-

ing of hydroclimate more straightforward. Go-

ing back to Schubert et al. (2004), it has been
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Fig. 1.11. The warm (top) and cold (upper middle) phase composites of the PDO for observed SST and observed
(left) and modeled (right) precipitation over land. The lower two rows show similar composites but for El Niño and
La Niña.

recognized that it is SST anomalies in the trop-

ical North Atlantic that exert an influence on

North American hydroclimate. More recently

Kushnir et al. (2010) have shown that, in the

summer season, the response is essentially that

given by the Gill-model solution to a subtrop-

ical heating anomaly: warm SSTs induce deep

atmospheric heating and poleward and ascend-

ing flow above with equatorward and descend-

ing air on the western flank of the forced cyclonic

anomaly. The scale is set by Rossby wave disper-

sion and is such that the equatorward, descend-

ing air is over the southern Plains and south-

west where precipitation is suppressed. In con-

trast winter season tropical North Atlantic SST

anomalies appear to first impact tropospheric

temperatures and moist static stability and then

tropical Pacific precipitation which then forces a

wave response, akin to that during ENSO, that

reaches North America. This winter response

has a certain Rude Goldberg character but does

appear robust across models, has some obser-

vational support and may indeed be one means

of inter-basin coupling of relevance to hydrocli-

mate variations in the Americas (Kushnir et al.,

2010).

However ENSO is possibly not the only

thing that happens in the Pacific Ocean. A

decade and a half ago Zhang et al. (1997)

showed that, in addition to the ENSO cycle

with its characteristic irregular, interannual pe-

riod, there is a longer timescale ’ENSO-like’ pat-

tern of variability. This became known as the

Pacific Decadal Oscillation (PDO, e.g. Man-
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tua and Hare (2002)) and is different from in-

terannual ENSO in that its North Pacific SST

anomalies are larger relative to its tropical SST

anomalies, the tropical SST anomalies are more

meridionally broad and it has a timescale of a

few decades. Famously the Pacific Ocean shifted

from a phase of the PDO with cold tropical

Pacific SST anomalies to the phase with warm

anomalies (and opposite signed anomalies in the

central North Pacific Ocean) during 1976/77.

This is the shift whose associated precipitation

anomalies were modeled by Huang et al. (2005).

Shifts to the cold phase occurred in the early to

mid 1940s (Deser et al., 2004) and, seemingly,

in 1997/98. The problem with the PDO is that

it is so highly correlated to ENSO, and shares

the same hemispheric symmetry (Garreaud and

Battisti, 1999), that it is not clear yet whether

it is anything more than a basin-wide low fre-

quency response to tropical Pacific conditions.

Here we put aside the matter of the origin

of the PDO and restrict attention to the pre-

cipitation anomalies across the Americas asso-

ciated with its characteristic SST pattern. The

PDO is, as usual, defined as the first empirical

orthogonal function of monthly Pacific Ocean

SST anomalies north of 20◦N after the global

mean SST anomaly has been subtracted from

each point to remove longer term trends due to

climate change. The associated Principal Com-

ponent (PC, or the time series describing the

temporal evolution of the EOF pattern) was

formed into annual means and standardized.

Global SSTs, observed and modeled precipita-

tion, for years with values greater than one stan-

dard deviation, were composited into a warm

phase PDO composite and, for years with val-

ues less than one standard deviation, into a

cold phase PDO composite. For comparison the

observed and modeled SST and precipitation

anomalies for years with greater and less than

one standard deviation of the NINO3.4 SST in-

dex were averaged to derive El Niño and La Niña

composites of SST and precipitation anomalies.

The results are shown in Figure 11. The

PDO SST anomalies are only a fraction of a

Kelvin and quite meridionally broad, in agree-

ment with the earlier studies. Also, the warm

phase and cold phase PDO-associated precip-

itation anomalies across the Americas are es-

sentially the opposite of each other indicating

a first order linearity. The sign is such that dur-

ing the warm phase the tropics are dry and the

extra tropics of North and South America are

wet, all within patterns that are large scale and

strikingly coherent. In contrast to the PDO, the

SST anomalies for the El Niño and La Niña

composites have much stronger equatorial Pa-

cific features. The ENSO precipitation response

is again, to first order, essentially linear and,

despite the differences in SST forcing patterns,

is extremely similar to that of the PDO. Of

course it might be thought that the PDO-ENSO

precipitation pattern similarity arises from the

response to the large ENSO events contained

within the PDO composites, a result of the

strong temporal correlation between the PDO

and ENSO indices. (The annual mean PDO and

NINO3.4 time series have a correlation coeffi-

cient of 0.64.) However the work of Huang et

al. (2005) shows that the decadal timescale pre-

cipitation response would be the same if the

details of the ENSO events in any one period

were replaced with the decadal timescale SST

anomalies. That is, the PDO precipitation re-

sponse shown in Figure 11 is an actual physical

response to the weak PDO SST anomalies.

Of course one might wonder which part

of the PDO SST anomalies is responsible for

the precipitation response across the Americas.

Huang et al. (2005), in looking at the decadal

precipitation change across the 1976/77 climate

shift, addressed this by forcing an atmosphere

model first with the global SST change and

then with the tropical Pacific change alone and

found that the latter explained essentially all

the precipitation change in the former. We have

also made PDO precipitation anomaly compos-

ites from simulations with the same atmosphere

model used for Figure 11 but forced by the time
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history of tropical Pacific SSTs alone. The trop-

ical Pacific-forced PDO composites look essen-

tially identical across the Americas as for the

case of PDO composites with global SST forcing.

Hence it is in fact the tropical Pacific part of the

PDO SST anomalies that overwhelmingly dom-

inates the precipitation response and the simi-

larity of the PDO and ENSO precipitation re-

sponses is no coincidence. This comparison re-

inforces the idea that the PDO and its hydro-

climate impact across the Americas is nothing

more than a low frequency realization of the

tropical Pacific climate variability familiar in the

form of ENSO.

1.7. Decadal timescale radiatively-

driven hydroclimate change

across the Americas

Natural variability of the atmospheres and

oceans is a potent source of hydroclimate change

on decadal timescales across the Americas. An-

other source is radiatively-forced climate change

and climate models robustly predict that hy-

droclimate will change in systematic ways in

the coming decades with the wet regions of the

tropics and mid to high latitudes getting wet-

ter and the dry regions of the subtropics get-

ting drier and expanding poleward (Held and

Soden, 2006; Seager et al., 2007, 2010). Any re-

liable, probabilistic, projection of hydroclimate

in coming decades must take account of the

possible evolution of natural decadal variability

and the human-induced, radioactively-forced,

change over the same time period. Therefore,

given the presence of the natural variability, it

is reasonable to wonder when the radiatively-

forced change will make its presence known. In

this regard tests of statistical significance of the

forced change might be too demanding a crite-

ria. As one practical alternative in common use

in seasonal-to-interannual prediction, the prob-

ability of a season’s precipitation being in the

lower, middle or upper tercile of the historical

distribution is reported. For example a strong

El Niño event might generate, say, a 60% chance

that precipitation in southwest North America

will be in the upper tercile and this would be

considered a useful forecast even though it might

fall short of statistical significance at the usual

5% or higher levels.

Here we turn to the Coupled Model Inter-

comparison Project Five (CMIP5) multimodel

ensemble and adopt the tercile approach. We

use 28 models with one run from each that is

continuous over the 1900 t0 2050 period using

estimated past radiative forcings and the Repre-

sentative Concentration Pathway 8.5 (rcp85) as

the future scenario. For the 1901 to 2000 period

we divide the precipitation anomalies, relative to

the 1901-2000 period, into ten non-overlapping

decades and compute the means for each. The

ten decadal means are ranked and the lower

boundary of the upper tercile is taken to be the

seventh highest value and the upper boundary

of the lower tercile as the fourth highest value.

The near-term climate change signal for each

model is taken to be the precipitation in the

2031-2040 decade minus the climatological av-

erage of the second half of the twentieth cen-

tury (1951-2000). We then determine for each

model whether the climate change precipitation

signal is in the upper, middle or lower tercile of

that model’s distribution of decadal means. We

also determine the multimodel ensemble mean

climate change precipitation signal as the aver-

age across the models of the 2031-2040 precipita-

tion minus that for 1951-2000. We then count up

the number of models that have a climate change

precipitation signal in the upper or lower terciles

of the distributions and the same sign change as

the multimodel ensemble mean change.
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Fig. 1.12. The percentage of models that have a 2031-
2040 less 1951-2000 precipitation shift in the upper
(green colors) or lower (multiplied by minus one, brown
colors) of that model’s distribution of decade mean pre-
cipitation anomalies over the 1901 to 2000 period and

with the shift having the same sign as the multimodel en-
semble mean. Single continuous runs of 28 CMIP5 mod-
els were used. The multimodel ensemble mean precipita-
tion shift is shown as contours.

In the absence of any forced climate trends

it would be expected that for each model there

would be equal probabilities of the 2031-2040

decadal mean anomaly falling in the three ter-

ciles while the multimodel mean change would

have equal probability of being positive or nega-

tive. Hence more than 17% of the models having

a climate change precipitation signal in the up-

per or lower tercile, and the same sign change

as the multimodel ensemble mean, is the very

minimum required to identify a climate change

signal with an amplitude equivalent to this mea-

sure of natural variability.

The tercile results, along with the multi-

model mean precipitation shift, are shown in

Figure 12. Quite remarkably, across vast regions

of the Americas, more than 60% of the models

have precipitation shifts in the outer terciles of

the historical variability. In some parts of the

northeast U.S., Canada and Alaska the num-

ber of models reaches up to 100%. This result

makes clear that for most of the Americas ra-

diatively forced changes in precipitation in the

near term future will be of equivalent magnitude

to the decadal variations that have occurred in

the past, and which caused significant social im-

pacts. The difference is that the past decadal

variations were temporary and were followed by

decades of more normal precipitation totals or

opposite sign anomalies, while the radiatively-

forced changes are of the same sign decade to

decade and, indeed, intensify as the century ad-

vances.

1.8. Conclusions

Thanks to much research in recent years decadal

variability of hydroclimate across the Americas

is not as much of a mystery as it was a decade

or so again. To a very large extent decadal peri-

ods of drier than normal or wetter than normal

(pluvial) periods in the tropical and extratrop-

ical regions of the Americas can be attributed

to similarly persistent anomalies of tropical Pa-

cific and Atlantic SST anomalies. Further, the

dynamics that link the tropical oceans to pre-

cipitation anomalies in the Americas on decadal

timescales appears to be essentially the same as

those operating on the seasonal to interannual

timescales and which are becoming increasingly

well understood. In addition, as for the case of

seasonal to interannual variability, it is the trop-

ical oceans that play the dominant role influ-

encing precipitation on decadal timescales. Of

course this is expected given the lack of evidence

of an atmospheric response, at any timescale, to

extratropical SST anomalies that can compete

in amplitude with the response to tropical SST

anomalies. It may be that on decadal timescales

extratropical SST anomalies are larger, relative
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to tropical anomalies, than they are on shorter

timescales but the physics of atmosphere-ocean

coupling still biases the atmospheric to being

most sensitive to the tropical components of

the anomalies. This understanding of the causes

of decadal hydroclimate variability works best

for, of the regions studied, southwestern North

America and the Plains, northeast Brazil and

southeast South America. Indeed a quite aston-

ishing amount of longer than interannual vari-

ability in these regions can be explained in terms

of tropical ocean forcing.

However decadal hydroclimate variability

across the America still contains some myster-

ies. Although southeast South America precipi-

tation is strongly influenced by the tropical Pa-

cific and Atlantic Oceans it also has experienced

a century long wetting trend, most marked since

the 1960s, that cannot be so explained. Simi-

larly the northeast U.S. - a region where the

oceans exert negligible influence on precipitation

variability - shifted to a much wetter climate

in the early 1970s. Atmosphere models forced

by observed global SSTs cannot reproduce these

trends. It does seem as if ozone depletion caused

a small portion of the wetting trend in south-

east South America, however (Gonzalez et al.,

2013). However, in both extratropical regions,

models forced by changes in trace gases, solar ir-

radiance, aerosol concentrations etc. do not pro-

duce wetting trends anywhere near as strong as

those that happened. Consequently, it is proba-

bly worth examining climate model simulations

to determine if atmosphere variability alone can

generate such long term changes in precipita-

tion. This unexplained variability also highlights

the need for longer term climate records that can

be gained from, for example, tree ring records.

In regard to the north east U.S., for example,

Pederson et al. (2013) show that the late 20th

Century shift to a wetter climate is only the end

of a wetting trend that has been ongoing since

at least the early 16th Century. Knowing that

does not make it any easier to explain but does

help us know what we need to explain. In this

case of the northeast U.S., for example, it ap-

pears we need to examine decadal variability in

the light of hydroclimate changes over the last

millennium and, probably, the Holocene and ex-

amine possible contributions from changes in so-

lar irradiance, volcanism, orbital configuration

and unforced variability at longer than decadal

timescales.

We have not concerned ourselves here with

the predictability of the ocean states that drive

decadal variability across the Americas. It re-

mains to be demonstrated whether tropical Pa-

cific Ocean SST variations beyond the interan-

nual timescale are predictable. The one sugges-

tion that they might be is that of Karspeck et

al. (2003) and Seager et al. (2004). They used

an ensemble prediction with the Zebiak-Cane

ENSO model initialized in 2003 to claim that

the equatorial east Pacific in the period from

1998 to 2013 would be cooler than during the 15

years before 1993, which it has been. Our own ef-

forts to locate multiyear to decadal predictabil-

ity of tropical Pacific SSTs in initialized predic-

tions with state-of-the-art global models have

been unsuccessful. In contrast there does seem

some success in developing predictive capacity

for decadal Atlantic Ocean variations (Meehl

et al., 2013). However, whether this translates

into prediction of the SST variations of most

importance for forcing Americas hydroclimate

is not clear. Hence, certainly for now, natu-

rally occuring decadal variations in hydrocli-

mate across the Americas will remain unpre-

dicted. The steadily evolving changes in pre-

cipitation across the Americas forced by rising

greenhouse gases appear to be more predictable

in the coming decades and reach the level of nat-

ural decadal variability in the near term future.

In terms of hydroclimate, the radiatively-forced

changes in precipitation shown here will combine

with the even more predictable effects of rising

temperatures to cause notable decreases in pre-

cipitation less evaporation in many subtropical

regions of the Americas. Merging assessments of

the range of natural decadal variations with the
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range of forced changes to prepare probabilistic

assessments of potential future hydroclimates in

the Americas that might be of use in scenario

developments for applications purposes.
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