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ABSTRACT

The leading tropical multidecadal mode (TMM) and tropical interannual (ENSO) mode in the 52-yr (1949—
2000) NCEP-NCAR reanalysis are examined for the December—February (DJF) and June-August (JJA) seasons
based on seasonal tropical convective rainfall variability and tropical surface (land + ocean) temperature var-
iability. These combined modes are shown to capture 70%-80% of the unfiltered variance in seasonal 200-hPa
velocity potential anomalies in the analysis region of 30°N-30°S. The TMM is the dominant mode overall,
accounting for 50%—60% of the total unfiltered variance in both seasons, compared to the 22%—24% for ENSO.

The robustness of the tropical multidecadal mode is addressed, and the results are shown to compare favorably
with observed station data and published results of decadal climate variability in the key loading regions. The
temporal and spatial characteristics of this mode are found to be distinct from ENSO.

The TMM captures the global climate regimes observed during the 1950s-60s and 1980s-90s, and the 1970s
transition between these regimes. It provides a global-scale perspective for many known aspects of this decadal
climatevariability (i.e., surface temperature, precipitation, and atmospheric circulation) and links them to coherent
multidecadal variations in tropical convection and surface temperatures in four core regions: the West African
monsoon region, the central tropical Pacific, the Amazon basin, and the tropical Indian Ocean.

During JJA, two distinguishing features of the tropical multidecadal mode are its link to West African monsoon
variability and the pronounced zonal wavenumber-1 structure of the 200-hPa streamfunction anomalies in the
subtropics of both hemispheres. During DJF a distinguishing feature is its link between anomalous tropical
convection and multidecadal variations in the North Atlantic Oscillation (NAO). For the linear combination of
the TMM and ENSO the strongest regressed values of the wintertime NAO index are found when their principal
component (PC) time series are out of phase.

In the Tropics and subtropics the linearly combined signal for the TMM and ENSO is strongest when their
PC time series are in phase and is weakest when they are out of phase. This result suggests a substantial
modulation of the ENSO teleconnections by the background flow. It indicates stronger La Nifia teleconnections
during the 1950s-60s, compared to stronger El Nifio teleconnections during the 1980s-90s. Although this study
addresses the linear ENSO-TMM interference, the results also suggest that interactions between the two modes
may help to explain the stronger El Nifio episodes observed during the 1980s-90s compared to the 1950s-60s.
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1. Introduction

There is an ongoing effort to better understand the
coherent multidecadal fluctuationsin the global climate
system that result from interactions between the various
components of the climate system itself, such as the
oceans, land, and atmosphere. It is generally assumed
that the slowly varying sea surface temperatures (SSTs)
are the dominant source of this variability (e.g., Ka-
wamura et al. 1995a,b; Livezey and Smith 1999; Mo et
al. 2001; Hoerling et al. 2001), which has prompted
several extended climate simulations using general cir-
culation models (GCMs) forced by the observed near-
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global SSTs (Graham 1994; Lau and Nath 1994). Trop-
ical convection is then a primary mechanism by which
surface temperature variations are ultimately transmitted
to the atmospheric circulation in the Tropics and por-
tions of the extratropics (e.g., Mo and Kousky 1993).
Regional aspects of decadal-scale climate variability
are found throughout the global Tropics and extratrop-
ics. Morrissey and Graham (1996) have documented a
trend toward decreased tropical convective rainfall dur-
ing 1971-90 over the western portions of both the trop-
ical South and North Peacific, and a trend toward in-
creased rainfall across the central tropical South Pacific
(adlong 10°S). Zhang et al. (1997) and Higgins et al.
(2000) documented a similar sense to the convective
rainfall fluctuations in this latter region, and noted that
the associated atmospheric streamfunction anomalies
are global in scale and feature a pronounced zonal wave-
number-1 pattern in the subtropics of both hemispheres.
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Over the extratropical North Pacific a strengthening
and eastward shift of the wintertime Aleutian low since
1976/77 has been documented and related to atransition
from above-average SSTs in the central North Pacific
during the 1950s-60s to below-average temperatures
during the 1980s—90s (Namias et al. 1988; Trenberth
1990; Trenberth and Hurrell 1994). These SST fluctu-
ations are referred to as the Pacific Decadal Oscillation
(PDO) (Trenberth and Hurrell 1994; Latif and Barnett
1994; Mantua et al. 1997), or equivalently the North
Pacific Oscillation (Gershunov and Barnett 1998). Using
tree ring chronology, Bione et al. (2001) subsequently
showed multidecadal variations in the Pecific climate
dating back to the 1600s.

For the more recent decades Zhang et al. (1997) noted
that the SST difference fields between the 1950s-60s
and the 1980s-90s resembled a horseshoe-shaped pat-
tern in the tropical Pacific typical of mature El Nifio
conditions, and, hence, suggested ‘“ ENSO-like’” decadal
variability. Using annual mean anomalies, Higgins et
al. (2000) also noted a similarity between the ENSO-
related circulation features and those associated with the
leading multidecadal EOF of annual mean rainfall
anomalies over the central tropical South Pacific. Gar-
reaud and Battisti (1999) aso found evidence for
ENSO-like decadal variability in the Southern Hemi-
sphere.

However, Mestas-Nufiez and Enfield (1999) showed
for the extended period of 1870-1999 that the leading
unrotated multidecadal EOF of global SST anomalies
exhibits strong fluctuations with an average periodicity
of 40—-60 yr. Mestas-Nufiez and Enfield (2001) showed
that the dominant SST fluctuations associated with this
mode spanned both the Pacific and Atlantic Oceans, and
incorporated both the PDO and the Atlantic multide-
cadal mode. These results are consistent with a growing
body of literature suggesting that the temporal and spa-
tial structures of the dominant decadal-scale climatevar-
iations differ notably from ENSO (e.g., Kawamura
1994; Kushnir 1994; Gray et al. 1997; Latif et al. 1997;
Gershunov and Barnett 1998; Biondi et al. 2001; Chen
et a. 2001; Mo et al. 2001; Hoerling et a. 2001).

Focusing on the Atlantic sector, the cool phase of the
Atlantic multidecadal mode reflects cooler SSTs at both
high latitudes and in the subtropics of the North Atlantic
as seen during the 1980s-90s, and the warm phase re-
flects anomalously warm SSTs in these regions as seen
during the 1950s-60s (Delworth et al. 1993, 1997;
Kushnir 1994; Hansen and Bezdek 1996; Enfield and
Mestas-Nufiez 1999; Enfield et al. 2001). Gray et al.
(1997) suggested these SST variations might result from
changes in the North Atlantic deep-water formation and
the Atlantic thermohaline circulation.

Phase changes in the Atlantic multidecadal mode are
accompanied by fluctuations in the West African mon-
soon system, with an enhanced monsoon seen during
the 1950s-60s compared to from the 1970s to the mid-
1990s (Folland et al. 1986; Nicholson and Palao 1993;
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Rowell et al. 1995; Nicholson 1996; Ward 1998; Thaiw
et al. 1998). In turn, variationsin the West African mon-
soon influence the upper-level atmospheric circulation
across the tropical Atlantic and Africa in both hemi-
spheres (Hastenrath 1990; G. D. Bell and M. Chelliah
2004, unpublished manuscript), and are likely a con-
tributing factor to the observed decadal variations in
North Atlantic hurricane activity (Gray 1990; Landsea
and Gray 1992; Goldenberg and Shapiro 1996; Gol-
denberg et al. 2001).

North Atlantic SST variability has also been associ-
ated with multidecadal fluctuations in the wintertime
North Atlantic Oscillation (NAO) as defined by Barn-
ston and Livezey (1987). The positive phase of the NAO
during the 1980s-90s reflects a stronger Icelandic low
with reduced blocking activity over the high latitudes
of the North Atlantic compared to the 1950s-60s (Hal-
pert and Bell 1997). Hurrell (1998) showed that these
NAO phase changes are associated with dramatic dif-
ferences in the poleward heat transport, and that they
can account for the above-average surface temperatures
seen across Eurasia in recent decades.

This SST variability over both the Atlantic and Pacific
sectors also appears to be linked to decadal-scale fluc-
tuations in tropical Indian Ocean temperatures. For ex-
ample, Kawamura (1994) recognized that the cooling
of the extratropical North Pacific during the 1980s oc-
curred concurrently with a warming of the tropical In-
dian Ocean, which Hoerling et al. (2001) indicated was
also linked to a warming of the central tropical South
Pacific. Hoerling et al. then performed a series of GCM
experiments suggesting this combined warming might
be a contributing factor to the prolonged positive phase
of the NAO and cooler Atlantic Ocean temperatures
seen in recent decades.

Chu et a. (1994), Kumar et al. (1999), and Chen et
al. (2001) also documented increased convectiverainfall
over the Amazon basin during the 1980s-90s compared
to the 1950s-60s. Chen et al. indicated for the Decem-
ber—February (DJF) season that these decadal variations
in Amazon basin rainfall were linked to corresponding
changes in the global divergent circulation, particularly
over the tropical Pacific and Indian Ocean sectors.

In the current study the coherent decadal fluctuations
in tropical convection and surface temperatures over the
central Pacific, the West African monsoon region, the
Amazon basin, and the Indian Ocean, are shown to con-
stitute the dominant decadal-scale mode of variability
in the global Tropics. Because of itslink to known mul-
tidecadal climate fluctuationsin these regions, thismode
is subsequently referred to as the ** tropical multidecadal
mode”’ (TMM). By comparison, ENSO is the leading
interannual mode associated with tropical convective
rainfall and SST variability. The analysis also examines
the modulation of the ENSO teleconnections by the
TMM.

We have chosen to define the tropical multidecadal
and ENSO modes in the National Centers for Environ-
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mental Prediction (NCEP)-National Center for Atmo-
spheric Research (NCAR) reanalysis (Kalhay et al.
1996) for the 52-yr period 1949-2000 using EOF anal-
yses based on seasonal 200-hPavelocity potential anom-
alies and surface temperature (land + ocean) anomalies
in the region of 30°N—-30°S. The use of velocity potential
anomalies to define these modes is consistent with their
links to anomalous tropical convection and the large-
scale divergent circulation (Chen et a. 2001). Seasonal
[June-August (JJA) and DJF] rather than annual mean
anomalies are used to account for the strong seasonality
in tropical convective rainfall variability, and in the as-
sociated atmospheric response. Surface temperature
(land + ocean) anomalies are used instead of just SST
anomalies because of the strong relationship between
land surface temperatures and tropical convection
(Charney 1975; Xue and Shukla 1993; Zeng et al. 1999;
Zeng and Neelin 2000).

The paper is organized with data issues discussed in
section 2. The climatological relationship between the
seasonal 200-hPa velocity potential, outgoing longwave
radiation (OLR), and precipitation, are summarized in
section 3. The tropical multidecadal mode and tropical
interannual (ENSO) mode are described in section 4.
The associated rainfall and surface temperature anom-
alies are also discussed and compared with station ob-
servations in key loading regions. The atmospheric cir-
culation anomalies associated with these individual and
combined modes are described in section 5. The main
findings are summarized in section 6, and results are
discussed in section 7.

2. Data sources

The EOF and regression analyses are based primarily
on gridded atmospheric circulation, precipitation rate,
and surface temperature data obtained from the NCEP-
NCAR reanalysis (Kalnay et al. 1996). The model-de-
rived precipitation rates are based on 6-hourly forecasts.
The surface temperature data are based on observed
SSTs over water and model-derived surface tempera-
tures over land. Basist and Chelliah (1997) and Chelliah
and Ropel ewski (2000) have shown that interannual var-
iations in the NCEP-NCAR surface temperatures and
mean tropospheric temperatures compare well with in-
dependent estimates obtained from the Microwave
Sounding Unit (MSU) and from station data archive
described by Jones et al. (1991).

While the reanalysis eliminates climate discontinu-
ities related to changes in the model and data assimi-
lation systems, it does not completely resolve problems
related to the uneven spatial and temporal distribution
of the raw observational data over the 52-yr analysis
period (Ebisuzaki et al. 1997; Kistler et al. 2001). There-
fore, our results focus on the regions where the loadings
can be substantiated with independent data sources and
results of previous studies.

The independent data sources include rain gauge—
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satellite-based rainfall estimates for the period 1979—
95 (Xie and Arkin 1997), the monthly gridded precip-
itation dataset for the period 1950-98 produced by
Hulme (1995), station rain gauge data from the global
Historical Climatology Network (GHCN) archived at
the National Climatic Data Center (NCDC), gridded
monthly mean OLR data for the period 1979-2000, sta-
tion radiosonde data, and gridded SST data obtained
from Smith et al. (1996) for the period 1949—2000.

3. Relationship between 200-hPa velocity potential,
OLR, and precipitation

By definition horizontal divergence on a constant
pressure surface is equal to the horizontal Laplacian of
the velocity potential (Krishnamurti 1971). The diver-
gent wind vectors are oriented perpendicular to the ve-
locity potential contours and directed from low to high
values, with speed proportional to the velocity potential
gradient. Examination of the 200-hPa climatological
mean (1979—-2000) conditions during both JJA and DJF
indicates that the areas of divergence in the reanalysis
(Fig. 1), which coincide with a positive Laplacian of
velocity potential (contours), are consistent with the
convectively active regions indicated by low OLR val-
ues (shading). Consistency between the areas of upper-
level convergence and high OLR values is also seen.

Further consistency of the seasonal velocity potential
in the reanalysis is established by comparing its tem-
poral variability (Fig. 2a) with that of the seasonal OLR
measurements (Fig. 2b, see also Chelliah and Arkin
1992) and Climate Prediction Center (CPC) merged
analysis of precipitation estimates (CMAP; Fig. 2c; Xie
and Arkin 1997). This consistency between the three
datasetsis also described by Janowiak et al. (1998), and
supports the use of seasonal 200-hPa velocity potential
anomalies to define the leading tropical modes over the
longer period of 1949-2000.

4. Leading tropical multidecadal and interannual
modes during JJA and DJF

a. Principal component time series

The tropical multidecadal (interannual) mode repre-
sents the leading covariance-based unrotated EOF of 5-
yr running mean low-pass (high-pass)-filtered seasonal
200-hPa velocity potential anomalies in the region of
30°N-30°S based on the 52-yr (1949-2000) NCEP-
NCAR reanalysis. The covariance matrix is used in or-
der to capture the variance maxima of the actual sea-
sonal anomalies, rather than those of the standardized
anomalies.

During both JJA and DJF the principal component
(PC) time series of the tropical multidecadal mode (thick
solid curve, Figs. 3a and 4a) indicates quasi-constant
negative values during the 1950s-60s and positive val-
ues during the 1980s-90s, with a major transition oc-
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curring during the 1970s. This transition between cli-
mate states is also seen in the PC time series of the
leading multidecadal EOF of seasonal tropical surface
(land + sea) temperature anomalies (dashed curve, Fig.
3a), which is correlated at 0.87 with that of the velocity
potential anomalies.

Although these time series can be approximated by
an overal upward trend, this characterization can be
misleading because the upward trend is seen mainly only
during the 1970s. Mestas-Nufiez and Enfield (1999) also
showed a similar transition in the PC time series as-
sociated with the leading multidecadal EOF of annual
mean SST anomalies, and found that it was consistent
with the dominant 40—60-yr period of multidecadal fluc-
tuations seen in the longer record dating back to 1870.
We, therefore, refer to these coherent low-frequency
fluctuations as the ‘‘ tropical multidecadal mode’” rather
than associating them with a single linear trend.

The PC time series of the leading tropical interannual
mode captures ENSO (thin curve, Figs. 3a, 4a), with
the positive (negative) phase corresponding to El Nifio
(LaNifa). The time series exhibit comparatively small-
amplitude fluctuations prior to 1972, consistent with van
Loon and Shea (1985) and Ropelewski et al. (1992),
and larger-amplitude fluctuations beginning with the
strong 1982/83 El Nifio. These decadal variations in

ENSO strength are significant at the 95% confidence
level, according to a Monte Carlo simulation of 1000
scenarios that allows for a 1-yr lag between successive
seasons. This result is consistent with the finding of
Nicholls et al. (1996), Latif et al. (1997), Harrison and
Larkin (1996), and Mestas-Nufiez and Enfield (2001).

For the entire 30°N-30°S analysis region most of the
unfiltered variance in seasonal 200-hPa velocity poten-
tial anomalies (82% in JJA and 70% in DJF) is captured
by the two leading tropical modes. The tropical mul-
tidecadal mode accounts for 59% (48%) of the unfiltered
seasonal variance during JJA (DJF), while the ENSO
mode accounts for 22%—24% in both seasons. Region-
ally, the amount of unfiltered variance captured by the
two modes is substantial, generally averaging 60%—
80%+ (shading, Figs. 3b, 4b) in areas with large stan-
dard deviation in both velocity potential (contours) and
tropical convective rainfall (recall Figs. 2c,d).

The spatial structure and total explained variance
(Figs. 3c,d and 4c,d) of the two modes remain unaf-
fected when the EOF calculations are performed on the
unfiltered seasonal data, and when the unfiltered EOFs
are subjected to Varimax rotation. They also remain
unaffected when the modes are separated using a 7-yr
running mean low-pass (L P) filter, when the EOF anal-
ysis is performed on smaller analysis domains (25°N—
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reduced to 1961-90. In each case, the modes are well
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the higher modes.

b. Tropical multidecadal mode: 200-hPa velocity
potential, divergence, and precipitation rate

In both seasons the tropical multidecadal mode fea-
tures athree-celled pattern of 200-hPavelocity potential
and divergence anomalies (Figs. 3c, 4c), and accounts
for more than 60% of the unfiltered variance in seasonal
velocity potential anomalies (shading) in each of the
high-variance regions (contours, Figs. 3b, 4b). It also
accounts for 20%-50% of the unfiltered seasonal pre-
cipitation rate variance (shading, Figs. 5a,b) and 55%—

60W
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1), (b) OLR (interval is3 W m-2), and

30E
Fic. 2. Std dev of JJA seasonal mean (a) 200-hPa velocity potential (interval is 0.3 X 10 m? s—

(c) CMAP seasonal precipitation estimates of Xie and Arkin (1997; interval is 0.5 mm day *). Anomalies are departures from the 1979—
2000 base period seasonal means.

30W 0

80% of the 5-yr running mean LP-filtered variance
(Figs. 6a,b) in each region.

During JJA the positive phase of the TMM seen dur-
ing the 1980s-90s features anomalous upper-level di-
vergence (Fig. 3c) and above-average precipitation rates
(Fig. 5a) over the Amazon basin and the eastern tropical
North Pacific along the mean position of the ITCZ, with
flanking cells of anomalous upper-level convergence
and below-average precipitation rates over the West Af-
rican monsoon region and the central equatorial Pacific.
Conversely, its negative phase seen during the 1950s-
60s features above-average precipitation rates over the
central equatorial Pacific and an enhanced West African
monsoon, with compensating subsidence over the Am-
azon basin. This signal is nearly identical to that as-
sociated with the leading multidecadal EOF of seasonal
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tropical surface temperature (land + ocean) anomalies
(shown for JJA, Figs. 5c¢, 6¢), indicating that both EOF
analyses are capturing similar decadal-scale climate
anomalies.

During DJF the positive phase of the TMM features

above-average precipitation rates again over the Ama-
zon basin and also over the equatorial Indian Ocean
(contours, Fig. 5b), with the main area of compensating
subsidence shifted to the central equatorial Pacific. In
its negative phase the main area of anomal ous ascending



1784 JOURNAL OF CLIMATE VoLumE 17

Multi—Decadal EOF: Seasonal Precipitation Rates
Regressed Anomalies and Explained Unfiltered Variance
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FiG. 5. Tropical multidecadal mode regressed unfiltered seasonal precipitation rate anomalies (contours) and percent of explained unfiltered
seasonal variance (shading) for (a) JJA and (b) DJF (c) The corresponding fields associated with the leading surface temperature—based
multidecadal EOF for JJA are also shown. Contour interval is 0.5 mm day —* (std dev) ~* of the mode.
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Multi—Decadal EOF: Seasonal Precipitation Rate
Regressed Anomalies and Explained LP—Filtered Variance
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Fic. 6. Tropical multidecadal mode regressed 5-yr LP-filtered precipitation rate anomalies (contours) and percent of explained LP-filtered
seasonal variance (shading) for (a) JJA and (b) DJF (c) The corresponding fields associated with the leading surface temperature—based
multidecadal EOF for JJA are shown. Contour interval is 0.5 mm day ~* (std dev) —* of the mode.
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(1995) over (b) eastern Brazil (5.5°-6.5°S, 45°-47°W), (c) the African Sahel (17.5°-12.5°N, 18°W-10°E), and (d) the African Sudan (12°—

16°N, 32°-35°E).

motion is located over the central equatorial Pacific,
with compensating subsidence over both the Indian
Ocean and Amazon basin.

These core areas of velocity potential and precipita-
tion anomalies are consistent with Chen et a. (2001,
their Fig. 3), who calculated the difference in 200-hPa
velocity potential for the DJF season between 198998
and 1958-77 and produced a strikingly similar pattern
to the loadings for the tropical multidecadal mode. They
related these differences to an “‘interdecadal change of
the global divergent circulation™ between the earlier and
later decades, particularly over the Amazon basin, the
tropical Pacific, and the Indian Ocean.

The loading centers and regions of explained variance
between the tropical multidecadal and tropical inter-
annual modes are approximately orthogonal (cf. Figs.
3c,d, and 4c,d). Also, the TMM accounts for 2—3 times
the total unfiltered variance in the analysis region asthe
interannual mode. These results indicate that the two
modes are largely distinct, and that possible low-fre-
guency imprints onto the climate system by ENSO are
not dominating the TMM. A similar finding for the lead-
ing multidecadal EOF of global SST anomalies is dis-
cussed by Mestas-Nufiez and Enfield (2001).

Thereis considerable independent data and published
observational evidence to corroborate the rainfall var-
iations associated with the tropical multidecadal mode.
Over the central equatorial Pacific the indication of de-
creased rainfall during the 1980s-90s compared to the
1950s-60s is consistent with independent Line Island
station data (Fig. 7a). Over the tropical North Pacific
(10°) just west of the date line, and over the subtropical
South Pacific (20°S) between the date line and 150°W,
the indication of negative rainfall anomalies in recent
decades is consistent with the downward trend in station
rainfall totalsand upward trend in OL R values described
by Morrissey and Graham (1996, their Figs. 1, 2). Over
the tropical South Pacific (along 10°S) the indication of
above-average precipitation rates in recent decades is
consistent with the upward trend in station rainfall totals
and downward trend in OL R values shown by Morrissey
and Graham.

Over the Amazon basin theindication of positiverain-
fall anomalies during the 1980s-90s is corroborated by
the independent-gridded rainfall measurements of
Hulme (1995) over eastern Brazil (Fig. 7b), an areawith
two to three reporting stations in almost every month
since 1950. It is also consistent with Amazon basin
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June—August: Tropical Multi-Decadal Mode
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FiG. 8. Tropical multidecadal mode regressed surface temperature anomalies (contours) and percent of explained unfiltered seasonal variance
(shading) for (a) JJA and (b) DJF. (c) The corresponding fields associated with the leading surface temperature—based multidecadal EOF for
JJA are shown. Contour interval is 0.2°C (std dev) * of the mode.
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Fic. 9. Tropical multidecadal mode regressed 5-yr LP-filtered surface temperatures anomalies (contours) and percent of explained LP-
filtered seasonal variance (shading) for (a) JJA and (b) DJF (c) The corresponding fields associated with the leading surface temperature—
based multidecadal EOF for JJA are shown. Contour interval is 0.2°C (std dev) —* of the mode.
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June—August: Observed Surface Temperatures
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rainfall variations described Chu et al. (1994) and Ku-
mar et a. (1999), and by Chen et al. (2001) who noted
increased rainfall and enhanced upper-level divergence
over the Amazon basin in recent decades.

Over tropical northern Africathe indication of below-
average JJA rainfall in recent decades is consistent with
time series of area-averaged station rainfall totalsin both
the African Sahel (Fig. 7¢), and the African Sudan (Fig.
7d), which show considerably more rain during the
1950s-60s compared to recent decades. These results
are also consistent with numerous published analyses
on West African monsoon rainfall variability (Shinoda
1990, 1995; Nicholson and Palao 1993; Rowell et al.
1995; Nicholson 1996; Ward 1998; Thaiw et al. 1998).

It has been suggested that a suppressed West African
monsoon system is partly responsible for the below-
average Atlantic hurricane activity observed during the
1970s through the mid-1990s (Gray 1990; Landsea and
Gray 1992; Goldenberg and Shapiro 1996). The re-
gressed negative rainfall rate anomalies during JJA
across the tropical Atlantic, Caribbean Sea, and off of
the east coast of the United States are consistent with
this reduced hurricane activity (Fig. 53a).

c. Tropical multidecadal mode: Regressed surface
temperature anomalies

The tropical multidecadal mode is associated with a
Tropics-wide pattern of surface temperature anomalies

Central Extratropical North Pacific b

15.9
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Deg. C

Fic. 10. JJA-observed surface temperatures averaged over (@) the
tropical Indian Ocean (7.5°N-7.5°S, 50°-90°E), (b) the central ex-
tratropical North Pacific (37.5°-47.5°N, 160°E-150°W), and (c) trop-
ical northern Africa (7.5°-17.5°N, 10°W-30°E).

in both seasons, but notably excludes the entire east-
central equatorial Pacific (contours, Fig. 8). The positive
phase of the mode seen during the 1980s-90s is char-
acterized by anomalous warmth in the Tropics, with the
main warming extending from the Indian Ocean east-
ward across the tropical Pacific to the Amazon basin
and tropical Northern Africa. It is also associated with
generally below-average SSTs in the northern extra-
tropics, particularly over the central North Pacific, and
the high latitudes of the North Atlantic.

The TMM generally accounts for 35%-50% of the
unfiltered seasonal surface temperature variance (shad-
ing, Figs. 8a,b) in these major anomaly regions, and for
60%—-80% of the LP-filtered variance (shading, Figs.
9a,b). This signal is nearly identical to the spatial load-
ings calculated from the leading multidecadal EOF of
seasonal tropical surface temperature anomalies (shown
for JJA, Figs. 8c, 9c), and is aso consistent with the
leading multidecadal EOF of global sea surface tem-
peratures presented by Mestas-Nufiez and Enfield (1999,
2001).

There is considerable observational evidence to sub-
stantiate the key surface temperature anomalies asso-
ciated with the TMM. For example, the indicated warm-
ing of the tropical Indian Ocean (Fig. 10a) and cooling
of the extratropical North Pacific (Fig. 10b) in recent
decades is seen in the area-averaged SST anomalies
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Tropical Interannual Mode Seasonal Precipitation Rates
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Fic. 11. Tropical interannual (ENSO) mode regressed unfiltered seasonal precipitation rate anomalies (contours) and percent of explained
unfiltered seasonal variance (shading) for (a) JJA and (b) DJF Contour interval is 0.5 mm day —* (std dev) —* of the mode.

calculated from the Smith et al. (1996) dataset. These
results are consistent with known fluctuations in the
PDO (Mantua et al. 1997), with the strongest relation-
ship between the TMM and PDO seen during JJA (Fig.
9a), rather than DJF (Fig. 9b). They are also consistent
with the known inverse relationship in SST variations
occurring on decadal time scales between the Indian
Ocean and the extratropical North Pacific (Kawamura
1994).

Hoerling et al. (2001) indicate that the overall warm-
ing trend over the combined tropical Indian and tropical
Pacific Oceans might act to force a cooling of the North
Atlantic at both high latitudes and in the Tropics, similar
to that indicated by the positive phase of the TMM.
Multidecadal SST fluctuations in these key regions of
the North Atlantic are referred to as the Atlantic mul-
tidecadal mode (Mestas-Nufiez and Enfield 1999). The
levels of explained SST variance by the TMM in these
core areas are comparable to those of the Atlantic mul-
tidecadal mode itself (Mestas-Nufiez and Enfield 1999).

Over subtropical northern Africathe indicated dipole
in regressed surface temperature anomalies associated
with the TMM is consistent with a sharp rise in surface
temperatures in the African Sahel during the drought-
stricken decades of the 1970s to the early 1990s (Fig.
10c). Interestingly, we find that if land surface temper-
ature anomalies are neglected, the spatia correlations
between the regressed surface temperature and precip-
itation rate anomalies and those associated with the trop-
ical multidecadal mode drop from 0.96 to approximately
0.7. Thisresult highlights the important rel ationship be-
tween land surface temperatures and tropical convec-
tion, and is especially pertinent to the African Sahel and
Sudan regions where a strong link is evident between
multidecadal variationsin land surface temperaturesand
the strength of the West African monsoon (Charney et
al. 1975; Xue and Shukla 1993; Zeng et a. 1999; Zeng
and Neelin 2000).

During DJF the positive phase of the TMM also cap-
tures the observed cooling in surface temperatures over



1 May 2004

CHELLIAH AND BELL

1791

Tropical Interannual Mode: Seasonal Surface Temperatures

June—August

FiG. 12. Tropical interannual (ENSO) mode regressed unfiltered seasonal surface temperatures anomalies (contours) and percent of
explained unfiltered seasonal variance (shading) for (a) JJA and (b) DJF Contour interval is 0.2°C (std dev) —* of the mode.

the western United States during the 1980s-90s, along
with a concurrent warming throughout Canada and the
eastern United States, as documented by Livezey and
Smith (1999). Over Europe it captures warmer temper-
atures to the north and west and cooler temperatures to
the south and east.

d. Tropical interannual (ENSO) mode: Velocity
potential, precipitation rate, and surface
temperature

The tropical interannual (ENSO) mode accounts for
more than 60% of the unfiltered variance in seasonal
200-hPa velocity potential anomalies over the eastern
half of the Pacific Ocean in both seasons, and for 40%—
60% of the unfiltered variance over the eastern Indian
Ocean during JJA (shading, Fig. 3d), and across In-
donesia during DJF (shading, Fig. 4d). This mode also
accounts for more than 80% of the total interannual

velocity potential variance in the above regions during
both seasons (not shown).

The positive phase of the ENSO mode captures El
Nifio, and features anomalous upper-level divergence
(Figs. 3d, 4d) and above-average precipitation rates
across the central and east-central equatorial Pacific in
both seasons (Figs. 11ab). It also features anomalous
upper-level convergence and below-average precipita-
tion rates over Indonesia. These conditions reflect are-
duced strength of the equatorial Walker circulation, and
an enhanced thermally direct circulation over the central
equatorial Pacific, typical of El Nifio (Gill 1982; Ras-
musson and Carpenter 1982; Wright et al. 1988). This
link to ElI Nifo is evident in the positive sea surface
temperature anomalies over the eastern half of the equa-
torial Pacific (Fig. 12), where more than 65% of the
unfiltered seasonal SST variance is accounted for by the
mode. Conversely, the tropical multidecadal mode ex-
hibits no significant SST loadings over the eastern half
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June—August: Explained Variance
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Fic. 13. 200 hPa: JJA percent of explained variance of the (left) unfiltered seasonal streamfunction and (right) zonal wind anomalies
associated with (a), (b) the combined tropical multidecadal mode (TMM) and ENSO; (c), (d) the TMM; and (e), (f) ENSO.

of the equatorial Pacific, again suggesting that it is dis-
tinct from ENSO.

5. Regression of leading tropical modes onto
200-hPa streamfunction winds

a. JJA: 200 hPa

During JJA thetropical multidecadal mode and ENSO
together account for a significant fraction of the unfil-
tered seasonal variance in 200-hPa streamfunction and
zona wind anomalies throughout the Tropics and sub-
tropics of both hemispheres (Figs. 13a,b), with 30%—
50% of the variance explained over the Pacific Ocean
(Figs. 13c,d and 11e,f), and more than 70% of the var-
iance explained over the Atlantic Ocean, Africa, and the
Americas. The TMM accounts for most of the signal
over the eastern Atlantic Ocean and Africa(Figs. 13c,d),
and ENSO accounts for more of the signal over the
Americas (Figs. 13¢f).

Both modes exhibit an approximate zonal wavenum-
ber-1 pattern of regressed 200-hPa streamfunction
anomalies in the subtropics of both hemispheres (Figs.
14a,b), with a pronounced interhemispheric symmetry

to the anomalies evident. This symmetry is a signature
response of the upper-level atmospheric circulation to
anomalous tropical convection.

The positive phase of the TMM seen during the
1980s-90s is associated with anticyclonic streamfunc-
tion anomalies over the eastern Pacific and cyclonic
anomalies across the Atlantic Ocean and Africa (Fig.
14Q). This anomaly pattern is approximately opposite
in sign to the climatological mean zona wave pattern
(Fig. 14c), indicating an overall weaker 200-hPa cir-
culation in the Tropics, especially across the Atlantic
Ocean and Africawhere upper-level westerly anomalies
reflect a below-average strength of the tropical easterly
jet (cf. Figs. 14a,d).

A magjor component of the tropical multidecadal mode
during JJA isthe West African monsoon variahility. The
positive phase of the TMM is associated with a sup-
pressed West African monsoon system, as indicated by
anomal ous upper-level convergence (light shading, Fig.
14a) and below-average precipitation rates in that re-
gion. The correspondingly reduced divergent outflow
from tropical northern Africa is then consistent with a
reduction in upper-level convergence and compensating
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(shading), and total vector wind associated with (a) the TMM and (b) the tropical interannual (ENSO)
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June—August Combined Modes: 200—hPa Circulation
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Fic. 15. JJA regressed seasonal anomalies of 200-hPa streamfunction (contours), divergence (shading), and total vector
wind associated with a +1.0 std dev of the tropical interannual (ENSO) mode combined with the (a) +1.0 std dev and
(b) —1.0 std dev of the tropical multidecadal mode. Contour interval for streamfunction is 1 X 10® m? s~ (std dev) *
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subsidence in the vicinity of the mean subtropical ridge
axis across the South Atlantic and southern Africa (re-
call Fig. 3c). These conditions are then consistent with
a below-average strength of the upper-level ridge in
those regions, which completes the interhemispheric
symmetry with the anomal ously weak subtropical ridges
across the North Atlantic and northern Africa.

For El Nifio, the appearance of anticyclonic anomalies
over the Pacific sector and cyclonic anomalies over the
Americas and the Atlantic Ocean during JJA is consis-
tent with classical interpretations of ENSO (Mo and
Kousky 1993). For the linear combination of the two
tropical modes, the strongest signal in the Tropics and
subtropics is found when their PC time series are in
phase (Fig. 15a), and the weakest signal is found when
they are out of phase (Fig. 15b). This result suggests
stronger El Nifio teleconnections during the positive
phase of the TMM, and stronger La Nifia teleconnec-
tions during the negative phase of the TMM. These
results are consistent with the strong multidecadal mod-

ulations of the ENSO tel econnections discussed by Ger-
shunov and Barnett (1998). They may help to explain
the tendency for stronger El Nifo episodes during the
1980s-90s compared to the 1950s-60s (see section 4a
and Figs. 3a, 4a).

b. DJF: 200 hPa

During DJF the combined tropical multidecadal mode
and ENSO again account for a significant fraction
(30%-50%) of the unfiltered seasonal variance in 200-
hPa streamfunction and zonal wind anomalies through-
out the Tropics and subtropics of both hemispheres and
over the extratropical North Atlantic (Figs. 16a,b). The
regional maxima in explained variance associated with
the TMM are lower (10%-30%) during DJF (Figs.
16¢,d) compared to JJA (50%—70%), while those of the
interannual mode are higher during DJF (Figs. 16e,f).
These results are consistent with the lack of significant
West African monsoon variability during DJF combined
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December—February: Explained Variance
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with the overall peak in the ENSO cycle typicaly ob-
served during this season.

Regressions of the PC time series onto the 5-yr run-
ning mean LP-filtered anomalies show that the TMM
accounts for more than 50% of the multidecadal vari-
ance in the 200-hPa streamfunction and zonal wind
across the eastern Pacific and the Americas in each
hemisphere, and acrossthe North Atlanticin key regions
of the NAO (Figs. 17a,b). These results suggest a po-
tentially large modulating influence of the ENSO tele-
connections (Figs. 17c¢,d) by the TMM.

Over the North Pacific the positive phase of the TMM
(Fig. 18a) is associated with anticyclonic circulation
anomalies over the subtropical eastern Pacific in both
hemispheres, indicating an eastward extension of the
subtropical ridges normally centered over the western
Pacific (Fig. 18c). Upper-level westerly anomaliesalong
the poleward flank of the anomalous subtropical ridge
indicate an eastward extension of the east Asian jet
stream (Fig. 18d). Similar structural changes in the sub-
tropical ridge and east Asian jet stream are seen during
El Nifio (Fig. 18b). As a result, the strongest signal is
again found when the PC time series of the two tropical

. 13, except for DJR

modes are in phase (Fig. 19a), and the weakest signal
is found when they are out of phase (Fig. 19b).

To better quantify this result the regressed area-av-
eraged 200-hPa streamfunction and zonal wind anom-
alies (Figs. 20a,b, respectively) over the North Pacific
are shown for various linear combinations of the stan-
dardized mode amplitudes. In these figures the stan-
dardized amplitudes of ENSO (TMM) are shown on the
vertical (horizontal) axis. The regressed anomaly for
each combination of the modesis plotted, and the entire
set of regressed anomalies is then contoured. The gen-
eral horizontal slope to the contours in both panels is
consistent with the strong ENSO influence on these pa-
rameters. However, the multidecadal signal is seen to
substantially influence the ENSO teleconnections, es-
pecially during weak-to-moderate ENSO episodes.

A second issue of interest is the possible relationship
between multidecadal variations in anomalous tropical
forcing and the wintertime NAO (Hoerling et a. 2001).
Our analysis indicates that the PC time series of the
TMM is in phase with the known multidecadal fluctu-
ations in the NAO (Halpert and Bell 1997), with the
negative phase of the NAO observed during the 1950s—
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December—February
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Fic. 17. DJF percent of explained variance of the (a), (b) 5-yr LP-filtered seasonal anomalies of (left) 200-hPa streamfunction and (right)
zonal wind by the tropical multidecadal mode, and (c), (d) 5-yr high-pass-filtered seasonal anomalies by the tropical interannual (ENSO)
mode.

60s and the positive phase observed during the 1980s-
90s.

The TMM captures all key structural aspects of the
NAO (Fig. 18a). For the positive phase, these include
an anomalously strong Icelandic low, an amplified ridge
extending from the eastern United States to central Eu-
rope, increased westerlies extending from eastern Can-
ada to England, and anomalous upper-level confluent
flow over eastern Canada within the entrance region of
the anomalous North Atlantic jet stream. Looking far-
ther west it is seen that this anomalous confluent flow
is associated with a larger-scale circulation pattern over
North America, characterized by a stronger mean ridge
in the west and a weaker mean trough in the east.

At lower latitudes one finds reduced westerlies along
the entire southern flank of the subtropical jet stream,
which extends from east of Hawaii to the eastern United
States and eventually merges with the North Atlantic
jet stream. The associated anomalous anticyclonic cir-
culation overspreads not only the entire southern flank
of the subtropical jet stream, but also extends eastward
over the central North Atlantic consistent with the pos-
itive phase of the NAO. Also consistent with the NAO,
the positive phase of the TMM captures the anomal ous
warmth observed across northern Europe, Canada, and
the eastern United States in recent decades (Hurrell
1998), along with the cool phase of the Atlantic mul-
tidecadal mode (recall Fig. 9a).

The main ENSO influence on the NAO is found over
the southern United States and central North Atlantic
(Figs. 17c,d). El Nifio favors a negative phase of the
NAO by contributing to cyclonic streamfunction anom-
alies in these regions (Fig. 18b), while La Nifa favors
a positive NAO.

The regressed seasonal NAO index is shown for var-
ious linear combinations of the standardized TMM and
ENSO (Fig. 20c). The strongest regressed NAO index
is seen when the two tropical modes are out of phase
(Fig. 19b). When the multidecadal signal is strong, it
dominates ENSO in al but the strongest cases. Corre-
sponding regressions onto the seasonal Atlantic multi-
decadal mode index shows the dominant influence of
the TMM (Fig. 20d).

c. JJA and DJF: 850 hPa

In both seasons the combined leading tropical modes
account for more than 70% of the unfiltered variance
in seasonal 850-hPa zonal wind anomalies over the cen-
tral and east-central equatorial Pacific (Figs. 21a,b). The
TMM accounts for most of the signal in the east (Figs.
21c,d) and ENSO accounts for most of the signal in the
central and west (Figs. 21e,f). The combined modesalso
account for 30%-50% of the unfiltered seasonal vari-
ance over the tropical Atlantic in both seasons, and for
50%—70% of the variance over tropical northern Africa
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December—February Combined Modes: 200—hPa Circulation
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in JJA. Much of the signal across the eastern tropical
Atlantic and Africais associated with the TMM.

For both modes the 850-hPa zonal wind anomalies
over the tropical Pacific are generally opposite in sign
to their 200-hPa counterparts, which is consistent with
the baroclinic response of the tropical atmosphere to
large-scale convective anomalies (Bjerknes 1969; Gill
1982). The TMM also features areversal in sign of the
upper- and lower-level zonal wind anomalies over the
tropical Atlantic and Africa, which is consistent with
the baroclinic response to anomalous tropical convec-
tion in both the West African monsoon region and the
Amazon basin. These indications are consistent with
time series of station radiosonde winds over tropical
northern Africa during JJA at both 200 (Fig. 22a) and
850 (Fig. 22b) hPa.

6. Summary

1) The TMM isidentified and shown to be the dominant
multidecadal mode of tropical convective precipi-
tation and surface temperatures variability in the
NCEP-NCAR reanalysis during JJA and DJF

2) This mode provides a global-scale perspective on

3)

4)

5)

6)

many known aspects of decadal climate variability,
and relates this variability to coherent fluctuations
in tropical convection and surface temperatures in
the core regions of the West African monsoon, the
central tropical Pacific, the Amazon basin, and the
tropical Indian Ocean.

Specifically, the TMM captures the global climate
regimes observed during the 1950s-60s and 1980s—
90s, and the 1970s transition between these climate
regimes.

Although the PC time series of the TMM can be
approximated by an overall upward trend during the
52-yr (1949-2000) analysis period, this character-
ization can be misleading because the upward trend
is seen mainly only during the 1970s.

We find that the spatial and temporal characteristics
of the TMM are distinct from those associated with
ENSO.

In the Tropics and subtropics the regressed seasonal
anomalies are stronger and more spatially extensive
when the PC time series of the TMM and ENSO are
in phase. Stronger El Nifio (LaNifa) teleconnections
are indicated for the positive (negative) phase of the
TMM seen during the 1980s-90s (1950s-60s).



1 May 2004

North Paclﬁc Subtroplcal Ridge

Tropical Interannual Mode

*3~3~Z,5-2~1,5—1-§.53 0.5 1 ‘!.ﬁ 2 &5
Tropical Multi-Decadal Mode

3N0rth Atlantlc Osclllatlon (NAO)

rannual Mode

Tropical Multi-Decadal Mode

CHELLIAH AND BELL

1799

North Pacific Jet Exit Region

Tropical Interannual Mode

Tropical Multi-Decadal Mode

Atlantic Multi-Decadal Mode (x 1/10 C)

Tropical Interannual Mode
[«

33 3-2.5-2-1 5—‘!-0.55&0.5 1152253

Tropical Multi-Decadal Mode
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(25°-35°N, 180°-120°W); (d) SST anomalies in the core areas of the Atlantic multidecadal mode. The NAO and Atlantic multidecadal mode
values are proxy regression indices for these modes. The NAO index represents the regressed difference (south — north) in area-weighted
200-hPa streamfunction anomalies between the south (30°-50°N, 90°W-0°) and north (65°—80°N, 90°W-0°). The Atlantic multidecadal mode
index represents the difference (north — south) in the regressed area-weighted SST anomalies between the north (50°-60°N, 60°-10°W) and

south (5°~15°N, 80°—20°W).

7) The TMM captures all key structural aspects of the
NAO, thus, linking climate fluctuations in the global
Tropics to multidecadal variations in the NAO. The
PC time series of the TMM varies in phase with the
NAO index. The strongest regressed seasonal NAO
index occurs when the TMM and ENSO are out of
phase.

7. Discussion

The leading multidecadal mode in the global Tropics
(30°N-30°S) has been isolated for the December—Feb-
ruary (DJF) and June-August (JJA) seasons based on
EOF analyses of seasonal tropical convective rainfall
variability and tropical surface (land + ocean) temper-
ature variability. G. D. Bell and M. Chelliah (2004,

unpublished manuscript) show that the tropical multi-
decadal mode (TMM) for the August—October season
is similar to that for JJA. Because of the phenomeno-
logical nature of this study, one cannot attribute a
cause(s) of thismultidecadal variability from our results.

The TMM captures the global climate regimes ob-
served during the 1950s-60s and 1980s-90s, and the
1970s transition between these climate regimes. It pro-
vides a global-scale perspective on decadal climate var-
iability by relating these climate regimes to coherent
multidecadal variations in tropical convection and sur-
face temperaturesin four core regions: the West African
monsoon region, the central tropical Pacific, the Ama-
zon basin, and the tropical Indian Ocean.

The TMM incorporates many aspects of decadal cli-
mate variability already addressed in the literature, in-
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Combined Tropical Multi—Decadal and Tropical Interannual Mode
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Fic. 21. 850-hPa: Regressed unfiltered seasonal vector wind and zonal wind speed anomalies (contours) and percent of explained variance
of the unfiltered seasonal zonal wind anomalies (shading), during (left) JJA and (right) DJF associated with (a), (b) the combined TMM and
ENSO; (c), (d) the TMM; and (e), (f) ENSO. Units are m s~ (std dev)—* of the mode, with vector scale located above (f).

cluding the Pacific Decadal Oscillation (PDO); rainfall
variations over West Africa, the Amazon basin, and the
tropical Pacific; surface temperature variations in the

‘1" 200-hPa Indian Ocean, tropical Pacific, and the North Atlantic;
3 . . . . .

o 2 the wintertime North Atlantic Oscillation (NAQO); North
& ! co ‘ American surface temperatures, Atlantic hurricane ac-
s foe” roood | tivity; and decadal variationsin ENSO teleconnections.
-2 ] The robustness and uniqueness of the tropical mul-
j : , . _ a tidecadal mode has been addressed by using a variety
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 of EOF and filtering techniques, and by comparing the
results with observed station data and published results
3 of decadal climate variability in the core regions. The
231 '850-hPa L TR temporal and spatial characteristics of this mode are
3 Pogoa B found to be distinct from ENSO. The regressed global
g 0 Sga A, A T face temperature and precipitation rate signals as-

& o} T I ety surfece temp precipit g
s -1 Lo : sociated with the TMM are essentially the same whether
-25 o : o b one bases the EOF analysis on seasonal tropical 200-
-2 o hPavelocity potential anomalies, or on seasonal tropical

50 1955 1960 1965 1970 19, f ¥ g ¥ :
1990 %65 100 1905 1701979 %6019 180 grface temperature (land + ocean) anomalies. How-
Fic. 22. JJA time series of area-averaged zonal wind anomalies

over tropical northern Africa (0°—20°N, 20°W—40°E) at (a) 200 and ever, if . lanq surface tempgratures anoma“es are. ne-
(b) 850 hPa determined from radiosonde data (solid circles) and the glected in this latter calculation, the_spatl_al correlations
NCEP-NCAR reanalysis (open circles). between the regressed SST and precipitation rate anom-
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alies and those associated with the TMM drop from 0.96
to 0.7.

During JJA the positive phase of the TMM captures
enhanced convection over the Amazon basin, with flank-
ing cells of suppressed convection over West Africaand
the central equatorial Pacific. During DJF enhanced con-
vection is again observed over the Amazon basin and
also over the tropical Indian Ocean, and the main area
of suppressed convection is located over the central
equatorial Pacific. These differences during DJF reflect
the absence of the West African monsoon and the pres-
ence of enhanced convection in the area of above-av-
erage SSTs over the tropical Indian Ocean.

Because of the convective/monsoonal nature of the
tropical multidecadal mode, its most direct links to the
atmospheric circulation are evident in the Tropics and
subtropics of both hemispheres. Characteristic convec-
tive signatures of the mode include 1) anticyclonic (cy-
clonic) circulation anomalies in the subtropics of both
hemispheres, flanking the regions of enhanced (sup-
pressed) tropical convection, and 2) a reversal in sign
of the zonal wind anomalies between 200 and 850 hPa
from the eastern Pacific to Africa

Over the tropical and subtropical Pacific, Atlantic,
and Africa, the regressed seasonal anomalies are stron-
ger and more spatially extensive when the PC time series
of the TMM and ENSO are in phase, and are weaker
when the two modes are out of phase. These results
suggest a substantial modulation of the ENSO telecon-
nections by the TMM, similar to those discussed for the
North Pacific Oscillation by Gershunov and Barnett
(1998). Our results indicate stronger El Nifio telecon-
nections for the positive phase of the TMM seen during
the 1980s-90s, and stronger La Nifa teleconnections
for the negative phase of the TMM seen during the
1950s-60s. Although the present study addresses the
linear ENSO-TMM interference, the results also sug-
gest that interactions between the two modes may help
to explain the stronger El Nifio episodes observed dur-
ing the 1980s-90s compared to the 1950s-60s.

For the DJF season the GCM modeling study of Hoer-
ling et al. (2001) is of particular relevance to our study.
Their atmospheric simulations forced by the recent
warming trend in the tropical Indian Ocean and central
tropical South Pacific are consistent with the Tropics-
wide SST and rainfall patterns captured by the tropical
multidecadal mode. Their study also indicated that the
warming trend in the tropical Indian and Pacific Oceans
could be a contributing factor to the overall positive
phase of the wintertime NAO seen throughout the
1980s-90s. Our results are consistent with these find-
ings.

Our analysisadditionally suggest that the TMM likely
influences the NAO by modulating the upper-level con-
fluent flow and divergent circulation within the entrance
region of the North Atlantic jet steam. In particular, at
high latitudes the positive phase of the TMM is asso-
ciated with anomalous upper-level convergent flow

CHELLIAH AND BELL

1801

across eastern Canada, which favors a more northward
position of the North Atlantic jet stream and a deeper
Icelandic low, both of which are consistent with the
positive phase of the NAO. At lower latitudes along the
southern flank of the subtropical jet stream, the positive
phase of the TMM is associated with reduced upper-
level westerlies and anomalous divergent outflow from
enhanced tropical convection over the Amazon basin.
The associated anomal ous anticyclonic circulation over-
spreads not only the entire southern flank of the sub-
tropical jet stream, but also extends eastward over the
central North Atlantic consistent with the positive phase
of the NAO. These results suggest that multidecadal
fluctuations in the NAO may be forced from a combi-
nation of regions in response to the global tropical cli-
mate variability, and not necessarily one particular
source region.
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