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ABSTRACT

The individual impacts of sea surface temperature (SST) anomalies in the deep tropical eastern–central
Pacific (DTEP) and Indo-western–central Pacific (IWP) on the evolution of the observed global atmo-
spheric circulation during the 1997–2003 period have been investigated using a new general circulation
model. Ensemble integrations were conducted with monthly varying SST conditions being prescribed
separately in the DTEP sector, the IWP sector, and throughout the World Ocean. During the 1998–2002
subperiod, when prolonged La Niña conditions occurred in DTEP and the SST in IWP was above normal,
the simulated midlatitude atmospheric responses to SST forcing in the DTEP and IWP sectors reinforced
each other. The anomalous geopotential height ridges at 200 mb in the extratropics of both hemispheres
exhibited a distinct zonal symmetry. This circulation change was accompanied by extensive dry and warm
anomalies in many regions, including North America. During the 1997–98 and 2002–03 El Niño events, the
SST conditions in both DTEP and IWP were above normal, and considerable cancellations were simulated
between the midlatitude responses to the oceanic forcing from these two sectors. The above findings are
contrasted with those for the 1953–58 and 1972–77 periods, which were characterized by analogous SST
developments in DTEP, but by cold conditions in IWP. It is concluded that a warm anomaly in IWP and
a cold anomaly in DTEP constitute the optimal SST configuration for generating zonally elongated ridges
in the midlatitudes.

Local diagnoses indicate that the imposed SST anomaly alters the strength of the zonal flow in certain
longitudinal sectors, which influences the behavior of synoptic-scale transient eddies farther downstream.
The modified eddy momentum transports in the regions of eddy activity in turn feed back on the local mean
flow, thus contributing to its zonal elongation. These results are consistent with the inferences drawn from
zonal mean analyses, which accentuate the role of the eddy-induced circulation on the meridional plane.

1. Introduction

Numerous observational and modeling studies have
demonstrated that sea surface temperature (SST)
anomalies in certain parts of the World Ocean exert
considerable influences on atmospheric variations on
time scales longer than a month. Much attention has
been devoted to the effects of oceanic changes at two
particular regions: the deep tropical eastern–central Pa-
cific (DTEP), and the Indo-western–central Pacific
(IWP). The DTEP region exhibits large SST variability
on interannual time scales, primarily due to the occur-
rence of warm and cold El Niño–Southern Oscillation
(ENSO) events in that location. The SST changes in the

IWP sector may be linked to multiple causes, including
local air–sea coupled modes (e.g., Saji et al. 1999; Web-
ster et al. 1999), transmission of remote ENSO forcing
to this region by atmospheric “bridges” spanning across
the Pacific and Indian Oceans (e.g., Klein et al. 1999;
Lau and Nath 2003; Alexander et al. 2002, 2004), and a
prominent secular warming trend in recent decades
(e.g., Knutson et al. 1999; Hoerling et al. 2004). Evi-
dence presented by other investigators (e.g., Sutton and
Hodson 2003, 2005; Rodwell et al. 1999) indicates that,
in addition to the DTEP and IWP regions, the SST
conditions in the Atlantic basin are also an important
contributor to atmospheric variability.

The global atmospheric patterns associated with
ENSO-related SST anomalies in DTEP have been ex-
haustively documented. Particularly noteworthy are the
zonally symmetric upper-tropospheric responses within
the tropical belt (Horel and Wallace 1981; Kumar and
Hoerling 2003), as well as extratropical signals that are
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composed of both a zonal-mean component (e.g., Sea-
ger et al. 2003) and wavelike features (e.g., Horel and
Wallace 1981; Trenberth et al. 1998; Nigam 2003). Con-
siderable empirical evidence also exists on the sensitiv-
ity of the atmospheric circulation to SST variations in
IWP. For instance, the SST anomalies in that region
have been linked to fluctuations in the Asian monsoon
(e.g., Weare 1979; Lau and Nath 2000; Kawamura et al.
2001a,b), delayed Tropics-wide tropospheric tempera-
ture responses after ENSO episodes (Kumar and Ho-
erling 2003), as well as changes in the North Atlantic
climate (Hoerling et al. 2001; Lu et al. 2004).

Independent model experiments have recently been
performed and analyzed by Hoerling and Kumar
(2003), Seager et al. (2003), Schubert et al. (2004), and
Lau et al. (2005, hereafter referred as L05), with the
common goal of delineating the effects of tropical SST
forcing on the global atmospheric circulation. A ubiq-
uitous inference from these model studies is that the
SST anomalies at various tropical sites (such as the
DTEP or IWP), either by acting individually or in con-
junction with each other, are capable of generating at-
mospheric anomalies with a notable degree of zonal
symmetry at various latitude bands. Of special interest
are the zonally extended upper-tropospheric ridges and
troughs in the subtropics and extratropics of both hemi-
spheres. These features are often coincident with wide-
spread changes in precipitation and near-surface tem-
perature. These and other model results indicate that
DTEP and IWP are the “perfect oceans” for causing
drought (Hoerling and Kumar 2003), and that tropical
SST variability is an important factor for dry conditions
in North America, of which the Dust Bowl in the 1930s
(Schubert et al. 2004) and the severe 1988 drought
(Trenberth and Branstator 1992) are prime examples.
It should be stressed at the outset that, in addition to
ENSO processes, other modes of oceanic variability
could also yield zonally symmetric atmospheric re-
sponses. The relative roles of these distinct mechanisms
in the formation of longitudinally extended anomalies
remain to be fully assessed.

The evolution of the prominent SST anomalies over
the Pacific and Indian Oceans during the 1997–2003
period offers an excellent opportunity for assessing
their effects on the global atmosphere. The observed
anomalous SST field in this period is illustrated in the
left and right panels of Fig. 1a, which correspond to the
IWP and DTEP sectors, respectively. At each longitude
along the abscissa, the SST anomalies have been aver-
aged over all maritime grid points between 5°S and 5°N
in the right panel, and between 30°S and 30°N in the
left panel. The anomalies represent departures from

the 1971–2000 climatology. The right panel (165°E–
70°W) shows that the period began with one of the
strongest El Niño events of the twentieth century in
1997–98, and ended with a more modest warm event in
2002–03. In between these two episodes is a prolonged
cold interval lasting for about four (three) years in the
eastern (central) equatorial Pacific. The pattern in the
30°–165°E sector (left panel), which is based on aver-
ages over a broader range of latitudes, indicates that
above-normal SST prevailed in IWP through almost the
entire period.

FIG. 1. (a) Time–longitude distributions of SST anomalies
(right) in the central–eastern tropical Pacific sector, as obtained
by averaging over the data between 5°S and 5°N, and (left) in the
Indo-western Pacific sector, as obtained by averaging between
30°S and 30°N, for the 1997–2004 period. A 7-month running-
mean smoothing has been applied. Solid contours indicate values
of 0°, �0.5°, �1°, �2°, and �3°C. Dashed contours in the left
panel indicate values of �0.25°C. The span of subperiods 1, 2, and
3 is indicated along the right margin of the right panel. (b) Num-
ber of 12-month periods in June 1997–May 2003 with SST anoma-
lies at individual 5° (lat) � 5° (lon) rectangles being above normal
(red shading) or below normal (blue shading) by more than one-
half of a std dev (0.5�). Sites with anomalies surpassing 0.5� in
two 12-month periods or less; as well as sites with three warm and
three cold 12-month periods exceeding 0.5�, are indicated by yel-
low shading. The green and purple borders depict the domains in
which interannual SST anomalies have been prescribed in the
DTEP and IWP experiments, respectively.
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To identify the locations of the SST sites that con-
tribute most to the persistent signals seen in Fig. 1a, the
SST anomalies at individual rectangles with latitudinal
and longitudinal dimensions of 5° were computed for
the 12-month interval from June of a given year to
May of the following year. Such time averages were
obtained for each of the six 12-month periods between
June 1997 and May 2003. The standard deviation �
of the 12-month averages of the SST time series for
1971–2000 was also evaluated at individual sites. For
each rectangle, the numbers of 12-month periods in
1997–2003 with positive and negative anomalies ex-
ceeding 0.5� were then determined. Those locations
with warm (cold) anomalies larger than 0.5� in 3 or
more 12-month periods are highlighted in Fig. 1b using
red (blue) shading of varying intensity. This chart indi-
cates that many of the sites in the tropical Pacific sector
west of 165°E are characterized by warm anomalies
during a large portion of the 1997–2003 period. Also
evident from Fig. 1b (but not from the right panel of
Fig. 1a), is the eastward extension of the prolonged
warm anomalies within the 20°–40°S and 20°–40°N
zonal belts in the central Pacific. In the DTEP zone, the
SST remained below normal for three to four 12-month
periods at some of the near-equatorial sites, reflecting
the occurrence of successive La Niña episodes during
1998–2002.

In addition to the salient SST signatures depicted in
Fig. 1, significant changes in the atmospheric climate
have also been detected within the same period. Spe-
cifically, positive 200-mb height anomalies were ob-
served at most longitudes in the midlatitude belts of
both hemispheres throughout the 4-yr segment from
June 1998 to May 2002 (Hoerling and Kumar 2003; see
also Fig. 2a of the present paper). These zonally ex-
tended anomalous ridges were accompanied by wide-
spread droughts and above-normal surface tempera-
tures in the United States, the Mediterranean region
and southwest Asia (Barlow et al. 2002; Hoerling and
Kumar 2003; Figs. 4a,e of the present paper). In view of
the above concomitant variations in SST, zonally sym-
metric circulation, as well as precipitation and surface
air temperature over extensive areas, the phenomena in
this period constitute an ideal testing ground of our
current understanding of the air–sea relationships
based on the recent observational and modeling stud-
ies.

The primary goal of the present study is to examine
the mechanisms contributing to the rich array of oce-
anic and atmospheric signals in 1997–2003 as described
above, and in analogous episodes occurring in earlier
decades. We have made an effort to broaden the scope

of other recent studies on this subject in the following
aspects:

• In addition to the impacts of ENSO-related SST
changes on atmospheric variability, which is the pri-
mary concern of the investigations by Seager et al.
(2003) and Schubert et al. (2004), the substantial role
of the oceanic forcing from the IWP sector is high-
lighted in our work.

• The pioneering study Hoerling and Kumar (2003) is
focused on the 1998–2002 period, when the SST
anomalies in DTEP and IWP were of opposite po-
larities. After substantiating their findings based on
our new model results (section 3a), we proceed to
examine the observed and simulated atmospheric re-
sponses in other SST forcing scenarios, such as the
1997–98 and 2002–03 El Niño events (when both
DTEP and IWP sectors were warmer than normal,
see section 3b), as well as the 1973–75 and 1954–56 La
Niña episodes (when temperatures in both sectors
were below normal, see section 4). This expanded set
of case studies allow for a more complete survey of
atmospheric responses to different combinations of
SST forcings in DTEP and IWP.

• The SST anomalies in IWP as considered by L05 are
generated by an oceanic mixed layer model, and are
solely attributable to the ENSO forcing in DTEP
through the “atmospheric bridge” mechanism. The
SST changes in IWP as prescribed in the experiments
for the present study are based on actual observa-
tions, and could be related to a variety of phenom-
ena, among which the sustained oceanic warming in
recent decades is of particular interest. Hence the
current study addresses a broader set of issues on
climate variability than that examined in L05. Differ-
ences between the temporal evolution of the imposed
IWP forcings in L05 and in the present work also
have implications on the seasonal dependence of the
atmospheric responses (see Fig. 3), and on the cli-
mate anomalies occurring in the North Pacific–North
American region (see section 5).

• The diagnoses on the contributions of eddy–mean
flow interactions to zonally elongated atmospheric
anomalies, as previously performed by Seager et al.
(2003) and L05, are extended in the present investi-
gation by comparing in greater depth the results
based on forcings from the DTEP and IWP sectors
separately (see section 6).

• The presentation of results in previous studies is
mostly confined to ensemble-mean model responses.
We hereby offer a detailed documentation of the
range of responses simulated in individual members
of a given ensemble experiment (see Figs. 5 and 8), so
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as to assess the robustness of various atmospheric
signals of interest.

2. Experimental design

The basic tool for this study is the new general cir-
culation model constructed by the Geophysical Fluid
Dynamics Laboratory (GFDL) Global Atmospheric
Model Development Team (GAMDT). The dynamical
and physical components of this atmosphere–land
model version 2 (AM2–LM2), as well as its perfor-
mance in replicating various essential aspects of the
atmospheric climate, have been documented in detail
by the GFDL Global Atmospheric Model Develop-
ment Team (2004). This model uses a finite-difference
formulation, with a resolution of 2° and 2.5° in the me-
ridional and zonal directions, respectively. The pro-
cesses incorporated in the AM2–LM2 include diurnal
changes in radiative transfer, variations of different
cloud species, convection as parameterized by a relaxed
Arakawa–Schubert scheme, vertical exchanges within
the atmospheric boundary layer, and soil–vegetation in-
teractions.

The performance of the AM2–LM2 in simulating the
midlatitude response in both hemispheres to ENSO
forcing in the 1951–2000 period has been assessed by
GFDL Global Atmospheric Model Development Team
(2004, their Fig. 14) using regression charts of the 200-
mb height field versus a SST index of ENSO. The prin-
cipal anomaly centers in the observed pattern are re-
produced in the model atmosphere, with good agree-
ment with respect to geographical location and
amplitude. The simulated center over the North Pacific
has a more distinct east–west orientation as compared
to the corresponding observation, thus resulting in a
slightly stronger degree of zonal symmetry in the model
result for the Northern Hemisphere. The ENSO-
related atmospheric pattern based on AM2–LM2 may
also be compared with that produced in experiments
with a GFDL climate model of the previous generation,
as documented by Lau and Nath (1994, their Figs. 5 and
8). The features in the North Pacific–North American
sector are generally more realistic in the AM2–LM2
result.

The following three experiments have been con-
ducted using the AM2–LM2.

a. GLOBAL experiment

The monthly varying SST conditions observed during
the 1951–2004 period were sequentially inserted at grid
points throughout the World Ocean. The SST input is
based on the analyses compiled by Hurrell et al. (2005,
manuscript submitted to J. Climate). Ten parallel inte-

grations have been conducted with each of two recent
versions (with the designations “11” and “12b”) of the
AM2–LM2. These individual runs were initiated from
distinct sets of atmospheric conditions. Most of the nu-
merical and physical schemes in versions 11 and 12b are
similar to each other. The number of vertical levels has
been increased from 18 (version 11) to 24 (version 12b).
A modified planetary boundary scheme has been used
in version 12b. In view of the strong consistency be-
tween the results based on the simulations of versions
11 and 12b separately (not shown), the output from the
two versions have been combined, thus yielding an en-
semble consisting of 20 individual members.

b. DTEP experiment

Thirty integrations have been performed for this ex-
periment by using version 12b of AM2–LM2. The tem-
porally varying SST forcing observed from 1997 to 2004
was prescribed only in the deep tropical eastern-central
Pacific region in 15°S–15°N, and from 160°E to the
American coast (see domain with green boundary in
Fig. 1b). The interannual SST changes in this domain
are primarily associated with evolution of ENSO epi-
sodes. The SST condition at all grid points lying outside
of this region was constrained to evolve through clima-
tological seasonal cycles in all years, as obtained from
averages of the SST analyses produced by Hurrell et al.
(2005, manuscript submitted to J. Climate) over the
1971–2000 period.

c. IWP experiment

Another 30 integrations have been conducted for this
experiment. It is analogous to the DTEP experiment,
except that the domain of variable SST forcing was
relocated to the Indian Ocean and subtropical western–
central Pacific sector. This region (see the purple
boundary in Fig. 1b) encompasses the Indian and west-
ern Pacific Oceans between 40°S and 40°N, as well as
extensions along the 20°–40° latitude zones in the North
and South Pacific from 160°E to 150°W.

The results to be presented in the following sections
(except for Figs. 5 and 8) are based on ensemble aver-
ages over the individual samples available for a given
experiment. Anomalies have been computed by remov-
ing the appropriate climatology for the 1971–2000 pe-
riod. Statistical significance of the anomalies examined
in this study has been assessed by contrasting the en-
semble-mean signal strength against the intersample
variability within the ensemble of experiments (Stu-
dent’s t test). Most of the principal features noted in the
following discussions exceed the 95%–99% confidence
levels.
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Some of the model findings in this study have been
compared with the corresponding observational esti-
mates. The latter datasets include the reanalyses of the
200-mb height and near-surface air temperature fields,
as produced by the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR; see Kalnay et al. 1996), and the pre-
cipitation records analyzed by Dai et al. (1997) and the
Global Precipitation Climatology Project (GPCP; see
Huffman et al. 1997). For the NCEP–NCAR reanaly-
ses, the anomalies were also obtained by removing the
1971–2000 climatology. Due to the shorter lengths of
the Dai and GPCP datasets, the observed precipitation
anomalies were computed using the climatologies for
the 1950–95 and 1979–2000 periods, respectively.

3. Observed and simulated atmospheric anomalies
in 1997–2003

In view of the marked differences seen in Fig. 1a
between the SST anomaly pattern in 1998–2002 (with
cold DTEP and warm IWP) and that in 1997–98 or
2002–03 (when both DTEP and IWP were warm), the
atmospheric patterns in these individual subperiods are
considered separately. We shall henceforth refer to the
time intervals of June 1997–May 1998 as subperiod 1,
June 1998–May 2002 as subperiod 2, and June 2002–
May 2003 as subperiod 3. The temporal span of these
subperiods is indicated in the right margin of Fig. 1a.

a. 1998–2002 subperiod

The distributions of the anomalous 200-mb height for
subperiod 2, as obtained from (Fig. 2a) NCEP–NCAR
observational reanalyses, and from simulations in the
(Fig. 2b) GLOBAL, (Fig. 2c) DTEP, and (Fig. 2d) IWP
experiments, are displayed in Fig. 2. The most promi-
nent features in the observed pattern (Fig. 2a) are the
pair of positive height anomalies circumscribing almost
the entire latitude zones in 20°–40°N and 30°–50°S.
Negative height anomalies prevail in the vicinity of the
DTEP region. The zonally extended anomalous ridges
are well simulated in the GLOBAL experiment (Fig.
2b), whereas the negative center over the central tropi-
cal Pacific in the model atmosphere is weaker than its
observed counterpart. The elongated ridges in the sub-
tropical–midlatitude belt of the two hemispheres are
evident in Figs. 2c,d. However, the amplitude of the
extratropical response to SST changes in IWP is notice-
ably higher than that to forcing in the DTEP sector.
The prolonged La Niña conditions prescribed in the
DTEP experiment are seen to yield negative height
anomalies throughout the Tropics along the equator

(Fig. 2c); whereas the persistent warmth in the IWP
sector generates mostly positive anomalies (Fig. 2d).
The spatial correlation coefficients between the
GLOBAL (Fig. 2b) and IWP (Fig. 2d) patterns, and
between the GLOBAL and DTEP (Fig. 2c) patterns, are

FIG. 2. Horizontal distributions of 200-mb height anomaly in
June 1998–May 2003 (subperiod 2), as obtained from (a) NCEP–
NCAR reanalyses, and model simulations in the (b) GLOBAL,
(c) DTEP, and (d) IWP experiments. Contour interval: 10 m.
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0.79 and 0.61, respectively.1 Summation of the anoma-
lies produced in the IWP and DTEP experiments yields
a pattern (not shown) that exhibits an even higher
spatial correlation (0.91) with the GLOBAL result.
Hence, to first approximation, the total response in the
GLOBAL experiment may be viewed as the linear sum
of the responses to the forcings in the IWP and DTEP
sectors, with the contribution of the IWP region being
relatively stronger. The validity of this linear approxi-
mation has also been tested by a suite of SST anomaly
experiments in which composite ENSO cycles in DTEP
and the secular warming trend in IWP were prescribed
separately, as well as in combination with each other.
These model results (not shown) confirm that the re-
sponse to SST forcings inserted in both DTEP and IWP
bears a strong resemblance to the sum of the individual
responses to the oceanic changes in the DTEP and IWP
sectors.

The dependence of the Northern Hemispheric por-

tion of the patterns in Figs. 2c,d on the phase of the
annual cycle is illustrated in Fig. 3, which shows the 4-yr
averages of the anomalies for various calendar seasons.
These seasonal patterns indicate that the atmospheric
responses to DTEP forcing are strongest in the boreal
winter (Fig. 3a), during which the signals in the North
Pacific–North American sector acquire a more wave-
like appearance than is indicated in Fig. 2c. The anoma-
lous ridge in the northern extratropics as simulated in
the DTEP experiment exhibits a stronger zonal sym-
metry in boreal spring (Fig. 3b). The amplitude of this
springtime anomaly is much reduced in the summer and
fall seasons (Figs. 3c,d). On the contrary, the extended
ridge in the northern midlatitude zone is a robust fea-
ture in the IWP experiment through the boreal fall,
winter, and spring (Figs. 3h,e,f), and is somewhat re-
duced in summer (Fig. 3g). The notable disparity be-
tween the seasonal dependence of the midlatitude re-
sponses to IWP and DTEP forcing suggests that differ-
ent processes may be at work in linking the SST
anomalies in these two sectors to the extratropical at-
mosphere. The contrast between the wavelike response
to ENSO-related forcing in boreal winter (Fig. 3a) and

1 These spatial correlation coefficients have been computed us-
ing departures of local values from the areal average.

FIG. 3. Horizontal distributions of 200-mb height anomaly in the Northern Hemisphere, as obtained by averaging
data for the calendar seasons of (a), (e) December–February, (b), (f) March–May, (c), (g) June–August, and (d),
(h) September–November in subperiod 2. Results for the DTEP and IWP experiments are shown in (a)–(d) and
(e)–(h), respectively. Contour interval: 10 m.
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the zonally symmetric response to SST anomaly in the
IWP sector during summer (Fig. 3g) may contribute to
the seasonal dependence of variability and predictabil-
ity, as noted by Schubert et al. (2002) and Kumar et al.
(2003).

The observed and model-simulated anomalies of sur-
face air temperature and precipitation in subperiod 2
are presented in Figs. 4a–d and 4e–h, respectively. As

noted by Hoerling and Kumar (2003), abnormal
warmth and dryness were observed over many land ar-
eas in the northern subtropics and extratropics during
this period (Figs. 4a,e). The patterns in the tropical
Pacific are typical of La Niña conditions (Ropelewski
and Halpert 1989), with temperature and precipitation
being below normal in the central and eastern portions
of that basin, and above normal near its western bound-

FIG. 4. Same as in Fig. 2, but for anomalies of (a)–(d) surface air temperature and (e)–(h) precipitation.
Observational estimates are shown in (a), (e). Results in the remaining panels are based on (b), (f) GLOBAL,
(c), (g) DTEP, and (d), (h) IWP experiments.
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ary. Wet anomalies occurred over the near-equatorial
Atlantic and eastern Indian Oceans, as well as over
tropical South America, whereas dryness prevailed
over eastern tropical Africa and the western Indian
Ocean. Many of the above features are discernible in
the corresponding patterns simulated in the GLOBAL
(Figs. 4b,f) and IWP (Figs. 4d,h) experiments, thus in-
dicating the dominant role of the SST anomalies in the
IWP region in forcing the worldwide temperature and
precipitation anomalies in the modeled and observed
atmospheres. The simulated response in the DTEP ex-
periment (Figs. 4c,g) bears a considerable resemblance
to the observed patterns in most parts of the tropical
Pacific and South America. However, the results from
the DTEP experiment are notably different from the
observations as well as the GLOBAL and IWP simu-
lations over the northwestern subtropical Pacific, as
well as eastern tropical Africa and the nearby waters.
The warm and dry anomalies over southwestern Asia
and much of the United States are much more evident
in the GLOBAL and IWP runs than in the DTEP ex-
periment.

The model responses displayed in Figs. 2 and 4 are
based on ensemble averages over all individual runs for
each experiment. To gain an appreciation of the range
of responses in a given ensemble, the anomaly value for
each member of the ensemble has been rank ordered
according to its magnitude, and the values correspond-
ing to specific percentiles of the population were then
determined. This procedure has been performed for the
averages over the June 1998–May 2002 period. At each
longitude along a selected zonal belt, an average of the
values was taken over the meridional width of that belt
prior to the rank-ordering step. The north–south extent
of the belt is 30°–50°N for 200-mb height, and 20°–40°N
for surface air temperature and precipitation. These
choices are guided by the latitudinal positions of the
principal model anomalies appearing in Figs. 2 and 4.
The results of this analysis are presented in Fig. 5, for 20
members of the GLOBAL experiments (top row), and
30 members each of the DTEP (middle row) and IWP
(bottom row) experiments. For each variable in each
experiment, the longitudinal dependence of the values
corresponding to the 50th percentile (i.e., the median)
is indicated by a curve; the range between the 25th and
75th percentiles are depicted by dark shading, whereas
the 10th–25th and 75th–90th ranges are denoted by
light shading.

For the 200-mb height field (left panel in Fig. 5),
almost all of the individual members of the GLOBAL
and IWP experiments produce positive anomalies
around the entire latitude belt. The range of the re-
sponses in individual members of these two experi-

ments (as illustrated by the vertical extent of the shad-
ing at a given longitude) is generally smaller than the
overall signal strength (as approximated by the depar-
ture of the median curve from the abscissa). These re-
sults provide strong evidence on the reproducibility of
the patterns in Figs. 2b,d in individual runs of the
GLOBAL and IWP experiments. On the contrary, the
sampling fluctuations among individual members are
much larger in comparison to the amplitude of the me-
dian anomaly in the DTEP experiment, thus yielding
much smaller signal-to-noise ratios in most longitudes.
For surface air temperature (middle panel in Fig. 5), a
large majority of the members of the GLOBAL experi-
ment produce warm anomalies in the North American
and Eurasian sectors. Reproducible warm responses
are also generated in the IWP runs over North America
and some portions of Eurasia. The temperature re-
sponse in the DTEP experiment is relatively much
weaker over the oceanic areas, primarily due to the
absence of any anomalous SST forcing within the 20°–
40°N zone in that experiment. The DTEP result also
shows less robust warming over North America and
Eurasia. The precipitation statistics (right panel in Fig.
5) for the GLOBAL and IWP experiments bear a con-
siderable resemblance to each other, with most en-
semble members producing dry anomalies over North
America and much of Eurasia. The corresponding re-
sponses in DTEP are relatively noisier.

b. 1997–98 and 2002–03 subperiods

The patterns of 200-mb height anomalies for subpe-
riods 1 and 3 are presented for NCEP–NCAR reanaly-
sis data (Figs. 6a,e) and model simulation in the
GLOBAL (Figs. 6b,f), DTEP (Figs. 6c,g), and IWP
(Figs. 6d,h) experiments. The left and right panels in
each row of this figure share rather common large-scale
characteristics, with the amplitudes in subperiod 1 be-
ing generally higher than those in subperiod 3. The
results for both the observations and the GLOBAL
simulation are indicative of equator-wide positive
height anomalies, and zonally extended negative
anomalies in the northern and southern extratropics.
The negative height anomalies are even more evident
in the DTEP simulation (Figs. 6c,g). On the other hand,
the SST forcing in IWP (Figs. 6d,h) produces mostly
anomalous ridges in midlatitudes. Comparison among
the various model panels in Fig. 6 reveals that the at-
mospheric patterns in the GLOBAL experiment are
dominated by the response to the El Niño events in the
DTEP sector during the two subperiods considered
here. These responses more than compensate for the
opposing, but relatively weaker, anomalies associated
with the warm SST forcing in IWP.
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It is also of interest to contrast the patterns in Fig. 6
with those in Fig. 2 for subperiod 2. The DTEP results
in the two figures have opposite polarities, reflecting
the differing responses to El Niño and La Niña condi-
tions; whereas the persistent warm SST anomaly in
IWP yields essentially the same atmospheric pattern
throughout the three subperiods. The extratropical sig-
nals accompanying the DTEP and IWP forcings are
mostly in phase in subperiod 2, but are out of phase in
subperiods 1 and 3.

For subperiods 1 and 3, the spatial correlation coef-

ficients between the 200-mb height response in the
GLOBAL experiment and the linear sum of the re-
sponses in the DTEP and IWP experiments are higher
than the correlations between the GLOBAL and
DTEP patterns, or between the GLOBAL and IWP
patterns. Moreover, addition of the DTEP and IWP
patterns leads to substantial reduction of the rms dif-
ferences from the GLOBAL pattern (by as much as a
factor of 2–3), as compared to the results based on
matching the GLOBAL pattern with each of the DTEP
or IWP patterns separately. In accord with the findings

FIG. 5. Longitudinal distributions of the percentile values in the population of anomalies simulated in individual
members of the (top) GLOBAL, (middle) DTEP, and (bottom) IWP experiments, for (left) 200-mb height
averaged between 30° and 50°N, and (middle) surface air temperature and (right) precipitation, both averaged
between 20° and 40°N. Results are based on averages over subperiod 2. The 50th percentile values are indicated
by the black curves. The 25th–75th percentile range is depicted using dark shading. The 10th–25th and 75th–90th
percentile ranges are represented by light shading.
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for subperiod 2, the signals in GLOBAL may be viewed
as the linear combination of the responses to the SST
forcings in the DTEP and IWP sectors.

c. Evolution of zonal averages through all
subperiods

The temporal development through the 1997–2004
period of the zonally elongated features in Figs. 2 and 6
is depicted in greater detail in Fig. 7. The latter diagram
contains the time–latitude distributions of the zonal av-

erages of 200-mb height anomalies, as computed using
monthly means of (Fig. 7a) NCEP–NCAR reanalyses,
and output from the (Fig. 7b) GLOBAL, (Fig. 7c)
DTEP, and (Fig. 7d) IWP experiments. The near-
equatorial evolution in the observed pattern (Fig. 7a)
consists of three main stages: strong positive anomalies
from early 1997 to late 1998, negative anomalies from
1999 to early 2001, and positive anomalies thereafter.
This succession corresponds closely with the concurrent
evolution of El Niño and La Niña events. In the extra-
tropics, the observations show an anomalous trough

FIG. 6. Same as in Fig. 2, but for (a)–(d) June 1997–May 1998 (subperiod 1) and (e)–(h) June 2002–May 2003
(subperiod 3).
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centered at 40°N in 1997, followed by a pair of anoma-
lous ridges near 45°N and 45°S that persisted through a
large portion of the period from 1998 to early 2002.
Most of the above observed signals are well captured in
the GLOBAL experiment (Fig. 7b). The strength and
duration of the negative equatorial anomaly in 1999–
2000 are considerably reduced in the simulation as com-
pared with the NCEP–NCAR result. The positive
tropical anomaly in 2002–04 is much stronger in the
GLOBAL experiment than in the observed pattern.

In the DTEP simulation (Fig. 7c), the El Niño years
are associated with positive height anomalies in the
Tropics and negative anomalies in the northern extra-
tropics. The signs of these anomalies are reversed in the
La Niña years. The continued warmth in the SST field
within IWP leads to above-normal heights in the equa-
torial zone as well as the midlatitude belts of both hemi-
spheres through much of the 1998–2003 period (Fig.
7d). Enhanced positive height anomalies are generated
in the IWP runs near the equator in the termination

stages of the 1997–98 and 2002–03 El Niño events. This
protraction of the tropical height changes due to forcing
from the IWP sector is in accord with the findings of
Kumar and Hoerling (2003). The extratropical height
anomalies in the DTEP and IWP experiments tend to
be in phase (out of phase) during La Niña (El Niño)
years. The linear sum of the patterns in Figs. 7c,d (not
shown) bears a strong similarity to that in Fig. 7b.

The extent to which the principal features in Fig. 7
can be reproduced in individual members of the en-
semble experiments has been assessed by a procedure
similar to that used in constructing Fig. 5. In the present
application, the zonal-mean 200-mb height anomalies
at a given latitude were rank ordered, so as to deter-
mine the values corresponding to various percentiles.
The analysis was performed using time averages for
each of the two El Niño periods June 1997–May 1998
(subperiod 1) and June 2002–May 2003 (subperiod 3),
as well as the extended La Niña period June 1998–May
2001 (a shortened version of subperiod 2, with preva-

FIG. 7. Time–latitude distributions of anomalies of zonally averaged height at 200 mb, as obtained from (a) NCEP–NCAR reanalyses,
and model simulations in the (b) GLOBAL, (c) DTEP, and (d) IWP experiments. A 13-month running-mean smoothing has been
applied. Contour interval: 10 m. The span of subperiods 1, 2, and 3 is indicated along the right margin of the right panel.
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lent cold SST anomalies throughout the DTEP region).
The latitudinal dependence of the percentile values
thus obtained is illustrated in Fig. 8 by using the same
convention as in Fig. 5. In the tropical zone, the re-
sponses in individual members tend to stay within a
narrow range about the median, thus indicating a high
degree of reproducibility of the tropical signals in all
experiments and during all periods considered here.
Despite the notable increase in intersample variability
at higher latitudes, the strength of following extra-
tropical signals is seen to stand well above the spread
among individual members: the anomalous ridges near
45°N and 45°S during the June 1998–May 2001 period
in the GLOBAL panel, the anomalous troughs near

45°N in subperiods 1 and 3 in the DTEP panel, and the
anomalous ridges near 45°N in all three periods in the
IWP panel.

4. Simulated atmospheric responses in earlier
anomalous SST episodes

In analogy to the 1997–2003 period, several episodes
in earlier decades are also characterized by prominent
El Niño and La Niña events in the DTEP sector, and
concurrently by notable SST changes in IWP. Two such
examples are presented in Fig. 9, which shows the
anomalous SST evolution in 1953–58 and 1972–77 by
using a format similar to Fig. 1a. The right panels in

FIG. 8. Latitudinal distributions of the percentile values in the population of anomalies simulated in individual
members of the (left) GLOBAL, (middle) DTEP, and (right) IWP experiments, for zonal means of 200-mb height
averaged over (top) subperiod 3, (middle) June 1998–May 2001, and (bottom) subperiod 1. The 50th percentile
values are indicated by the black curves. The 25th–75th percentile range is depicted using dark shading. The
10th–25th and 75th–90th percentile ranges are represented by light shading.
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Fig. 9 indicate the occurrence of El Niños in 1953, 1957,
1972, and 1976, as well as the protracted La Niñas of
1954–56 and 1973–75. The left panels in Fig. 9 reveals
that, in contrast to the above-normal SST in IWP dur-
ing 1997–2003, cold conditions prevailed in the same
region in 1954–56 and 1974–75.

The results for the 1998–2002 period indicate that the
extratropical atmospheric response to warm SST
anomalies in IWP during 1998–2002 tends to reinforce
the response to concurrent cold SST anomalies in
DTEP; whereas tropical responses to the SST changes
in the two regions tend to oppose each other. These
findings may be contrasted with Fig. 10, which shows
zonally averaged anomalies of 200-mb height, as simu-
lated in the GLOBAL experiment for the 1953–58 and
1972–77 periods. The tropical zone in these charts is
dominated by the negative height anomalies extending
from 1954 to 1956 and from 1974 to 1976. These fea-
tures are much stronger than that simulated in 1998–
2002 (Fig. 7b). On the other hand, the extratropical
anomalous ridges in Fig. 10 are considerably weaker
than those in Fig. 7b. The results in Fig. 10 illustrate
that the cold conditions in IWP and DTEP yield in-
phase responses in the Tropics, and out-of-phase re-

sponses in midlatitudes (thus accounting for the weak
extratropical signals). The corresponding distributions
based on NCEP–NCAR reanalyses for 1954–56 and
1974–76 (not shown) also indicate robust negative
height anomalies in the Tropics and feeble positive
anomalies in the extratropics.

5. Implications on North American surface climate

The differences between the extratropical 200-mb re-
sponses in various periods of interest, as pointed out in
the previous sections, could exert considerable influ-
ences on the near-surface climate in North America.
The distributions of the anomalous surface air tempera-
ture and precipitation in this region, as simulated in the
GLOBAL experiment, are presented in the left panels
of Fig. 11 for the periods of January 1954–December
1956, January 1974–December 1975, and June 1998–
May 2002 (subperiod 2). The corresponding observa-
tional results are shown in the right panels of Fig. 11
using NCEP–NCAR reanalyses for the temperature
field, as well as precipitation datasets of Dai et al. (1997;
based on station records for the 1954–56 and 1974–75
periods) and GPCP (for 1998–2002). The eastward ex-
tension of the prominent midlatitude ridge to the West-
ern Hemisphere in the GLOBAL experiment during
subperiod 2 (see Fig. 2b) is seen to be accompanied by

FIG. 9. Same as in Fig. 1a, but for the (a) 1953–58 and (b)
1972–77 periods.

FIG. 10. Same as in Fig. 7b, but for the (a) 1953–58 and (b)
1972–77 periods.
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warm surface temperature anomalies over a large frac-
tion of the North American landmass (Fig. 11e), and by
dry anomalies along a wide zone extending from 160° to
50°W and centered near 35°N (Fig. 11k). Due to op-

posing effects of the SST forcings in IWP and DTEP
during 1954–56 and 1974–75 (see arguments in previous
sections), the simulated anomalous ridge over North
America is much weaker and less organized in those

FIG. 11. Horizontal distributions in the North American sector of the anomalies of (a)–(f) surface air tempera-
ture and (g)–(l) precipitation, for the (a), (b), (g), (h) January 1954–December 1956; (c), (d), (i), (j) January
1974–December 1975; and (e), (f), (k), (l) June 1998–May 2002 periods. Results from the GLOBAL experiment
(observational datasets) are shown in the left (right) panels.
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earlier periods (not shown). The amplitude or spatial
coverage of the corresponding temperature and pre-
cipitation changes (Figs. 11a,c,g,i) are relatively less
than those simulated in subperiod 2.

The model and observed features in subperiod 2
(Figs. 11e,f,k,l) are in fair agreement with each other,
with the exception of the discrepancies near the Gulf of
Alaska. The observations also indicate anomalously
warm and dry conditions in 1954–56, which are discern-
ible in the simulation, although the model underesti-
mates the spatial extent of the warm anomalies (Figs.
11a,b,g,h). For the 1974–75 period, cold conditions pre-
vail over western and northwestern North America in
both the observed and simulated temperature patterns
(Figs. 11c,d). The correspondence between the precipi-
tation anomalies in the model simulation and observa-
tion for this period is relatively weaker (Figs. 11i,j).

The seasonal dependence of the precipitation and
temperature anomalies in subperiod 2 has been exam-
ined by partitioning the data within 1998–2002 accord-
ing to the four conventional seasons (December–
February, March–May, etc.), and then plotting the
counterparts of Figs. 11e,f,k,l for each of these seasons.
The results based on both observations and output
from the GLOBAL experiment (not shown) indicate
that the precipitation and temperature signals are

strongest in the vicinity of the continental United States
during the boreal winter. The circulation features ac-
companying such changes are illustrated in Fig. 12,
which shows the anomalous wintertime distributions of
(Figs. 12a,b) 200-mb height (contours), and eddy ki-
netic energy K based on time-filtered wind data with
periods between 2–10 days being retained, and (Figs.
12c,d) sea level pressure (SLP, shading) and surface
wind vector (arrows). All patterns are based on aver-
ages over the four winter seasons (December–
February) in the 1998–2002 period. Model and obser-
vational data are presented in Figs. 12a,c and 12b,d,
respectively.

As mentioned earlier, the model pattern for 200-mb
height (contours in Fig. 12a) is dominated by a belt of
positive anomaly extending from the North Pacific
across the continental United States to the North At-
lantic. The enhanced eastward flows north of this
anomaly are coincident with above-normal transient
eddy activities, as may be inferred from the positive
changes in K (shading in Fig. 12a) along the 40°–60°N
belt. Conversely, the level of synoptic-scale variability
is suppressed to the south of the anomalous ridge, when
the strength of the zonal flow is reduced. There exists a
strong spatial correspondence between the wintertime
patterns of K (Fig. 12a) and precipitation (not shown,

FIG. 12. Horizontal distributions in the North American sector of the anomalies of (a), (b) 200-mb height
(contours, interval: 10 m) and transient eddy kinetic energy K (shading, see scale bar at bottom), and (c), (d) sea
level pressure (shading, see scale at bottom) and surface wind vector (arrows, see scale at upper right). Results
from the GLOBAL experiment (observational datasets) are shown in left (right) panels, and are based on averages
over the four December–February seasons in the 1998–2002 period.
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but similar to Fig. 11k), with the weakened weather
disturbances along the southern United States and
northern Mexico being associated with below-normal
precipitation over that region. Near the sea level, anti-
cyclonic anomalies are simulated in the midlatitude
North Pacific and North Atlantic (Fig. 12c). These sur-
face features are situated beneath the positive height
anomalies at 200 mb (Fig. 12a), thus implying an
equivalent barotropic structure for the atmospheric
changes over oceanic areas. The strong positive SLP
anomaly over the North Pacific serves to block the pas-
sage of winter storms to the southern portion of North
America, hence contributing to the dry conditions in
that region. The warm southerly flows on the western
flank of the Atlantic anticyclone anomaly partially ac-
counts for the above-normal temperatures over the
eastern and central United States (see Fig. 11e).

Some agreements are discernible between the simu-
lated and observed patterns in Fig. 12 over the midlati-
tude North Pacific, where both the NCEP–NCAR re-
analyses and the GLOBAL experiment indicate the
presence of an anomalous anticyclone throughout the
troposphere. The NCEP–NCAR data also support a
northward shift in the track of storm activity in the
North Pacific–North American sector (shading in Fig.
12b). The simulated 200-mb height anomaly over east-
ern United States–North Atlantic, as well as the atten-
dant near-surface circulation anomalies, are much less
evident in the NCEP–NCAR patterns.

6. Generation of zonally symmetric features by
eddy–mean flow interaction

a. Geographical considerations

As is evident from Figs. 12a,b, variations in the sea-
sonally averaged circulation exert considerable influ-
ences on the behavior of synoptic-scale disturbances,
which could in turn feed back to the ambient low-
frequency flow pattern through eddy transports of mo-
mentum and heat. To evaluate the contribution of tran-
sient eddy forcing to the zonally elongated features
seen in the model patterns in Figs. 2b–d, the analysis
procedure described in L05 has been applied to the
output from the three individual experiments for sub-
period 2. Daily data of the horizontal wind components
u, � at 200 mb were time filtered to retain synoptic-
scale fluctuations with periods of 2–10 days. Monthly
statistics u�u�, ����, and ��u� were calculated, where the
overbar and prime represent monthly average and de-
viation from monthly average, respectively. Ensemble
means of these quantities over subperiod 2 were evalu-
ated for each experiment. Two indicators of eddy be-
havior and feedback were then computed: the extended

Eliassen–Palm vector as formulated by Trenberth
(1986) E � (���� � u�u�)/2i � ��u�j, and the height
tendency induced by the barotropic component of the
transient eddy forcing �z/�t � (f/g)	�2
. Here z is the
geopotential height, f is the Coriolis parameter, g is the
gravitational acceleration, and 
 is the convergence of
eddy vorticity fluxes, which may be expressed in terms
of u�u�, ����, and ��u� [e.g., see Eq. (2) in Lau (1988)].
The zonal wind acceleration and the geopotential
height tendency resulting from eddy momentum trans-
ports may be inferred from the divergence of E and the
pattern of �z/�t, respectively. The departure from cli-
matology of the distributions of E (arrows) and �z/�t
(shading) for subperiod 2 are presented in Fig. 13. Re-
sults are shown using eddy statistics from the (Fig. 13a)
GLOBAL, (Fig. 13b) DTEP, and (Fig. 13c) IWP ex-
periments.

In the DTEP experiment (Fig. 13b), the magnitudes
of the E vectors and �z/�t are largest in two zonal belts

FIG. 13. Horizontal distributions of 200-mb anomalies of ex-
tended Eliassen–Palm vectors E (arrows, see scale at upper right)
and eddy-induced height tendencies (shading, see scale bar at
bottom) for June 1998–May 2002 (subperiod 2), as obtained from
model simulations in the (a) GLOBAL, (b) DTEP, and (c) IWP
experiments. All variance and covariance statistics have been
computed using 2–10-day filtered data.
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in the extratropics: one extending eastward from the
central North Pacific across North America to the west-
ern North Atlantic, and the other from south of Aus-
tralia to the South Pacific. Within these elongated re-
gions of enhanced eddy feedbacks, the anomalous E
vectors are mostly directed equatorward, thus leading
to convergence of E (zonal wind deceleration) on the
equatorward flank of the zonal belts, and divergence of
E (zonal wind acceleration) on the poleward flank.
Positive values of �z/�t prevail along the axes of the
zonal belts. This configuration of wind and geopotential
height tendencies is consistent with geostrophy. The
spatial correspondence between the anomalous pat-
terns of z (Fig. 2c) and �z/�t (Fig. 13b) in the vicinity of
the zonal belts suggests that the transient eddies con-
tribute to the eastward spread of the positive height
anomalies in those sites.

The patterns of E and �z/�t in the IWP experiment
(Fig. 13c), and their relationships with the mean height
anomaly in subperiod 2 (Fig. 2d), are analogous to
those discerned from the DTEP runs (Figs. 13b and 2c).
The zonal wind and height tendencies induced by the
transient eddies are most pronounced along a pair of
extratropical zonal belts over the North America–
North Atlantic and South America–South Atlantic sec-
tors. The anomalous eddy activities lead to positive
midlatitude height tendencies in much of the Western
Hemisphere, where considerable similarities are dis-
cernible between the anomalous patterns of �z/�t and z.
The eddy-induced tendencies in the IWP result are gen-
erally larger than those simulated in the DTEP runs, so
that the patterns of E and �z/�t in the GLOBAL ex-
periment (Fig. 13a) bear a stronger resemblance to
those in the IWP simulation (Fig. 13c) than the DTEP
experiment (Fig. 13b).

The mechanisms contributing to the formation of
zonally symmetric ridges in the IWP experiment may
be summarized as follows: As demonstrated by the sta-
tionary model solution for the atmospheric response to
diabatic heating in the IWP region (e.g., Simmons 1982;
Ting and Yu 1998; L05), the positive 200-mb height
anomalies in the Eastern Hemisphere (Fig. 2d) may be
attributed to SST forcing in the Indo-Pacific region.
These height anomalies are accompanied by enhanced
zonal flows on their poleward flanks (see Fig. 3a in
L05), which are associated with more vigorous devel-
opment of synoptic-scale extratropical disturbances. As
these transient fluctuations propagate eastward and at-
tain maturity in the Western Hemisphere, the pattern
of eddy momentum transport is perturbed in the latter
locations, which results in eastward extension of the
anomalous ridges in the Asian and Indian Ocean sec-
tors.

b. Zonal mean perspectives

We proceed to examine the role of eddy momentum
transports in the evolution of the height anomalies seen
in Fig. 7 in a zonal mean context. The time–latitude
distributions of the following zonal mean quantities
are shown in Fig. 14: 200-mb zonal wind [u] (contours)
and eddy kinetic energy K � [u�u� � ����]/2 (shading)
in Figs. 14a,d,g; 200-mb northward eddy momentum
flux ([��u�]; shading) and its divergence (DivMF �
�([��u�]cos2�)/acos2� ��; contours) in Figs. 14b,e,h; and
200-mb DivMF (contours) and 500-mb pressure veloc-
ity [] (shading) in Figs. 14c,f,i. Here � is the latitude,
a the earth radius, and the square brackets represent
the zonal average over complete latitude circles. Re-
sults are presented for the GLOBAL (top row), DTEP
(middle row), and IWP (bottom row) experiments.

1) IWP EXPERIMENT

The persistent warm SST anomalies prescribed in the
IWP sector result in the enhancement of the meridional
temperature gradient near 45°N and 45°S, and relax-
ation of this gradient in the subtropics. These changes
in the meridional temperature profile are evident
throughout the troposphere (results not shown). In ac-
cord with the thermal wind relationship, these changes
in the zonal mean baroclinicity are accompanied by
strengthened eastward winds in the extratropics, and
weakened winds in the subtropics (contours in Fig.
14g). Such zonal wind variations in turn modulate the
intensity of transient disturbances (as inferred from the
pattern of K; see shading in Fig. 14g), with positive
anomalies of K located at and slightly poleward of the
zones of enhanced [u], and vice versa. Steadiness of the
SST forcing in IWP throughout the 1997–2003 period
accounts for the temporal continuity of the [u] and K
signals in Fig. 14g.

Various observational, modeling, and theoretical
studies (e.g., Blackmon et al. 1977; Frederiksen 1983;
Held 1975; Vallis et al. 2004) have shown that regions of
enhanced eddy activity are coincident with convergence
of momentum flux ��u�. This relationship is consistent
with the results displayed in Figs. 14g,h: the prolonged
positive anomaly of K centered at 50°N is accompanied
by momentum flux convergence; whereas the weak-
ened eddy activity near 30°N is coincident with momen-
tum flux divergence. Analogous interrelated changes in
K, [��u�] and DivMF are also discernible in the South-
ern Hemisphere, albeit with less temporal continuity.

The arguments and diagnostics presented by Chang
(1996), Seager et al. (2003) [see their Eqs. (3) and (5)]
and L05 illustrate that variations in DivMF are linked
to changes in the zonally averaged circulation on the
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meridional plane. Specifically, momentum flux diver-
gence (DivMF � 0) is primarily balanced by the Corio-
lis torque associated with a poleward flow ( f [�] � 0) at
200 mb, and vice versa. The eddy-induced changes of
[�] are in turn related to anomalies in the vertical com-
ponent of the circulation through the continuity equa-
tion, with meridional convergence of [�] at 200 mb cor-
responding to sinking ([] � 0) in midtroposphere, and
vice versa. The above relationships between DivMF
and [] in the IWP experiment are substantiated by the
results in Fig. 14i.2 Of special interest is the prevalence
of anomalous 500-mb sinking motion ([] � 0) cen-
tered at 45°N. This zone is straddled by positive DivMF
(which implies [�] � 0) to its south, and negative
DivMF ([�] � 0) to its north. The enhanced subsidence
simulated near 40°S is also flanked by similar (but less
organized) signals of DivMF.

The adiabatic warming and cooling accompanying
the eddy-induced vertical motion lead to changes in the
temperature (and thickness) of the tropospheric col-
umn, and thereby influence the variability of the 200-
mb height field. Comparison between the extratropical
features of [z] (Fig. 7d) and [] (Fig. 14i) confirms that
warming due to the anomalous subsidence in midlati-
tudes is coincident with positive 200-mb height anoma-
lies through much of the 1997–2003 period.

2) DTEP EXPERIMENT

The zonal mean statistics for the DTEP experiment,
shown in the middle row of Fig. 14, exhibit a notable
dependence on the evolution of El Niño and La Niña
episodes. The relationships between the quantities dis-
played here during various subperiods may also be un-
derstood in terms of the processes delineated in the
previous subsection. During the El Niño events in sub-
periods 1 and 3, the deep tropical heating produces

equator-wide positive 200-mb anomalies (Figs. 6c,g). In
the Eastern Hemisphere, the meridional width of this
anomaly is generally narrower than that simulated in
the IWP experiment (Figs. 6d,h), partially due to the
limited north–south extent of the SST forcing in DTEP
(mostly within 10° of latitude from the equator) as com-
pared with that in IWP (as much as 40° from the equa-
tor). Accordingly, the enhanced zonal flows in the
DTEP pattern (contours in Fig. 14d) are located close
to the equator, at about 20°N and 20°S. These changes
in [u] are accompanied by enhanced eddy activity (see
shading for K in Fig. 14d) and momentum flux conver-
gence (contours in Fig. 14e) slightly farther poleward.
The eddy-driven meridional circulation in subperiods 1
and 3 is hence characterized by divergence of [�] and
ascent at about 40°N and 40°S (Fig. 14f). The resulting
adiabatic cooling is consistent with the negative 200-mb
height anomalies simulated in these zones (Fig. 7c). The
polarity of all of the above anomalies is reversed in the
La Niña years in subperiod 2, with the eddy fluxes in-
ducing subsidence and positive height anomalies in
midlatitudes. Comparison between Figs. 14d–f and
14g–i indicates the effects of eddy feedbacks on the
zonal mean flow are in phase in the DTEP and IWP
experiments in subperiod 2. However, they are out of
phase in subperiods 1 and 3, during which the signals
corresponding to DTEP forcing are relatively stronger.

3) GLOBAL EXPERIMENT

Similar to other findings reported here, the results
based on the GLOBAL experiment (Figs. 14a–c) may
be viewed as the approximate linear superposition of
the individual contributions from the IWP and DTEP
runs. The cooperation between the eddy forcings in
IWP and DTEP during subperiod 2 results in robust
features in that interval. The correspondence between
the GLOBAL and DTEP patterns in subperiods 1 and
3 reflects the dominance of the signals in DTEP over
those in IWP with the opposite polarity.

7. Discussion

The evidence presented in this study illustrates the
substantial role of the SST anomalies in the IWP sector

2 Results in this panel (and in corresponding panels of GLOBAL
and DTEP experiments) are shown only for latitudes poleward of
20°. Amplitudes of DivMF are generally weak in the Tropics (see
Figs. 14b, e, h). Tropical features of [] are mostly governed by
diabatic processes that are not directly related to the transient
eddy forcing considered here.

←

FIG. 14. Time–latitude distributions of zonally averaged anomalies of (a), (d), (g) 200-mb zonal wind (contours, indicating values of
�0.25, �0.5, �1, �2, �3 and �4 m s�1) and transient eddy kinetic energy K (shading); (b), (e), (h) 200-mb transient eddy momentum
flux [��u�] (shading) and its divergence DivMF (contours, interval: 5 � 10�7 m s�2); and (c), (f), (i) DivMF (contours, interval: 5 � 10�7

m s�2) and 500-mb pressure velocity [] (shading). Results are shown for model simulations in (a)–(c) GLOBAL, (d)–(f) DTEP, and
(g)–(i) IWP experiments. All variance and covariance statistics have been computed using 2–10-day filtered data. A 13-month running-
mean smoothing has been applied to all quantities displayed here. Solid and dashed contours indicate positive and negative values,
respectively. Zero contours are not plotted. Scale bars for the shading are displayed at the bottom of the respective column of the
panels.
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in the formation of zonally elongated height anomalies
in the extratropics. The latter atmospheric features are
particularly strong when the forcing in IWP is coinci-
dent with SST changes of the opposite polarity in
DTEP, as occurred in 1998–2002. On the contrary,
when the SST anomalies in IWP and DTEP are both
above normal (e.g., subperiods 1 and 3) or both below
normal (e.g., 1954–56 and 1973–75), the midlatitude re-
sponses to the forcings at the two oceanic sites tend to
oppose each other.

The findings on the nature of local eddy–mean flow
interactions (section 6a) are complementary to those
deduced using zonal mean diagnostics (section 6b). In
the latter approach, considerable simplification is
achieved by ignoring longitudinal variations, and a di-
rect link is identified between tropical SST forcing and
the zonal mean component of the zonal wind, transient
eddy momentum fluxes, eddy-induced circulation on
the meridional plane, and the resulting geopotential
height response in midlatitudes. By considering the
zonal mean formulation, Seager et al. (2003) has pro-
posed dynamical mechanisms that do not explicitly de-
pend on zonal asymmetries, such as circulation patterns
and transient eddy activity in specific geographical
sites. The local analysis tools (such as the horizontal
distributions of E and �z/�t) provide more detailed in-
formation that is not available from the zonal mean
results. For instance, the patterns in Fig. 13 pinpoint the
longitudinal sectors where the most active eddy feed-
backs take place. Moreover, these local diagnostics al-
low us to associate such regions of enhanced eddy ac-
tivity with the intensified quasi-stationary circulation
farther upstream, which may in turn be linked to steady
forcing due to the imposed SST anomaly. Conclusions
obtained by averaging the local diagnostic results (such
as in Fig. 13) along complete latitude circles are consis-
tent with those drawn directly from the zonal mean
framework (Fig. 14). The complementariness of these
two approaches suggests that the mechanisms consid-
ered by Seager et al. (2003) do not require zonal sym-
metry for the zonal wind responses to SST anomalies
and eddy–mean flow interactions. Instead, the atmo-
spheric changes due to SST forcing and to eddy feed-
backs could take place in distinct longitudinal domains
along a given latitude circle.

The influences of the SST changes in IWP on the
extratropical circulation have been highlighted in both
L05 and the present study. The warm conditions in the
tropical IWP during the 1997–2003 period could be a
manifestation of the general upward temperature trend
observed in that region in the past several decades
(Knutson et al. 1999). The probable causes for this
long-term signal include natural low-frequency varia-

tions of the atmosphere–ocean system, as well as cli-
mate changes induced by human activities. Experimen-
tation with fully coupled models would be needed to
identify the mechanisms contributing to the secular SST
changes in the IWP. The output from such model runs,
in which two-way air–sea interactions are to be incor-
porated in a comprehensive fashion, would also serve
as a useful check of the validity of the findings reported
in the present study, which does not include feedbacks
of the atmospheric responses to the prescribed SST
anomalies.

The diagnoses in this study suggest that, should the
warming trend in IWP continue, the extratropical at-
mospheric anomalies during La Niña events would be
progressively strengthened in the future, in view of the
reinforcement between the responses to this particular
configuration of SST forcing in the IWP and DTEP
sectors. Conversely, the midlatitude response in El
Niño episodes would gradually become weaker in the
forthcoming decades, due to destructive interference
between the signals originating from the IWP and
DTEP regions. Further study is needed to delineate the
impacts of sustained SST rise in IWP on the long-term
trends in the amplitude of El Niño and La Niña re-
sponses.

It is noteworthy that the IWP region considered in
this study consists of both the tropical portion of the
Indo-western Pacific basin, as well as the two belts cen-
tered at 30°N and 30°S that extend eastward from the
Asian and Australian coasts to 150°W (see Fig. 1b).
With the inclusion of the latter pair of midlatitude
zones, the meridional width of the IWP region is con-
siderably broader than that of the DTEP region. Hence
the zonal wind changes accompanying SST variations in
IWP occur at higher latitudes than corresponding re-
sponses to SST forcing in DTEP. For instance, the pair
of positive anomalies of [u] are located at about 20°
latitude during the 1997–98 El Niño in the DTEP ex-
periment (Fig. 14d); whereas the corresponding fea-
tures are found at 50° latitude in the IWP experiment
(Fig. 14g). Such differences in the latitude of the zonal
wind changes in the two experiments in turn determine
the locations of eddy feedbacks and the eddy-induced
tendencies (see section 6).

To assess the relative contributions of the SST
anomalies in the tropical and midlatitude portions of
the IWP region in modulating the atmospheric circula-
tion, we have conducted an additional 10-member en-
semble experiment in which the domain of variable SST
forcing in the 1997–2004 period is confined to maritime
grid points between 30°S and 30°N, and from the east-
ern African coast to 160°E. Thus, no SST variability is
prescribed in this experiment in the extratropical por-
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tions of the IWP region as originally defined in Fig. 1b
(specifically, the zonal belts between 30° and 40° lati-
tudes, as well as the pair of midlatitude extensions in
the North and South Pacific between 160°E and
150°W). Except for a slight reduction in the 200-mb
height response over the extratropical North Pacific,
the results from these auxiliary model runs (not shown)
are qualitatively similar to those presented for the full
IWP experiment (Figs. 2d, 4d, 4h, and 7d). We hence
conclude that tropical and subtropical portions of the
IWP forcing play a more fundamental role in generat-
ing the atmospheric signals presented in this study. The
stronger effects of the tropical SST anomalies in the
IWP domain could in part be attributed to their influ-
ences on the strength of the jet stream over South Asia,
which acts as a waveguide for zonally oriented and cir-
cumglobal wave trains (Branstator 2002).

Our investigation has been focused on the impacts of
SST anomalies in the Pacific and Indian Ocean basins
on the atmospheric circulation. It should be borne in
mind that prevalent modes of atmosphere–ocean vari-
ability have also been identified in the Atlantic sector
(Zebiak 1993; Chang et al. 1997), and that SST changes
in that region are linked to prominent shifts in precipi-
tation patterns in Africa and South America (Folland et
al. 1986), as well as to the overlying atmospheric circu-
lation (Chang et al. 2000). Due attention should there-
fore be devoted to assessing the role of Atlantic vari-
ability in the global-scale atmospheric changes docu-
mented in the present work. The nature of the
interactions between the climate signals over the At-
lantic, Pacific, and Indian Oceans also requires further
study.
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