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Key role of the Atlantic
Multidecadal Oscillation in
twentieth century drought
and wet periods over the US
Great Plains and the Sahel

Sumant Nigam and Alfredo Ruiz-Barradas

21.1 Introduction

Sea surface temperatures (SST) exert a significant, and
often predictable, influence on the climate of near and far
away regions. Interannual SST variations related to El
Nifio Southern Oscillation (ENSO), for instance, impact
the Indian summer monsoon to the west (Rasmusson and
Carpenter, 1983) and the North American hydroclimate to
the east (e.g. Ropelewski and Halpert, 1987, Joseph and
Nigam, 2006). The link between SST and hydroclimate is
also manifest on decadal time scales, as in the case of
droughts over North America (Namias, 1966, Ting and
Wang, 1997, Nigam et al., 1999) and Africa (Hulme,
1992). Multi-year droughts such as the 1930s ‘Dust Bowl1’?
over the Great Plains, and the multi-decade ‘drying’ of
Sahel (Folland et al., 1986) mark notable excursions of
regional hydroclimate, with devastating socioeconomic
impacts. Such decadal-scale excursions, rooted in ocean—
atmosphere—land interaction, are attractive targets for cli-
mate simulation and prediction for societal and scientific
reasons.’

Multi-year, summertime droughts over North America
have been observationally linked to decadal SST variability
in the Pacific (Ting and Wang, 1997, Nigam et al., 1999,
Barlow et al., 2001, McCabe et al., 2004, White et al.,
2008, Nigam et al., 2011) and the Atlantic (Namias, 1966,
McCabe et al., 2004, Ruiz-Barradas and Nigam, 2005,

basin contributions) remained unevaluated, observation-
ally, until the attribution analysis of Nigam et al. (2011).

The drying of the Sahel has been attributed to local land-
surface—atmosphere interaction — the overgrazing hypoth-
esis (Chamey, 1976, Chamey and Stone, 1976) — and to
tropical Atlantic and global SSTs (Folland et al., 1986,
Giannini ef al., 2003, Zhang and Delworth, 2006), global
warming (Held et al. 2005) and recently to anthropogenic
aerosols (Biasutti and Giannini, 2008).

Droughts are typically simulated using dynamical
models of the atmosphere. The models are forced by
observed SST which provides the temporal context, includ-
ing drought links. The SST influence can be dynamically
evaluated from a sufficiently large ensemble of drought
simulations provided the atmospheric—land-surface model
is realistic, at least, from the perspective of the hydrocli-
mate variability structure (and mechanisms) of the target
region. The currently deployed atmospheric models (Schu-
bert et al., 2004, Seager et al., 2005, Sutton and Hodson,
2005, Cook et al., 2009, Schubert et al., 2009) simulate
many aspects of the atmospheric general circulation, but
the simulation of regional hydroclimate (precipitation,
evaporation/evapotranspiration, soil moisture, surface air
temperature, etc.) remains challenging. The problematic
portrayal includes a distorted representation of the atmos-
pheric and. terrestrial water-cycles over the Great Plains

Wang et al., 2006, Guan, 2008, McCabe et al., 2008, Mo
et al., 2009, Nigam et al., 2011) but the extent of the SST
‘influence in major twentieth century droughts (including

2 The intense decade-long (1931-39) drought got its name on 15 April
1935, the day after Black Sunday. Robert Geiger, a reporter for the
Associated Press, travelled through the region and wrote the following:
“Three little words achingly familiar on a Western farmer’s tongue, rule
life in the dust bowl of the continent-if it rains.”

® Decadal prediction of regional hydroclimate, especially in the hind cast
mode, provides unique opportunities for vetting climate system models
used in projection of centennial-scale climate change.

(Ruiz-Barradas-and Nigam; 2005, Nigam and Ruiz-Barradas;
2006, Ruiz-Barradas and Nigam, 2013), i.e. of regional
processes relevant to droughts (Ruiz-Barradas and Nigam,
2010a,b).

In spite of such shortcomings, aspects of the notable
Great Plains droughts have been simulated by SST-forced
dynamical models. But the modeled drought core is often
misplaced, e.g. to the southwest in the case of the Dust
Bowl drought (Seager et al., 2005, Cook et al., 2009).
The modeled drought is moreover characterized using
annual-mean precipitation deficits in these studies, which
downplays the hydroclimate simulation deficiencies of the
warm season (late spring to fall) — the season of drought
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occurrence over the Great Plains.* The modeled drought
signal, as such, reflects more the La Nifia footprint on
winter—spring precipitation (Seager et al., 2005) than the
larger precipitation deficits observed in the warm season.
Some notable North American droughts are, moreover,
conspicuously absent while others fictitiously present in
some of the simulations (Schubert et al., 2004). Do the
drought simulation discrepancies reflect the limited influ-
ence of SSTs in models or nature? _

North American droughts are more strongly linked
with the Pacific than Atlantic SST anomalies in dynamical
model simulations (e.g. Figure 3 in Schubert et al., 2004);
the Pacific influence resulting, largely, from tropical SST
anomalies (Schubert et al., 2004, Seager et al., 2005). The
coordinated modeling experiments of the US CLIVAR
Drought Working Group (Schubert et al., 2009) reiterate
the primacy of Pacific SSTs in generating North American
droughts. The La Nifia — US Drought paradigm — operative
on interannual time scales in nature — was found most
relevant in the context of decadal droughts by these mod-
eling studies.

How does one define the simulation targets for the SST-
based dynamical modeling of droughts? Clearly, the targets
are not the full observed drought signal in view of the land-
surface contribution: Are the models being judged too
harshly above? Or are the present-day models not quite
ready for scoping out the influence of Pacific and Atlantic
SSTs on Great Plains and Sahel’s precipitation?

The goal of this observationally rooted analysis is to
quantitatively characterize the full SST contribution in
drought generation over North America and Africa, includ-
ing the relative role of the Pacific and Atlantic basins. The
characterization closely follows Nigam et al. (2011), where
an evolution-centric spatiotemporal analysis of twentieth
century SST variations (Guan and Nigam, 2008, 2009) and
related hydroclimate links, and subsequent reconstruction
of North American droughts yield the impact of Pacific and
Atlantic SST variations on continental hydroclimate. The
observationally based impacts immediately provide the
sought after quantltatlve targets for the SST-forced dynam-

The observatlonally rooted statistical reconstruction
of major hydroclimate episodes in Nigam et al. (2011)
indicates a dominant role of Atlantic SSTs in the gener-
ation of multi-year droughts and wet episodes over North
America — in contrast with the secondary role of this basin

4 The downplay results from the comparatively superior simulation of
winter hydroclimate variability which is dynamically controlled
(through stormtrack modulation). Warm-season hydroclimate
variability, in contrast, is more influenced by land-surface-atmosphere
interactions which are robust (dormant) in summer (winter) but which
remain poorly rendered in atmospheric and climate models.
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in model-based assessments. The Atlantic Multidecadal
Oscillation (AMO), in particular, had a singular influence
on the twentieth century North American hydroclimate,
especially during spring and fall, as discussed in subse-
quent sections. The AMO is a dominant contributor in the
drying of the Sahel from the 1950s to the 1980s as well,
and in the recovery of rainfall since.

Data sets are described in Section 21.2, and the notable
hydroclimate episodes of the twentieth century in Section
21.3. The enabling SST analysis is briefly discussed in
Section 21.4. The drought-period SST and precipitation
signals are reconstructed from contemporaneous analysis
in Section 21.5, while the Great Plains drought origin and
predictability are investigated in Section 21.6. The drying
of the Sahel is reconstructed in Section 21.7 to assess the
influence of regional and remote SSTs. Discussions and
conclusions follow in Section 21.8.

21.2 Data sets

The sea surface temperature data comes from the UK Met
Office’s Hadley Centre Sea Ice and Sea Surface Tempera-
ture data set (HadISST 1.1, Rayner et al., 2003), which is
globally available on a 1° grid for the 1870-onward period.
The long-term mean of each calendar month is first
removed from the monthly data, yielding monthly anomal-
ies. Seasonal anomalies are then constructed by averaging
monthly anomalies over standard three-month periods
(e.g., DJF, JJA). Seasonal anomalies are interpolated on
to a 5° x 2.5° longitude—latitude grid for computational
efficiency in extended-EOF analysis.

Precipitation data is from the University of East Anglia’s
Climate Research Unit (CRU); the high resolution TS
3.0 analysis of station data (Mitchell and Jones, 2005).
Monthly precipitation is available over land on a 0.5° grid
for the 1901 onward period.

The Palmer Drought Severity Index, a nondimensional
number that measures the severity of meteorological
drought is obtamed from Dai et al.’s (2004) ana1y31s

for the 1870 onward perlod

Evapotranspiration estimates are obtained from NOAA’s
Climate Prediction Center, where they are generated using
a one-layer hydrological model (Huang et al., 1996, van
den Dool et al., 2003) that is driven by observed precipita-
tion (and surface air temperature). Monthly evaporation is
available on a 2.5° grid for the 1931 onward period.

Upper-air meteorological analysis for the full century
was obtained from NOAA'’s Twentieth Century Reanaly-
sis (20CR; Compo et al., 2011), which was developed
from short-term forecasts generated from assimilation of
synoptic surface/sea-level pressure and monthly SST and




Kej/ role of Atlantic Multidecadal Oscillation in twentieth century drought and wet periods 257

sea-ice boundary conditions. The modern period upper-
air data comes from NOAA’s NCEP Reanalysrs (Kalnay
et al., 1996).

21.3 Notable hydroclimate episodes of the
twentieth century

The hydroclimate of the US Great Plains is marked by two
notable dry periods in the twentieth century (Fig. 21.1a):
one in the 1930s and the other in the 1950s. The 1930s
drought was intense and prolonged (decade-long), and
turned much of the Great Plains, the US breadbasket, into
a ‘Dust Bow!l’. The 1950s drought, while relatively short
(4-5 years), was no less intense; its fall precipitation deficit
was, in fact, larger than the peak seasonal deficit during the
Dust Bowl drought (Fig. 21.1b—c). The1950s drought was
unrelenting as well, as is evident from the complete
absence of positive precipitation anomalies (in any season)
during the episode (Fig. 21.1a), in contrast with the distri-
bution in Dust Bowl years. The ‘Dust Bowl’ winters,
interestingly, had near-normal precipitation, on average; a
feature, not evident in descriptions based on the Palmer
Drought Severity Index (PDSI; Palmer, 1966). Droughts
are commonly marked using the PDSI but this index is,
seasonally, less discriminating than a precipitation based
one (Fig. 21.1b—d), and thus not as insightful on drought
mechanisms which are keyed to seasonal process.’

The Dust Bowl was largely a spring—summer drought
while the 1950s one a summer—fall drought (Fig. 21.1b—c).
The Great Plains precipitation record also includes wet
periods, with a notable one in the mid 1980s that is focused
on fall (Fig. 21.1d). Regional evapotranspiration anomalies
(Fig. 21.1b—d) are largest in summer following the clima-
tological thythm, but never sufficient to account for even
half the concurrent precipitation deficits, especially in the
peak phase of the episodes — indicating, indirectly, a sig-
nificant role for larger-scale circulation variations and
attendant rnolsture transports in modulatmg the water cycle

Geographrcally, the Dust Bowl precrprtatron deﬁcrt is
focused in the southern Plains and along the Gulf Coast
in spring and in the central-northern Plains in summer (Fig.
21.1e—f). Drought severity can be assessed by comparing
the precipitation deficit in the box outlined in Fig. 21.1f
(~0.6 mm/day) with the regional summer climatology
(~3.0 mm/day) (e.g. Nigam and Ruiz-Barradas, 2006)

> Smoothed versions of PDSI can moreover be synthesized from
precipitation, indicating the latter’s adequacy in multi-year drought
analysis; smoothed precipitation and PDSI indices are correlated at 0.91
in Fig. 21.1a.

and standard deviation (~0.9 mm/day) (e.g. Ruiz-Barradas
and Nigam, 2005). The 1950s fall drought was more
intense (~1.0 mm/day deficit against a fall climatology of
~2.7 mm/day and standard deviation of ~1.0 mm/day) and
widespread, with the entire USA impacted: (Fig. 21.1g).
The drought core is located southward, extending into the
southern Plains and the Gulf Coast states. The 1980s wet
episode is essentially a mirror image of the 1950 drought,
in both structure and amplitude; not surprising, given that
both attain their peak-phase in the fall.

The Pacific SSTs during the Dust Bowl spring and
summer were, on average, colder, especially in the extra-
tropics, although not by much (~0.3 K) (Fig. 21.2a-b); the
tropics, interestingly, were near normal. In contrast,
robustly warm SSTs are found in the Atlantic, especially
in summer when most of the mid-latitude basin has large
SST anomalies (0.5-0.8 K); the tropical Atlantic is mildly
warmer as well. The cold SST anomalies in the central-
eastern equatorial Pacific during the 1950s fall drought
(Fig. 21.2¢) clearly resemble the La Nifia signal [e.g.
Fig. 3 (right panels) in Guan and Nigam (2008), in the
opposite phase. The Atlantic anomalies in the 1980s wet
period (Fig. 21.2d) are broadly a mirror image of the
drought ones, while the Pacific ones are more fragmented
at this time.

21.4 The enabling SST analysis

The drought reconstruction reported here is rooted in the
innovative analysis of natural variability and secular trend
in the Pacific and Atlantic SSTs in the twentieth century
(Guan and Nigam 2008, 2009; hereafter GN2008 and
GN2009). By focusing on spatial and temporal recurrence
but without imposition of any periodicity constraints, the
extended empirical orthogonal function analysis (EEOF;
Weare and Nasstrom, 1982) discriminates between bien-
nial, interannual, and decadal variabilities, leading to
refined evolutionary descriptions and, equally importantly,
separatron of natural Vanablhty and the secular trend — all

SST record. The 1mphc1t accommodation of natural vari-
ability, in particular, leads to a nonstationary SST secular
trend, one that includes mid-century cooling.

21.4.1 Pacific analysis

Seasonal SST anomalies between 1900 and 2007 were
analyzed in the Pan-Pacific domain (20°S-60°N, 120°E—
60°W) using the EEOF technique; five-season-long anom-
aly sequences were targeted in the primary analysis. The
technique is equivalent to multichannel singular spectrum
analysis (e.g. von Storch and Zwiers, 1999). The seven

and potential aliasing) of the————
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Fig. 21.1. North American drought and wet episodes: (A) Great Plains precipitation in the twentieth century, from Climate Research
Unit’s TS 3.01 data (University of East Anglia); averaging region (90°W-100°W, 35°N-45°N) outlined in (F). Seasonal anomalies
(mm/day, left scale) are in green/brown shades; solid black line shows a smooth version (from 50 applications of 1-2-1 averaging)



——(201);and reproduced-with-permission-Neg

Key role of Atlantic Multidecadal Oscillation in twentieth century drought and wet periods 259

leading principal components (PCs) were rotated using the
VARIMAX method. Canonical ENSO variability is cap-
tured as two modes: growth (ENSO™) and decay (ENSO™);
departures from it are identified as the non-canonical mode
(ENSON®); see Figures 3-9 and related discussion in
GN2008. Pacific decadal variability is resolved into two
modes, Pan Pacific (PDV-PP) and North Pacific (PDV-
NP): The first, with a horseshoe structure in the Pacific,
exhibits connections to the tropical-subtropical Atlantic
resembling the AMO footprint in this region (Figure 11
in GN2008). The second, capturing the 1976/77 climate
shift, is closer to Pacific Decadal Oscillation in structure,
but with interesting links to other basins (Figure 12 in
GN2008). The nonstationary secular trend (SST-Trend)

consists of widespread but nonuniform warming of all

basins along with a sliver of cooling in the central equator-
ial Pacific (Figure 13 in GN2008). The physicality of
decadal modes — of key interest given their multi-year
drought links — was assessed via correlations with the fish
recruitment records, following Hare and Mantua (2000);
the correlations were found to be comparable, if not larger,
than those obtained by these authors. Analog counts were
also used in assessing the physicality of the modes (see
Section 5 in GN2008).

21.4.2 Atlantic analysis

The Atlantic SSTs were subject to similar spatiotemporal
analysis, but after removal of the Pacific influence. The
leading mode of Atlantic SST variability is a multidecadal
oscillation focused in the extratropical basin (AMO-A7/;
GN2009). It differs from its conventional description
(Enfield et al., 2001, Enfield and Cid-Serrano, 2010) in
the western tropical basin where the amplitude is weaker
due to the absence of the Pacific’s influence (see Figure 5b
in GN2009). The seasonally resolved AMO-A4# PC is
shown in Fig. 21.3a (thin red) along with other markers
of this variability, including a recent one from Ting et al.
(2009) based on observations and climate model simula-
tions; note Fig. 21.3 is identical to Figure 1 in Nigam et al.

pulses reflecting massive discharge of sub-Arctic water

into the North Atlantic, as during the Great Salinity Anom-
aly of 1968-82 (e.g. Slonosky et al., 1997), are evident in
the AMO-A4¢# PC (and to an extent in the Ting index) but
not in other AMO markers; AMO-4¢ differs from others in
the1940s and 1950s too.

The AMO-A¢’s SST footprint (Fig. 21.3b) is focused in
the northern basin, in the subpolar gyre. The same-sign
extension into the Tropics develops a little after the
northern lobe attains significant amplitude; AMO-A4#
evolution is shown in GN2009. The fall-season regres-
sions on land precipitation (Fig. 21.3b) show a general
drying over the Americas (except southern Mexico and
Central America), but wetter conditions to the east,
notably, over Sahel. Given AMO-A:l’s decadal time
scales, its warm phase can lead to multi-year droughts
over central-eastern United States.

21.4.3 AMO-ALtl’s seasonal precipitation footprints

AMO-At’s impact on North American seasonal precipita-
tion (Fig. 21.3c¢) is significant in the transitional and warm
seasons, with the fall impact being largest (0.4-0.5 mm/
day per unit PC amplitude). The AMO-4¢’s warm phase is
associated with precipitation deficits in all three seasons;
the absence of offsetting surpluses (or seasonal compen-
sation) makes AMO-A#l even more relevant for North
American droughts. The overlaid regressions of the
700 hPa geopotential and column stationary moisture flux
(from a data set completely independent of CRU precipita-
tion) indicate a strikingly consistent circulation context for
the precipitation signal: low-level northerly flow across the
central continent and related southward moisture transport.
The flow opposes the seasonal southerly flow (including
the Great Plains low-level jet in spring) which brings
moisture from the Gulf of Mexico into the continental
mterior (e.g. Nigam and Ruiz-Barradas, 2006, Weaver
and Nigam, 2008). The AMO-A4:l circulation leads to a
precipitation deficit both from reduced moisture transport
and the low-level subsidence generated by northerly anom-

.V ~ (/62]. '

Caption for Fig. 21.1 (cont.) using the right scale. Dashed line shows the Palmer Drought Severity Index anomalies (similarly smoothed
but scaled by 0.1) using the same right scale. Horizontal lines mark the +1.0 SD of the smoothed precipitation index. Vertical lines
identify periods when this index exceeds £1.0 SD. (B) Seasonal Palmer Drought Severity Index, precipitation, and evapotranspiration
(from NOAA Climate Prediction Center, in mm/day) anomalies over the Great Plains in the Dust Bowl years (1931-39). (C) As in

B except for the 1950s drought (1953-56). (D) As in B except for the 1980s wet period (1982-86). All anomalies in (B)~(D) are
relative to the 1931-2002 seasonal climatology. Dust Bowl precipitation anomalies in Spring (E) and Summer (F). Fall precipitation
anomalies in the 1950s drought (G) and 1980s wet period (H). Precipitation is smoothed by five applications of ‘smth9’ in the GrADS
plotting software, and displayed using a 0.15 mm/day interval; zero-contour is suppressed. Green (brown) shades denote positive

(negative) values.
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Fig. 21.2. Observed sea surface temperature anomalies during notable North American drought and wet episodes, from the Hadley
Centre’s HadISST 1.1 analysis (UK Meteorological Office); relative to the 1900-2002 period’s seasonal climatology, and plotted on a 5°
longitude by 2.5° latitude grid: (A) Dust Bowl (1931--39) spring, (B) Dust Bowl summer, (C) 1953-56 fall drought, and (D) the 198286
wet episode (fall). The SST anomalies reconstructed from seasonal regressions of the seven Pacific and Jfour Atlantic SST principal
components are shown in the right panels. Solid (dashed) contours denote positive (negative) values and the zero-contour is suppressed;
contour interval is 0.15 K. Sea surface temperature is spatially smoothed by one
Red (blue) shades denote positive (negative) values.

application of ‘smth9’ in the GrADS plotting software.
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Fig. 21.3. (A) Atlantic Multidecadal Oscillation SST principal component (AMO-A4#! PC, red) is compared with other AMO indices:
NOAA-Enfield (black); Sutton-Hodson (green); and the Ting et al. index (purple-x). The notable 1970s decadal pulse in the AMO-A#l
PC is coincident with the Great Salinity Anomaly (see text). The smoothed PC (thick red) is obtained from 50 applications of the 1-2-1
smoother on seasonally resolved values (thin red); all indices are normalized over the January 1900-April 2009 period. Smoothed index
correlations: (Red, Black)=0.65; (Red, Green)=0.69; (Red, Purple)=0.78. (B) All-season regressions of the smoothed AMO-4# PC

on residual Atlantic SSTs (see text for definition) are shaded blue-to-red while its fall-season regressions on precipitation are shown
in brown-to-green colors. SST is contoured at 0.1 C intervals and precipitation is shaded/contoured at 0.075 mm/day. (C) AMO’s impact
on North American seasonal hydroclimate: Regressions of smoothed AMO-4# PC on precipitation, and NOAA-20CR’s 700 hPa
geopotential and surface-300 hPa column stationary moisture flux. Precipitation is plotted as above, height is contoured at 2 m, and
the column moisture flux is in blue vectors with the indicated scale (in kg m™'s™), and with values less than 15% of the scale not plotted;
zero contours are omitted in all panels. All regressions are for the April 1914—July 1995 period, the interval over which the thick red
curve (panel a) is defined. To preclude aliasing of the nonstationary SST Secular Trend PC in the regressions, its signal in seasonal data
was removed prior to regression analysis; smoothing of the AMO-A#! PC alters the. orthonormal property of the SST PCs, necessitating
this pre-emptive measure. '
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Statistical significance of the regressions is assessed
via a two-tailed Student’s t-test at the 5% level using an
effective sample size Ne [=N/(1+2ry 11y 1+21% o1y 5+ . ),
where N is time-series length; 1y, Iyo...are the first,
second, ...-order autocorrelations for time series x, and
Iy, Tyo... for time series y; Quenouille, 1952] that
accounts for serial autocorrelation; stable Ne (and thus
t-test) values are obtained by summing up to the fourth-
order. Figure 21.3b—c show regressions where t-values
(obtained with Ne) exceed the theoretical values at the
5% significance level.

21.5 Drought-period SST and precipitation
reconstruction

The linear seasonal regressions of the SST principal com-
ponents on contemporaneous SST and precipitation in
the full record (October 1901—-April 2006) constitute the
building blocks in this reconstruction. Multiplication of
each SST PC with its temporally fixed seasonal regression
pattern, and summing the 11 contributions yields the
reconstructed signal. The intra-basin PCs are temporally
orthogonal (assured by the analysis method) while the
inter-basin ones are nearly so (ensured by filtering of
Pacific’s influence from Atlantic SSTs prior to analysis);
the largest inter-basin PC correlation is only 0.08, facilitat-
ing reconstruction of the SST and drought signals.
A similar strategy was recently used to reconstruct the
tropical cyclone counts in the Atlantic sector (Nigam and
Guan, 2011).

21.5.1 SST reconstruction

The SST anomalies during drought and wet episodés are
first reconstructed as a test of the reconstruction paradigm.
The fidelity of the reconstruction (Fig. 21.2, right panels)
.attests to the efficacy of the SST analysis; although 11 basis
- functions are used in the reconstruction, only about half
contribute significantly in any given period. The hydrocli-
mate episodes are reconstructed next, relying on the

Sumant Nigam and Alfredo Ruiz-Barradas

Dust Bowl
The Dust Bowl spring drought is remarkably reconstructed
but the Dust Bowl summer drought proves challenging, with
reconstruction over the Great Plains weaker in amplitude by
as much as 50% (cf. Fig. 21.4a). The structural correspond-
ence, including placement of focal points from the Gulf
Coast to the Northern Plains, is howgver reasonable; the
correspondence extends to precipitation surplus features.
The deficit in reconstruction of the Dust Bowl summer
drought from SSTs is consistent with the potential contri-
bution of other processes, notably, regional and upstream
land-surface states and attendant interactions. It is also not
inconsistent with arguments for additional inclusion of
human land degradation in drought simulation (Cook
et al., 2009).

1950s drought

The shorter but more intense 1950s fall drought is appar-
ently shaped by the Pacific’s influence (~ middle minus
bottom row) which accounts also for the wetness of the
Pacific Northwest and Central America. The largely in-
phase contribution of the Atlantic is important for drought
severity over the southern Plains and the Gulf Coast,
leading to nearly full accounting of the core precipitation
deficit; the deficit feature over the southem tier states to the
east of the Mississippi is however not fully recovered.

In contrast with the success in fall, the summer drought
proves challenging — even more than the Dust Bowl summer
drought (Guan, 2008). Drought reconstruction fails in the
1950s summer as this drought was generated, principally, by
decadal SST variability in the Pacific and Atlantic basins,
i.e. by modes having weak concurrent summer precipitation
links. Canonical La Nifia variability, which also contributes,
has weak summer links as well (Guan, 2008). The summer
precipitation deficit in the 1950s drought may thus have
its origin in the unrelenting fall (and winter) precipitation
deficits that were sequestered in the land surface until
the following spring and summer, when they would find
expression as reduced evaporation (and precipitation); a
well-known moisture pathway in seasonal hydroclimate

SST—precipitation links operative in nature rather than in
SST—forced dynamical models of the atmosphere.

21.5.2 Drought reconstruction

The SST-based precipitation reconstruction is remarkable,
as is evident from the close correspondence of the
observed and reconstructed structure at both regional and
subcontinental scales in Fig. 21.4a (identical to Figure 2a
in Nigam et al. 2011). The AMO-A#. is influential over
large swaths of the eastern continent, while the Pacific’s
influence (not shown, but approximately, middle minus
bottom row) is confined to the central longitudes.

evolution (e.g., Nigam and Ruiz-Barradas, 2006).

1980s wet episode

The 1980s wet episode is quite reasonably reconstructed
from the SST links, though not to the extent of the 1950s
drought. The in-phase basin influences generate a realistic
wet pattern, but the amplitude is recovered primarily over
the Lower Mississippi.

21.5.3 Drought reconstruction: synopsis
The AMO-A?] contribution itself is shown in Fig. 21.4a
(bottom row) and is sizeable in the spring and fall episodes.
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Fig. 21.4. (A) Observed (top row) and reconstructed (second row) twentieth century Great Plains droughts and wet episodes. Seasonal
precipitation regressions of the seven Pacific and four Atlantic SST principal components over the October 1901—April 2006 period
constitute the building blocks of the Dust Bowl (1931-39) spring and summer droughts (first and second column), 1953-56 fall drought
(third column), and the 1982-86 fall wet episode (right column). The AMO-4¢! contribution to the reconstruction is shown in the
third row. Contouring, shading, and smoothing of precipitation as in Fig. 21.1e~h. The 20° wide latitude—longitude box marked in red
in the top panels identifies a common impacted region; (B) Average precipitation in the marked red box is plotted along with the
AMO-41l SST principal component; both time series are smoothed by 50 applications of the 1-2-1 smoother on seasonal values, and
normalized. The AMO-4# curve is identical to that displayed in Fig. 21.3A, and is correlated with the precipitation curve at —0.78; its
correlation with other precipitation averages is noted in the legend. RBN box: 100-90W, 35-45N (Ruiz-Barradas and Nigam, 2005);
Schubert et al. box: 105-95W, 30—-50N (Schubert ez al., 2004).
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Table 21.1. Percentage contribution of the Pacific and Atlantic SST principal components to Great Plains droughts and
wet episodes, the principal components are defined and displayed in GN2008 and GN2009. The contributio@ are noted
when the reconstructed signal is >10% of the observed precipitation anomaly in the 20° latitude-longitude box (103-83W,
30-50N) covering ~4 million km® and outlined in red in the top panels of Fig. 21.4a.
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Dust Bowl Droughi 8 26 55 124 92
(Spring 1931-1939)
Deficit: 0.253 mm/day
Dust Bowl Drought 9 22 12 31 82
(Summer 1931-1939)
Deficit: 0.291 mm/day
1950s Drought 23 29 24 78
(Fall 1953-1956)
Deficit: 0.626 mm/day
1980s Wet Period 14 19 37 75

(Fall 1982-1986)
Surplus: 0.687 mm/day

AMO-A41l is dominant in Dust Bowl spring and in the
1980s wetness in the central-eastern continent (~4 million
km? region outlined in red in the top panels of Fig. 21.4a).
Interestingly, the tropical Atlantic SST modes contribute
the most during Dust Bowl summer (cf. Table 21.1). The
Atlantic SSTs are thus very influential in three of the four
hydroclimate episodes, with the Pacific SST influence
dominant only in the 1950s fall drought; a quantitative
assessment of the basin contributions is given in Table 21.1
and discussed in Section 21.6.

A compelling view of AMO-4tl’s influence on Great
Plains’ hydroclimate is provided by Fig. 21.4b, which
shows the normalized AMO-A4#! SST PC (red curve) and
central-eastern US precipitation in the twentieth century.
Their negative correlation (—0.78) indicates an important

AO .
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d [111d Vd 510 Y s
see also Kushnir et al. (2010). Together with the role of
tropical Atlantic SSTs in Dust Bowl summer (noted
above), this analysis suggests that, as a basin, the Atlantic
is, perhaps, more influential than the Pacific for multi-year
Great Plains drought and wetness.

21.6 Great Plains drought origin and
predictability

A reasonable reconstruction of the major drought and wet
episodes, and assessment of the Pacific and Atlantic SST

contributions are prerequisite for the investigation of
drought and wetness origin. In this observational analysis,
the origin is investigated by resolving the basin contribu-
tions into components attributed to that basin’s SST vari-
ability modes. Modal contributions are noted in Table 21.1
when they typically exceed 10% of the precipitation def-
icit/surplus in the red outlined box marked in Fig. 21.4a.
This condition is met by canonical ENSO, non-canonical
ENSO, North Pacific decadal variability, SST Secular Trend,
AMO-A1, and the tropical Atlantic SST modes; some of
these were briefly discussed in Section 21.4, and all are
fully described in GN2008 and GN2009.

Bow! spring drought is recon-
structed, principally, from the in-phase impact of.the
SST Secular Trend (~25%), AMO-A# (55%), and tropical
Atlantic SST modes (~10%); note, the impact of low-
frequency NAO is also significant but off-setting
(—15%). The Atlantic basin (tropical and extratropical)
is thus quite influential for the spring drought. The
drought is reconstructed to a lesser extent in summer
(~80%), from non-canonical ENSO (~10%), SST Secular
Trend (~20%), AMO-4#/ (~10%), and the tropical Atlan-
tic (30%) contributions. The Dust Bowl summer drought
is thus found to be linked with tropical SST variations in
the adjoining basins.
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The 1950s fall drought and the 1980s fall wetness are
reconstructed to an even lesser extent (~75%). The former
has >20% contributions from canonical ENSO (La Nifia,
~25%), PDV-NP (~30%), and AMO-A¢ variability (warm
phase, ~25%). The latter — a wet episode — is significantly
influenced by canonical ENSO (El Nifio, 15%), PDV-NP
(~20%), and AMO-A¢l variability (cold phase, ~35%).
Both the 1950s and 1980s fall-season hydroclimate epi-
sodes, each of multi-year duration, are nominally consist-
ent with the La Nifia — US Drought paradigm, which
captures the interannual influence on winter—spring pre-
cipitation. While clearly relevant, it is however not the only
key SST—drought link in the fall season: Table 21.1 shows
that AMO-A41l exerts the strongest influence in two of the

four episodes (with the tropical Atlantic modes being most
influential in another), indicating an important role of
Atlantic SSTs in generation of multi-year drought and
wet episodes over North America.

21.6.2 Drought predictability

The above reported drought reconstruction was based on
contemporaneous precipitation regressions of the SST PCs,
and as such, does not allow for the inference that SST
variations lead to drought and wet episodes. If North
American droughts were primarily linked with tropical
SST variability, the SST attribution would have been more
straightforward, in view of the amassed observational and
modeling evidence for the regional-to-hemispherical scale
influence of tropical SST anomalies; the profound impact
of El Nifio SSTs, for example.

The SST-drought links articulated above however
involve patterns with tropical and extratropical SST fea-
tures, necessitating further analysis of causality. That trop-
ical features remain the real instigators of droughts, with
the mid-latitude ones (shaped, to an extent, by ensuing
feedbacks) exerting more modest influence, is a distinct
possibility, but one that cannot be confirmed or refuted by
this observational analysis or even by modeling with
present-day atmospheric models, which remain challenged

shown in the far-right column of this figure) support the
case for a causative role of SSTs in North American
droughts. However, as the drought reconstruction reported
in Fig. 21.5 is for periods not independent of the one used
in generating the underlying building blocks (regressions),
the drought/wetness reconstructed from antecedent SSTs in
Fig. 21.5 cannot be considered SST-based hindcast predic-
tion. This analysis nonetheless provides preliminary evi-
dence for the potential predictability of droughts.

21.7 Drying of the Sahel

The declining precipitation over Sahel over a three-decade
period (1950s to 1980s) remains enigmatic, as noted in the
introduction. The multi-decade ‘drying’ is reconstructed in
this section to gain insight into its causes. The drying
signal is clearly manifest in the regionally averaged
(20W—40E; 10N-20N) boreal summer (June—August) rain-
fall anomaly record (Fig. 21.6, solid black curve). The
precipitous drop in precipitation from the mid 1950s to
the mid 1980s (by over 1.5 mm/day) is idealized by the
straight black line. The rainfall decline is very significant —
leading to widespread use of the term ‘drying’ — as the
seasonal summer rainfall over this continental strip (mostly
its southern part) is 4.2 mm/day with an interannual stand-
ard deviation (SD) of 0.5 mm/day, i.e. the rainfall decline
was almost 2 SD in the peak dry phase!

The Sahel rainfall record was reconstructed using Pacific
and Atlantic SST PCs, just as over the Great Plains. The
reconstructed rainfall (dashed black line in Fig. 21.6)
tracks the observed rainfall closely (correlation 0.91),
robustly capturing the drying of the Sahel and the rainfall
recovery since. With the target in hand, partial rainfall
reconstructions are undertaken to identify the influential
modes of SST variability within the context of this analy-
sis. Both the Atlantic and Pacific (green and blue curves
respectively) are influential, albeit at different stages;
Atlantic in the early and Pacific in the latter period, as
indicated by the idealized green and blue straight-line

in simulation, Iet alone prediction, of regional hydrocli-
mate variability and change.

Regardless, some insight on the role of SST is provided
from reconstructing droughts with antecedent SSTs. As the
hydroclimate episodes of interest have durations of 4-10
years, the reconstruction is undertaken using decadal
modes of SST variability. The droughts are reconstructed
in Fig. 21.5 from the SST-leading regressions on continen-
tal precipitation. The reconstruction is obtained by multi-
plying the decadal SST PCs with their 1-6 year lagged
precipitation regressions. The coherent nascent drought
signals in the SST-leading reconstructions in Fig. 21.5
(and their absence in most SST-lagged reconstructions

drops. North Pacific decadal SST vanabilify dominates
the Pacific contribution and AMO-A# the Atlantic one.
Interestingly, the rainfall reconstructed from just these
two modes of SST variability tracks the observed rainfall
record almost as well as the full reconstruction (0.83 versus
0.91 correlation).

Statistical analysis and reconstruction often suffer from
concerns related to causality and physicality in the case of
analysis, and over-fitting in the case of reconstruction. The
over-fitting is readily put to rest by noting that just two
modes of SST variability can generate the Sahel rainfall
record, including the multi-decade long drying episode and
subsequent rainfall recovery. The first concem is more
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Fig. 21.5. Drought reconstruction based on SST-leading (and lagging) regressions of the decadal SST PCs (SST Secular Trend,
PDV-North Pacific, ENSO-Non Canonical, AMO-4#, and Low Frequency NAO): The SST-lead ranges from 6-to-0 years, and a 3-year
SST-lag case (far right) is also shown. The drought build-up is evident with reduced SST-lead in each case. Rest as in Fig. 21.4a.

'pertinent though as, unlike the Great Plains case, no
follow-up analysis was presented to provide insight into
the dynamical and thermodynamical processes causing the
rainfall decline over the Sahel. This analysis, nonetheless,

generally considered causative. Interestingly, the PDV-NP
is not without tropical links, notwithstanding its name.
Guan and Nigam (2008) showed PDV-NP linked with the
tropical Indian and Pacific basin SSTs; see also Deser et al.

suggests that warm Atlantic SSTs (both in middle-high
latitudes and the tropics-subtropics, cf. Fig. 21.3b) lead to
a wetter Sahel, not a drier one; note Giannini et al. (2003)
argue that warmer Atlantic SSTs lead to build-up of the
oceanic ITCZ at the expense of the continental one, i.e. at
odds with the AMO-A¢! influence noted here.

A contemporaneous statistical link between North
Pacific decadal SST variability (PDV-NP a la PDO) and
Sahel rainfall seems more intriguing. Even if SSTs are
assumed to be the cause, elaboration on the mechanism
by which mid-latitude Pacific SST anomalies impact
summer rainfall over northern tropical Africa would be
challenging, as SST anomalies in only the Tropics are

(2004). Figure 12 of Guan and Nigam shows SST regres-
sions and correlations of the PDV-NP SST principal com-
ponent. The correlation map readily reveals the tropical
links, especially in the Indian Ocean and Western Pacific,
where smaller amplitudes of SST variability create a detec-
tion challenge, but not for the correlation statistic.

The Indian Ocean SST links of the PDV-NP mode both
impart plausibility and indicate a potential pathway by
which this mode of Indo-Pacific SST variability can influ-
ence Sahel rainfall on decadal time scales. Note, the
1960s—1980s decline in Sahel rainfall is coincident with
the phase-reversal of the PDV-NP mode (from positive to
negative phase; cf. Figure 2 in GN2008), i.e. coincident
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Fig. 21.6. Observed and reconstructed Sahel rainfall record. The 20W—40E and 10N-20N averaged rainfall anomaly in boreal summer
(June—August) is shown during the twentieth century. Observed anomaly is depicted by the solid black line, while the Pacific and
Atlantic SST based rainfall reconstruction is shown by the dashed black line (correlated at 0.91 with the observed record). The individual
basin contributions to the reconstruction are in blue (Pacific) and green (Atlantic); the contribution of SST Secular Trend alone is in red.
All curves have been smoothed from three applications of the 1-2-1 smoother on yearly summer data. That Sahel rainfall variations can
be effectively reconstructed from just the AMO-4#/ and PDV-NP rainfall regressions is evident from the 0.83 correlation of this
reconstruction with observations, as noted in legend. Inclusion of the other nine SST principal component contributions improves the
correlation only slightly, to 0.91; the correlation is 0.72 without any smoothing.

with the multidecadal warming of the tropical-subtropical
Indian Ocean basin. The competition between continental
(African and Indian) and oceanic (Indian basin) convection
could be a mechanism underlying the statistical link
between Sahel rainfall and North Pacific (and Indian
Ocean) decadal SST variability.

21.8 Concluding remarks

Droughts (and wet episodes) over the Great Plains have
been linked to SST variability in the Pacific and Atlantic
basins. The basin influences have however yet to be fully
evaluated, in paft because the SST forced dynarmcal

remain challenged in smlulatlon of reglonal hydrochmate
variability; the specification of SST anomalies in the
models’ extratropics may be problematic as well (Kushnir
et al., 2002).

Here we adopt a statistical approach rooted in spatio-
temporal (extended-EOF) analysis of twentieth century
SST variations (GN2008, GN2009) and related drought
links (Guan, 2008), which leads to impressive reconstruc-
tion of several (but not all) major droughts and wet
episodes; attesting to the extent of the SST influence on
Great Plains hydroclimate in nature. We find Atlantic
SSTs, tropical, and extratropical, to be particularly

influential; often, more than the Pacific ones, and more
than indicated in previous analyses (especially those based
on SST-forced atmospheric models): AMO is the dominant
contributor in the Dust Bowl spring drought and in the
1980s fall wetness (i.e. in two of the four episodes), while
tropical Atlantic SST variability is in another (Dust Bowl
summer). As a basin, the Atlantic is more influential than
the Pacific in three of the four reconstructed episodes (cf.
Table 21.1).

The AMO’s influence on continental hydroclimate is
provided circulation context from analysis of low-level
flow and column stationary moisture flux, both obtained
from NOAA’s Twentieth Century Reanalysis. The modula-
tion of mmsture transport is nnportant espemally in fall

strongest A hypothes1s for how the AMO atmosphenc
circulation anomalies are generated from AMO SSTs was
proposed by Nigam ef al. (2011) to advance discussion of
the influence pathways of the mid-to-high latitude SST
anomalies.

The Atlantic SSTs evidently exert a profound influence
on Great Plains hydroclimate on decadal time scales, espe-
cially in the transition seasons; an influence not represented
in the SST-forced dynamical models of the atmosphere.
For instance, Schubert et al. (2009) find a cold Pacific and
neutral Atlantic to be significantly more influential for
US droughts than a neutral Pacific and warm Atlantic
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(PcAn>>PnAw in their drought modeling experiment
nomenclature).

Our analysis suggests that the La Nifia — US drought
paradigm — operative on interannual time scales in nature —
has been conferred excessive relevance on decadal time
scales in the recent literature, in part, because dynamical
models of the atmosphere are unable to represent the influ-
ence of Atlantic SSTs on Great Plains hydroclimate.

With respect to multidecadal rainfall variations over
Sahel, including the drying of Sahel in the 1950s to
1980s, our statistical analysis indicates an important role
for both AMO-41] and Indo-Pacific decadal SST variability
(PDV-NP). The dynamical and thermodynamical mechan-
isms underlying these links need elaboration, but a poten-
tial influence pathway is briefly discussed.

Regardless, the present analysis is encouraging for the
investigation of the SST-based experimental statistical dec-
adal prediction of North American and African droughts,
complementing related dynamical predictions.
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