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From joint sea surface temperature/sea level pressure (SST/SLP) EOF analyses, low-
frequency variability modes are compared. The multi-decadal oscillation (MDO) changed
phases twice during the 20th century, with its north Atlantic SST patterns resembling
the Atlantic multi-decadal oscillation (AMQ). The quasi-decadal oscillation (QDO) SST
patterns displayed a double tripole configuration over the entire Atlantic basin, leading

to tropical inter-hemispheric out-of-phase relationship. From the mid-1960s onward, while
SST anomalies were negative to the north (negative phases of MDO/AMO), the Sahelian
drought persisted with a weaker hurricane power dissipation index (PDI). During that
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period, the QDO modulated the intensity of the Sahelian drought. Copyright © 2010 Royal
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I. Introduction

Low-frequency global climate signals include the
global multi-decadal oscillation (MDO; Schlesinger
and Ramankutty, 1994) and the global quasi-decadal
oscillation (QDO; Mann and Park, 1994). SST multi-
decadal variability in the Atlantic Ocean is referred
to as the Atlantic multi-decadal oscillation/variability
(AMO; Kerr, 2000). The AMO is linked to the
thermohaline circulation (THC; Zhang, 2007). Thus
when depth integrated Atlantic flow anomalies have
been reconstructed, minimum values in the mid-to-late
1960s equivalent to —1.2 Sv (present-day levels are
~0.63 Sv) were identified when the AMO changed its
phase (Knight et al., 2005). Multi-decadal signals have
also been detected in proxy records, such as Caribbean
coral data (Hetzinger et al., 2008).

Linkages exist between global low-frequency cli-
mate oscillations in the eastern Mediterranean, east-
ern USA and Eurasian climates (Enfield ef al., 2001;
D’Aleo, 2007; Paz et al., 2008), Sahelian rainfall
(Zhang and Delworth, 2006), and Atlantic hurricanes
(Vimont and Kossin, 2007). Based on previous results
and in the light of new results presented here dur-
ing the 20th century, mechanisms and variability for
MDO and QDO are further discussed and compared
with other indices. This research is to contribute to a
better understanding of the evolution of two distinct
low-frequency climate signals in the Atlantic. Fol-
lowing Keenlyside et al. (2008) forced anthropogenic
climate change is to interfere with such low-frequency
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natural and internal climate variability, expected to
bring socio-economical burden.

2. Data and methods

Tourre and White (2006) analyzed global climate
signals during the 20th century, SST/SLP datasets
being submitted to the MTM/SVD technique (Mann
and Park, 1999). Significant frequency bands were
identified. Here SLP and SST-gridded fields from the
GMSLP/GISST datasets (Basnett and Parker, 1997,
Rayner et al., 2003) are submitted to low-passed (40-
year) and band-passed (8—14 years) recursive filter
(Kaylor, 1977), prior to further EOF analysis.

To reconcile results from the literature, seasonal
lead/lag correlations (significant at the 0.05 level using
p-values from the Z-test) between different indices
are also computed and compiled in Table I. Statistical
significance takes into account the effects of serial
correlations following Dawdy and Matalas (1964). The
time-series/indices used are:

(1) SST in the tropical north Atlantic (TNA), SST in
the tropical south Atlantic (TSA), and TNA-TSA
derived from Rajagopalan et al. (1998).

(2) Rotated EOF amplitude function of the Sahelian
rainfall mode, adapted from Rogel et al. (2006).

(3) Derived Power Dissipation Index (PDI; courtesy
of Kerry Emanuel). The PDI is the time integral
of the cube of maximum sustained wind speed
at ~10 m. Corrected wind dataset is available at:
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Table I. Significant seasonal correlations between known
Atlantic indices and climate time-series are discussed through-
out the article.

Time-series and indices Seasons r-Values
AMM (SST) and AMO Summer 0.72
AMM (Wind) and AMO Spring 0.63
AMM (SST) and AMM (Wind) Summer 0.70
AMM (SST) and TNA Fall 0.68
Winter 073
Spring 0.84
Summer 0.76
AMM (SST) and TNA-TSA Spring 0.80
Summer 072
AMM (Wind) and TNA-TSA Spring 0.68
Summer 047
AMM (Wind) and Sahelian rainfall Summer 0.65
AMM (SST) and Sahelian rainfall Summer 0.42
TNA-TSA and Sahelian rainfall Summer 036
TNA-TSA and Sahelian rainfall Fall 0.40
AMM (Wind) and mean # of hurricanes Summer 047
AMM (SST) and mean # of hurricanes Summer 0.45
AMM (SST) and mean # of hurricanes Fall 0.55
AMM (Wind) and hurricane mean wind-speed Summer 0.51
AMM (SST) and hurricane mean lowest pressure  Spring —049
AMM (SST) and hurricane mean lowest pressure  Summer ~ —049
TNA-TSA and maximum hurricane types Fall 0.40
AMM (SST) and PDI Summer 0.6l
AMM (Wind) and PDI 0.58
AMM (SST) and PDI Fall 0.66
AMM (Wind) and PDI 051

All maximum seasonal correlations with no lags (seasonal lags are implicit)
are significant with at least 0.05% confidence estimated from p-values of
Z-test method that takes into account serial correlations.

http://www.aoml.noaa.gov/hrd/hurdat/metadata_
JULO8.html/.

(4) Sahelian rainfall index from the JISAO site at Uni-
versity of Washington: http://jisao.washington.edu/
data/sahel/).

(5) The Atlantic Meridional Mode or AMM (SST and
Wind) indices from CDC/NOAA: http://www.cdc.
noaa.gov/Timeseries/Monthly/ AMM.

Data is from the University of Wisconsin using
NCEP SST data.

(6) Yearly Atlantic Tropical Cyclones or ATC (June—
October) parameters, i.e. numbers, lowest pres-
sure, wind speed (km/h) and hurricane types
from the HURDAT dataset at NOAA/Hurricane
Research Division site: http://www.aoml.noaa.
gov:80/hrd/hurdat/tracks1851t02006_atl.txt.

See also Jarvinen et al. (1984).

3. Results

The 40-year low-passed MDO joint SLP/SST spatio-
temporal climate patterns from the EOF analysis
are displayed in Figure 1. Little changes in patterns
occurred when 30-year and 50-year low-passed filters
were applied. The MDO SLP patterns are stronger in
the Pacific and Atlantic oceans. Nevertheless from the
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Indian to the Atlantic oceans, SLP negative/positive
anomalies display maximum/minimum variability in
the tropical belt only. Tropical alternated polarities
could reflect variability in ascendance/subsidence from
tropospheric zonal cells (Figure 1, bottom left). The
Southern Oscillation Index (SOI) is thus modulated
by the global MDO, corroborating results from proxy
records (Cook et al., 2008).

The MDO SST patterns have similar intensity in the
three oceans, with Atlantic SST ‘signature’ resembling
anomaly patterns in Delworth and Mann (2000), i.e.
the AMO. Reversed polarity is found between the
northern/tropical Atlantic until 10°S and the southern
Atlantic. Extrema of SST anomalies in the northern
part are around 1910 (minimum), 1950 (maximum)
and 1990 (minimum). Phase changes of the MDO are
conspicuous in the mid-1920s and late 1960s and early
1970s, when the AMO also changed phases. In-phase
SST anomalies relationship are found between the
Indian Ocean, the central equatorial Pacific Ocean, and
the southern Atlantic Ocean (Figure 1, bottom right).

The 8—14 years band-passed Atlantic QDO joint
SLP/SST spatio-temporal climate patterns from the
EOF analysis are displayed in Figure 2. The QDO
has been identified as a global signal but its ‘signa-
ture’ is confined to the tropics in the Pacific (Tourre
et al., 2001). This is quite different to its global
Atlantic meridional ‘signature’ where double SST
tripole spatial patterns are well structured in the north-
ern Atlantic and the southern Atlantic, leading to a
low-frequency out-of-phase SST relationship in the
tropical Atlantic (i.e. quasi-decadal). SLP anomalies
also display opposite polarity between the northern and
the southern Atlantic regions. SST/SLP patterns are
relatively weaker during the 1900-1915, 1950—1960
and 1990-2000 periods. The joint SST/SLP patterns
are indicative of a quasi-decadal out-of-phase oscil-
lation in the strengths of the subtropical anticyclones
(i.e. of trade-winds and ITCZ location). These joint
spatial patterns were best established between the mid-
1960s until the late 1980s alternating with MDO min-
ima during the late 1930s and early 1970s (Figure 2,
top).

The MDO amplitude function is super-imposed on
the tropical SST anomaly differences or TNA-TSA
(Figure 3, top). TNA-TSA is mostly negative until the
mid-1920s (MDO and AMO cold phases in the north
Atlantic), positive from the mid-1920s until late 1960s
(MDO and AMO warm phases in the north Atlantic),
and negative from the late 1960s onward (during MDO
and AMO cold phases until the mid-1990s in the
north Atlantic). A smoothed normalized PDI is also
super-imposed in Figure 3 (red, top). Overall negative
values of the index are clearly seen during the negative
phases of the MDO and AMO in the northern Atlantic.
Positive values of the PDI are found after 1995, when
the AMO index indeed changed phase (Enfield et al.,
2001).

The TNA-TSA index matches quite well the band-
passed QDO amplitude function, as seen in Figure 3

Atmos. Sci. Let. 11: 180—185 (2010)
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Global Multi-Decadal Oscillation (40 yrs Low-passed): SST and SLP Anomalies (50%)
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Figure |. Global MDO from joint SST/SLP EOF analysis of 40-year low-passed time-series representing 50% of the variance
of the low-passed data. Normalized amplitude function (top), SLP (bottom left) and SST (bottom right) maximum loadings are
displayed. Isolines every 0.05 hPa (SLP) and 0.05°C (SST) correspond to maxima of 0.25 hPa and ~0.15°C. Red/dashed-blue
isolines are for positive/negative values. Tropical rectangles are to highlight alternating tropical SLP patterns (bottom left). A

smoothed (121-month smoother) AMO (detrended, area-weighted average from 0° until 70 °N) is superimposed.

Atlantic Quasi-Decadal Oscillation (8-14 yrs Band-passed) : SST and SLP Anomalies (27%)
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Figure 2. Atlantic QDO from joint SST/SLP EOF analysis. The signal has been 8—14 years band-passed and represents 27%
of the band-passed variance. Normalized amplitude function (top), SLP (bottom left) and SST (bottom right) maximum loadings
are displayed. Isolines are every 0.05 hPa (SLP) and 0.05°C (SST) thus corresponding to maxima of 0.30 hPa and of 0.35°C.
Red/dashed-blue isolines are for positive/negative values. The thick black lines are for zero values. Gray shading (top) highlights
periods with weak QDO climate signal.
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TNA-TSA: Tropical Atlantic SST index (°C)
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Figure 3. Top: From TNA (5°N to 20°N; and 20°W to 40 °W) and TSA (5°S to 15°S; I5°W to 5°E), TNA-TSA (thick solid
blue line) anomalies are displayed. Units are in °C (right ordinates). The Atlantic MDO (thin black line) with reversed amplitude
function is displayed. Standard deviation x 10 (left ordinates). Vertical lines in the mid-1920s, late 1960s are for MDO phase
changes. Bottom: The TNA-TSA (in°C, right ordinates) time-series is displayed (solid blue line) along with the QDO (thin
black line) amplitude function from Figure 2 (top). Standard deviation x 10 (left ordinates). A smoothed (3-year averaging) and
normalized PDI index is shown (red line, top). The amplitude function of the rotated EOF second mode (green line, bottom right)
of West African rainfall data representing Sahelian rainfall is displayed (I11.9% of total variance). The zero-line of the normalized

Sahelian rainfall mode is displaced for easy comparison.

(bottom). The TNA—TSA variability is linked to the
ITCZ location over the eastern Atlantic and West
Africa (Giannini et al., 2003). The amplitude function
of the Sahelian rainfall rotated empirical orthogonal
function mode (11.9% of total variance) is reproduced
in Figure 3 (green, staggered zero-line, bottom right).
Sahelian rainfall anomalies are less negative in the
early 1970s, 1980s and 1990s, e.g. during MDO and
AMO negative phases, and period of the long-lasting
Sahelian drought. Thus the MDO/AMO and QDO can
be perceived as independent climate signals whose
variability modulate Sahelian rainfall and drought
intensity.

To better compare the above results with others, sig-
nificant correlations, i.e. maximum seasonal lead/lag
values at the 0.05 level (Z-test), between AMM (SST
and Wind), TNA, TNA-TSA, Sahelian rainfall, hurri-
canes parameters and PDI, are computed and presented
in Table I. Correlations between AMO (from Enfield
et al., 2001) and AMM (SST and Wind) time-series
are given for completeness.

3.1. Comparing AMM (SST and Wind) with TNA,
TNA-TSA (QDO climate proxy) time-series

It has been shown that the AMO has maximum
loadings in the northern Atlantic (Mestas-Nufiez and
Enfield, 1999) reflecting high correlation between
the AMO summer SST anomalies and AMM SST
and Wind (r = 0.72; 0.63 respectively). Moreover,
TNA and TNA-TSA time-series are quite similar.
This explains why here high seasonal correlations

Copyright © 2010 Royal Meteorological Society

exist between AMM (SST) and TNA, and AMM
(SST and Wind) and TNA-TSA (Table I). Mostly
negative values for the four indices are found from
the mid-1960s until the mid-1990s (not shown). This
further corroborates the relationships between QDO
and tropical AMM (SST and Wind) variability.

The following two sections 3.2. and 3.3. are to inte-
grate results from previous research in the context of
the low-frequency natural climate variability discussed
here.

3.2. Comparing AMM (SST and Wind) time-series
with Sahelian rainfall index

The low-frequency variability of Sahelian rainfall has
been mentioned in several works. Here high seasonal
correlations are also found between AMM (SST and
Wind), TNA-TSA and Sahelian rainfall (Table I).
Mostly negative values of summer AMM (Wind) and
Sahelian rainfall index are found from late 1960s until
late 1990s, the period of the last Sahelian drought.

3.3. Comparing AMM (SST and Wind), ATC
parameters time-series and PDI index

High seasonal correlations between AMM (SST and
Wind) variability and ATC parameters (mean number
of hurricanes, hurricane mean wind-speed, lowest
pressures and types) are comparable with that from
Vimont and Kossin (2007). High correlations are
found between summer/fall AMM (SST and Wind)
time-series and the PDI index. Minimum values during

Atmos. Sci. Let. 11: 180—185 (2010)
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summer/fall AMM (SST and Wind) time-series and
PDI, are found from late 1960s until mid-1990s
period (not shown) when the overall number of major
hurricanes is also below average (Goldenberg et al.,
2001). The correlation between fall TNA-TSA and
hurricanes type is of r = 0.40. As already mentioned,
overall PDI negative values since the late 1960s
(besides 1978—1982 when the QDO was peaking) are
conspicuous (Figure 3, top).

4. Discussion and conclusion

From a new joint SST/SLP EOF analysis, spatio-
temporal evolutions of two lead low-frequency climate
signals over the Atlantic basin, i.e. the MDO or AMO
(if only SST variability is considered) and the QDO
are investigated during the 20th century. Distinctive
SST/SLP spatial patterns for MDO and QDO climate
signals correspond to different physical mechanisms.
The MDO climate signal could include a stochastic
excitation by the global atmosphere of an Atlantic
internal mode, propagation of heat content (subduc-
tion) and temperature anomalies from mean currents
and interaction with the overlying atmosphere (Del-
worth and Mann, 2000; Dijkstra et al., 2006). Result-
ing SST patterns may modify the overlying atmo-
sphere and the standing NAO index (see also Mestas-
Nufiez and Enfield, 1999). The MDO SLP patterns are
mainly tropical (i.e. distinct from the Pacific decadal
oscillation) and associated with SOI low-frequency
variability, linking the tropical Pacific and Atlantic
oceans.

QDO variability and joint distribution of SST/SLP
patterns indicate faster air—sea interactions, heat flux
exchanges and hydrostatic adjustment (Delworth and
Greatbatch, 2000), and include tropical AMM SST
variability. The QDO displays SST tripole structures
distributed in the entire Atlantic. This is different in
the Pacific and Indian oceans where tropical and zonal
SST/SLP patterns have been associated with delayed
action oscillator mechanisms (Tourre ef al., 2001,
White and Tourre, 2007). In the northern Atlantic
between the equator and 50 °N, positive/negative SST
anomalies are found when weaker/stronger westerlies
and trade-winds occur, with a well defined horse-shoe
pattern around the anticyclonic gyre. A non-stationary
SST dipole structure occasionally occurs in the tropical
Atlantic where meridional SST gradients are more
typical (Enfield et al., 1999).

MDO/AMO and QDO SST/SLP coherent peak
patterns reached after spatio-temporal evolution are
linked to the intensity and position of the subtropi-
cal anticyclones and resulting location of the ITCZ.
Therefore, both MDO/AMO and the QDO are tightly
linked with low-frequency Sahelian rainfall variability.
Variability of SST anomalies in the north Atlantic may
enhance/reduce the evolution of West African easterly
waves into tropical depressions, necessary conditions
for hurricane genesis.

Copyright © 2010 Royal Meteorological Society
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It is acknowledged that the natural MDO/AMO and
QDO climate signals could be modified by anthro-
pogenic forcing (Mann and Emanuel, 2006). The
AMO which changed phase in the mid-1990s (i.e.
back to a warm phase) is expected to exhibit a pre-
dominantly positive phase for the upcoming decades
(Liles, 2004) which could contribute to the enhance-
ment of Sahelian rainfall. The recent positive phase
seems so far weaker to that during the mid-1950s
with anomalies smaller than those attributed to anthro-
pogenic climate change (Trenberth and Shea, 2006).

Should a higher level of hurricane destructiveness
(Emanuel, 2005) during the upcoming decade be
expected with persistent MDO/AMO positive phases,
when decadal SST variability within a narrow 10°N
to 20 °N Atlantic belt seems to have entered negative
phases (Molinari and Mestas-Nuiiez, 2003), along with
positive trend in tropospheric shear over the tropical
north Atlantic (Vecchi and Soden, 2007)? Could the
recent AMO phase change possibly work against a
drier Sahel as predicted by Held ef al. (2005)? These
are still open questions requiring more investigation.
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