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ABSTRACT

THE IMPACT OF ENSO ON THE EXTRATROPICS
Daeho Jin, PhD
George Mason University, 2008
Dissertation Director: Dr. Ben P. Kirtman

The impact of tropical remote forcing on the extratropics is examined with ideal
El Niño-Southern Oscillation (ENSO) forcing in the tropical Pacific. A set of numerical
experiments are described in which perfectly periodic ENSO is prescribed in the tropical
Pacific as a lower boundary condition, and a slab mixed layer ocean model is coupled to
an Atmospheric General Circulation Model (AGCM) in all other ocean basins.
First, the role of subtropical air-sea coupling is investigated by changing the
tropical Pacific forcing region, i.e., narrow (10°S~10°N) vs. broad (20°S~20°N) forcing
region. When the tropical Pacific is prescribed to be only the climatological annual cycle,
different SST in the subtropics results. This, in turn, leads to different atmospheric
motions, and consequently affects the adjacent extratropical atmosphere. The effect is
limited to the Pacific basin only. When the tropical Pacific includes ENSO, meridionally

broad structure of SST forcing intensifies the meridional atmospheric circulation in the
North Pacific basin, and, hence, the extratropical response to ENSO increases.
Secondly, the relationship between remote ENSO forcing and seasonality is
examined. Here we compare the response to perfectly periodic ENSO forcing that peaks
in boreal summer versus boreal winter. The results indicate that the maximum
extratropical response to the ENSO is determined by the local seasonality rather than the
temporal phase of ENSO. When the peak of ENSO is in boreal summer, the surface heat
flux in the North Pacific is maximized in the boreal winter, six months earlier than the
peak of ENSO. At the same time, the evolution of SST in the South Pacific is very
similar to that of the observed North Pacific. The tropical atmosphere linearly responds to
the prescribed SST forcing, but the atmospheric bridge connecting the deep tropics to the
extratropics occurs in specific seasons.
Lastly, we examined how the extratropical response to ENSO varies depending on
the period of ENSO. Ideally periodic two, four, and six year ENSO period experiments
were performed. When the ENSO responses mature in the North Pacific, the composite
patterns are similar among experiments, but the variance is sensitive to the ENSO
periodicity. The extratropical response to ENSO is damped by local air-sea interaction.
This local damping has a time-scale that is considerable longer than one year. Hence, the
high frequency ENSO, in which the time-scale between successive ENSO events is
shorter than the local damping process, results in increased variances of the ENSO forced
pattern. In addition, the La Niña forced pattern persists longer than the El Niño forced
pattern.

Chapter 1: Introduction

1.1 Tropical Remote Forcing through the “Atmospheric Bridge”
The tropical Pacific is perhaps the most studied oceanic region. This is mainly
because of the El Niño-Southern Oscillation (ENSO) phenomenon. The sea surface
temperature (SST) difference in the tropical Pacific between El Niño and subsequent La
Niña (or vice versa) can be as large as 4℃. The local atmospheric response, which is
associated with anomalous convection in the tropical Pacific, affects the extratropical
atmosphere, and, in turn, the extratropical ocean through air-sea interactions. For
example, Yulaeva et al. (2001) showed that remote tropical forcing drives anomalies in
the central North Pacific. The South Pacific surface temperature is also affected by ENSO
(Kidson and Renwick 2002). Moreover L'Heureux and Thompson (2006) showed that the
climate response to ENSO includes not only thermally forced zonal wind anomalies but
also eddy-driven zonal wind anomalies in both hemispheres.
The idea of tropical remote forcing through the “Atmospheric Bridge,” suggested
by Lau and Nath(1996), is that the atmospheric circulation plays a role in connecting the
tropical ocean and the extratropical ocean. The study of Lau and Nath (1996) was based
on a comparison between TOGA (Tropical Ocean and Global Atmosphere, Lau and Nath
1994) and TOGA-ML simulations where “ML” means that a mixed layer ocean model
was used outside the tropical Pacific, whereas TOGA used climatological SST outside
1

the tropical Pacific. The model results showed evidence of an atmospheric bridge linking
the tropical Pacific and the North Pacific. They also confirmed that the linkage became
stronger when fully coupled air-sea interactions were allowed in the North Pacific with a
simple mixed layer ocean model (see also Lau 1997).
Before the concept of the atmospheric bridge was suggested, the idea of the global
propagation induced by ENSO had already studied in terms of “teleconnection.” For
example, Fig. 11 of Karoly (1989, shown as Fig. 1.1) shows a schematic illustration of
how the anomalous heat in the tropical Pacific affects the extratropics depending on the
seasonality. This figure suggests that tropical Pacific convection forces a stationary wave
train in both the North and South Pacific, but the wave train penetrates further in the
winter hemisphere only (See also Trenberth et al. 1998).

Fig. 1.1 Schematic illustration of ENSO-induced teleconnection (Source Note: Karoly
1989).
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The key mechanism of an atmospheric bridge is known to be related to heat flux
anomalies (Klein et al. 1999). Klein et al.(1999) demonstrated that atmospheric
anomalies associated with ENSO result in changes in cloud cover and evaporation, and
consequently a change in the heat flux anomalies over remote oceans. They argued that
the South China Sea, the Indian Ocean, and the tropical North Atlantic are the primary
response regions. In addition, Alexander et al. (2002) suggested that the atmospheric
bridge can effect not only surface heat flux but also Ekman transport, salinity, and mixed
layer depth (Fig. 1.2). Alexander et al. (2002) also expanded the target region of the
atmospheric bridge from the North Pacific to the basins surrounding the tropical Pacific
such as the Indian Ocean and northern tropical Atlantic with TOGA-ML-style
experiments.
It has also been suggested that there is an oceanic counter-part to the atmospheric
bridge connecting the tropical and extratropical Pacific. Gu and Philander (1997)
hypothesized a possible coupled interaction between the tropics and extratropics: rapid
and poleward effect due to the atmosphere, slow and equatorward due to oceanic
processes. They argued that this set of interactions can cause continual interdecadal
climate fluctuations. However, Schneider et al. (1999) were unable to find any significant
thermal anomalies advected along the oceanic thermocline in the northern Pacific thus
arguing against the Gu and Philander (1997) hypothesis. Though some recent studies
showed that the Pacific subtropical-tropical cells (STCs) play an important role in
tropical Pacific climate variability (e.g. Capotondi et al. 2005; Kleeman et al. 1999;
Lohmann and Latif 2005), these studies did not present evidence of oceanic tropical and
3

extratropical interaction. In other words, these studies only suggest tropical-subtropical
oceanic interaction without any definitive conclusion.

Fig. 1.2 Schematic of the “atmospheric bridge” between the tropical and North Pacific
Ocean (Source Note: Alexander et al. 2002).
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1.2 The Role of Tropical Remote Forcing
1.2.1 ENSO and the PDO
The relationship between ENSO and the Pacific Decadal Oscillation (PDO,
Mantua et al. 1997) is a typical example of tropical remote forcing in the Pacific. Graham
(1994) argued that a shift in the background state over the tropical Pacific can force
changes in the midlatitude circulation, and moreover can be a cause for the mid-1970s socalled North Pacific abrupt climate shift. Trenberth and Hurrell (1994) found similar
results as Graham (1994) and noted that changes in the tropical Pacific SSTs lead SSTs in
the North Pacific by three months. Trenberth and Hurrell (1994) and Graham (1994) also
found that recent changes in the frequency and intensity of ENSO can be related to the
Pacific decadal timescale variations.
More recent studies also supported the idea that remote forcing from ENSO can
be a cause for the PDO (e.g. Alexander et al. 2002; Newman et al. 2003; Schneider and
Cornuelle 2005; Sterl and Hazeleger 2005). For example, Newman et al. (2003) showed
that the PDO is dependent upon ENSO on all time scales. Similarly, Deser et al. (2004)
concluded that only the tropical Pacific plays a key role in the North Pacific interdecadal
climate variability, while others argued that the tropical Pacific is one component of
multiple forcing causing decadal to interdecadal Pacific climate variability.
Conversely, some studies have argued that ENSO is not required for the decadal
variability in the North Pacific (Barnett et al. 1999; Latif and Barnett 1994, 1996). These
modeling studies found that ENSO processes are not required to explain the origins of the
decadal variability because no ENSO signals were included in their model experiments,
5

yet realistic decadal signals were found in the North Pacific. The authors argued that the
ENSO signal might further enhance the intensity of the decadal signal. Pierce et al.
(2001) also found that the teleconnected ENSO response is not the main cause for the
decadal variability in the North Pacific. The authors argued that ocean dynamics in the
northern Pacific is important to determining the strength and frequency of the decadal
variability. These studies argue that ENSO alone may not be able to induce decadal
variability in the North Pacific. However, these studies also agree that the remote forcing
by ENSO exists and affects the North Pacific, although how much it affects the North
Pacific variability is the subject of debate.

1.2.2 ENSO or the Tropical Pacific and the NAO
The effect of the tropical Pacific on the North Atlantic Oscillation (NAO) has
been examined as well. Mokhov and Smirnov (2006) employed methods based on phase
dynamics modeling and nonlinear “Granger causality.” It was inferred that ENSO affects
the NAO during the last half a century with high confidence. The authors argued that the
influence was characterized with a time delay in the range from a couple of months up to
three years, and has increased during the last decades.
Kucharski et al. (2006) confirmed observational evidence of ENSO-NAO
interaction with an AGCM. The results indicated that variations in the SST gradient in
the western tropical Pacific were related to the NAO anomalies on decadal time scales. In
addition, it was argued that the Indian Ocean may not play a leading role in forcing NAO
decadal variability.
6

Future climate prediction related to the remote influence of ENSO was
investigated by Müler and Roechner (2006). The authors used IPCC (Intergovernmental
Panel on Climate Change) SRES (Special Report on Emission Scenarios) scenarios. Their
results showed that the probability that a positive Pacific-North American (PNA) index
and negative NAO index follows a positive phase of ENSO in the 21st and 22nd century
is larger than observed in the 20th century.

1.2.3 ENSO Influence on Extratropics of both Hemispheres
The South Pacific has received considerably less attention; however, the South
Pacific can also experience remote tropical forcing. Garreaud and Battisti (1999) showed
that an atmospheric bridge exists between the central tropical Pacific and far southeastern
Pacific Ocean on interannual and interdecadal time scales based on the Southern
Hemisphere circulation anomalies. L'Heureux and Thompson (2006) found a strong
linear relationship between the Southern Annular Mode (SAM) and ENSO.
It is reasonable to expect some hemispheric symmetry in the atmospheric bridge
from the tropical Pacific. Linsley et al. (2000) found hemispheric symmetry from a
comparison of the PDO index (1900~1997) with 271-year record of Sr/Ca variability in a
coral from Rarotonga in the South Pacific gyre. This symmetry suggests that the tropical
forcing may be an important factor in the PDO. Furthermore Evans et al. (2001) used two
independent proxy reconstructions of SST for similar comparisons. The results supported
the idea that the PDO is a basin-wide phenomenon originating in the tropics.

7

1.3 Local Process vs. Remote Forcing
Put simply, there are two main components causing SST variability in the
extratropics: (i) local weather effect on shorter time scales, where oceanic processes
redden the response and (ii) teleconnected remote forcing on longer time scales. When
the remote forcing affects the extratropical ocean, generally speaking, we may be able to
detect this signal from SST data. Lau and Nath (2001) indicated that the extratropical
SST anomalies generated by atmospheric bridge typically attain maximum amplitudes in
late winter or early spring. This is because the ENSO signal is strongest and/or the local
weather noise becomes smaller at that time. Here we define the signal as the response to
the remote forcing, and the noise as those fluctuations due to local air-sea interaction
processes.
In the case of the PDO, some studies already pointed out the superposition of
remote and local forcing. Newman et al. (2003) argued that the PDO is well modeled as
the sum of remote forcing by ENSO, the “re-emergence” of North Pacific SST in
subsequent winters, and white noise atmospheric forcing. Schneider and Cornuelle (2005)
also indicated that the PDO is not a dynamical mode, but arises from the superposition of
SST fluctuations with different dynamical origins: ENSO, the Aleutian low or stochastic
forcing, and Kuroshio-Oyashio Extention, etc.
The superposition of various forcings is further related to the general issue of
signal modulation. Since forcings are simply summed in a linear approach, when a
particular forcing is weak, the other becomes dominant. In the case of the PDO, it is
found that typical ENSO signals tend to be stronger and more stable during a preferred
8

phase of the PDO (Gershunov and Barnett 1998). In addition, Pierce (2002) suggested
that the modulation is primarily due to internal atmospheric variability. The author
argued that tropical SSTs cannot by themselves explain all of the modulation effects. Yeh
and Kirtman (2004) similarly indicated that decadal central North Pacific variability can
destructively or constructively interfere with the midlatitude response to interannual
ENSO variability.
Regarding the Southern Hemisphere, Power et al. (1999) demonstrated that when
the Interdecadal Pacific Oscillation (IPO1) is in phase with warm tropical Pacific SST, the
effect of ENSO on Australian climate variation was not robust. Instead, when IPO is in
the phase of cold tropical Pacific SST, ENSO was closely associated with variability in
rainfall, surface temperature, river flow and the domestic wheat crop yield in Australia. In
addition, Fogt and Bromwich (2006) showed that there are some periods where ENSO
and SAM are strongly related and other periods where they become disconnected. The
authors suggested that both the tropics and the southern high latitudes may work together
in order for ENSO to strongly influence Antarctic climate.
The modulation of ENSO has also been noted in paleoclimate studies. For
example, Verdon and Franks (2006) found that the positive phase of the PDO (or IPO) is
associated with an enhanced frequency of El Niño events, while the negative phase is
shown to be more favorable for the development of La Niña events.
The issue of ENSO signal modulation noted above generally assumes that the
tropical remote forcing is relatively steady, and a response to the signal is affected by
1

The IPO is similar to the PDO, but it includes the entire Pacific basin imprint of the
PDO.
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local climate environment. However, ENSO itself also varies in terms of horizontal
anomaly pattern as well as temporal frequency. For example, several studies argued that
there is a significant structural change of the ENSO along the mid-1970s climate regime
shift (e.g. An and Wang 2000; An et al. 2006; Ye and Hsieh 2006). These studies indicate
that there has been an eastward shift of the westerly anomalies after mid-1970s. In a
study related to the temporal frequency of ENSO, Kestin et al. (1998) argued that the
ENSO system may have no fixed modes of oscillation based on the observational data.
An and Wang (2000) also argued that the ENSO period changed from 2-4 year period
during 1962-75 to 4-6 year period during 1980-93.
It is difficult to detect the response to remote forcing in nature because of the
irregularity of the remote forcing and the competition with local processes, which we
have loosely referred to as noise. However, general circulation models (GCMs) provide
an experimental laboratory for distinguishing the remote forcing from the local processes.
Specifically we can use ensembles of GCM simulations to reduce the noise and isolate
the signal. For example, in the study of Yeh and Kirtman (2004), as the impact of
atmospheric noise at the air-sea interface was reduced, the overall SST variability also
decreased while the signal associated with remote forcing became stronger relative to the
noise amplitude. If we control the tropical forcing to reduce the irregularity, steady and
reliable signals in the extratropics are expected. Hence, it is possible to detect enhanced
signals of remote forcing with proper experiment design.

10

1.4 Observational Evidence of Tropical Remote Forcing
It is possible to collect evidence of tropical remote forcing from observational
data. One of the most basic ways is ENSO composite analysis. Here we present a simple
ENSO lag-lead composite analysis, which highlights some observational evidence
supporting the role of tropical remote forcing. For the composite analysis, we need to
define a selection criterion. The selection criterion is based on the NINO3.4 (area average
of SST for 5°S~5°N, 170°W~120°W). In order to define the composites, we have, for
convenience, chosen January values for the lag-0 composite. The lag-lead composites are
37 months in total duration. The top 9 January NINO3.4 values define the warm event
composites and the bottom 9 January NINO3.4 values define the cold event composites.
We have excluded the 1968-69, 1986-87, and 1987-88 events even though they meet our
composite criterion. The reason for this is because the events have significantly different
evolutions (i.e. they do not peak in boreal winter), and one of our goals is to define a
canonical ENSO event for the numerical experiments described later. See Table 1.1 for a
list of events contributing to the composites. Figure 1.3 is the results of NINO3.4
composite based on NCEP reanalysis monthly mean SST data (Reynolds and Smith
1994; Reynolds et al. 2002). All events have reasonably similar developing and decaying
phases around the peaks of Dec(0) and Jan(1), while the NINO3.4 values vary more when
the lag is greater than 1 year in magnitude.
In addition to the evolution of NINO3.4 composite anomalies, the evolution of
global SST anomaly patterns has also been examined. Because the SST from NCEP
reanalysis dataset has artificial variability in the South Pacific before mid-1970s, a
11

Table 1.1 For the ENSO composite analysis, nine El Niño and nine La Niña events are
selected based on Jan(1) NINO3.4. The years during which the peak is not located in
boreal winter are excluded.

Years
1957-58

1963-64

1965-66

1972-73

1991-92

1994-95

1997-98

2002-03

1949-50

1955-56

1970-71

1973-74

1984-85

1988-89

1998-99

1999-2000

1982-83

El Niño

1975-76

La Niña

Hadley center SST dataset (Parker et al. 1999) is used for the global SSTA composite
analysis. Generally, the specific SSTA related to ENSO events is limited to a narrow
region in the tropical Pacific (left column of Figs. 1.4 and 5). The anomalies in the other
basins including the North and South extratropical Pacific, the Indian Ocean and tropical
Atlantic Ocean are relatively small and cannot be detected with the contour intervals used
here. However, in the right column of Figs. 1.4 and 5, the standardized anomaly, which is
formed by dividing the anomaly by the standard deviation (σ) calculated using all 660
months (Jan1949~Dec2003) at each grid point, shows clear patterns not only in the
tropical Pacific but also in the other basins.
During El Niño (Fig. 1.4), a typical tropical Pacific SST anomaly is already clear
and above 1.5σ starting in Oct(0). A peak that is over 2σ is apparent in Dec(0), and
12

Fig. 1.3 NINO3.4 (5°S~5°N, 170°W~120°W) anomaly composite from NCEP Reanalysis
sea surface temperature data. Here, “1958” means 1957-58 ENSO event, so on. Black
solid line shows average of each 9 ENSO events.

thereafter the warm anomaly in the tropical Mid-to-Eastern Pacific decays rapidly
compared to the developing phase. The growth and decay cycle in the other basins lags
the tropical Pacific by 1-2 month(s). The tropical Indian Ocean and the southern Pacific
shows the clearest patterns in Jan(1) to Feb(1). The tropical Atlantic shows a weak 3
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Fig. 1.4 Nine El Niño events SSTA monthly composite based on Hadley Centre SST
dataset is shown in left column. Right column shows standardized anomaly composite
constructed using the all-month standard deviation of SSTA from Jan1949 to Dec2003.
All data are de-trended by subtracting 20-year running mean annual cycle.
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Fig.1.5 Same as Fig. 1.4, but for nine La Niña events.
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months lagged response, whereas it is hard to find any change related to El Niño in the
northern Pacific. The signal in the North Pacific appears in May(1) with -1.5σ to -1σ
around 30°N and 150°W (not shown). The dipole structure in the Indian Ocean, the
southern negative pole of which vanishes after the peak of El Niño, is also noteworthy. In
short, there is observational evidence of a lagged response to the El Niño: lagged patterns
in other basins which follow the tropical Pacific by 1~2 month(s) and even 5 months in
the case of the North Pacific.
The La Niña composite (Fig. 1.5) has similar patterns but generally of the
opposite sign. The notable differences are that the peak of the tropical Pacific signal is
maintained longer and is broader meridionally compared to the El Niño case.
Corresponding anomalies are stronger and last a few months longer in the midlatitudes of
the North and South Pacific. The effect of tropical Pacific seems more symmetric about
the equator in cold ENSO cases than in warm ENSO cases. The signal in the tropical
Atlantic is also stronger here than in Fig. 1.4 while the response in the Indian Ocean is
similar to or smaller than the El Niño composite. In fact, the signal in the tropical Atlantic
becomes stronger in May(1) (not shown). In summary, as ENSO is developing and
decaying in the tropical Pacific, the response in the other basins is typically lagged by a
few months. However, the response pattern is different between warm and cold ENSO
events, and varies from basin to basin.
The different response pattern in other basins between El Niño and La Niña may
be due to the different forcing patterns in the tropical Pacific. Such a “nonlinear” climate
response to warm and cold ENSO was indicated by Hoerling et al. (1997) and Hoerling et
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al. (2001). The meaning of “nonlinear” here is that climate response to El Niño and La
Niña are not merely of the opposite sign with same pattern, but are zonally or
meridionally shifted with different amplitude, or totally different patterns. Because the
immediate response of atmosphere to anomalous SST is a change of heat flux and
corresponding change of divergence/convergence in the deep convection region, the
divergence of horizontal wind at 200hPa is calculated (Fig. 1.6). The wind data is from
NCEP reanalysis dataset (Kalnay et al. 1996), and the calculation was done using
centered finite differencing. In Fig. 1.6, we can compare standardized anomalies of the El
Niño (left columns) and La Niña (right columns) composites. As mentioned above, the
preferred peak time is different during El Niño versus La Niña. The peak phase for the
divergence is one month earlier in the El Niño composite compared to the La Niña
composite. One month phase difference is seen not only at the peak time but also in the
developing and decaying phases. The location of divergent core is also different. The
peak of El Niño emerges from 180°E to 140°W while the peak of La Niña appears from
160°E to 160°W on equator. The point here is that the instantaneous atmospheric
response to El Niño and La Niña are different from each other in space and time, and,
therefore, the different responses in the tropical atmosphere can cause a difference in
midlatitude atmospheric response.
In order to examine the different response to El Niño and La Niña in the
midlatitude atmosphere, we calculated the vorticity using centered differencing (Fig. 1.7).
The motivation for this calculation is that stationary Rossby wave trains play an
important role in tropical-midlatitude teleconnection, and that Rossby waves can be
17

Fig. 1.6 Divergence of zonal wind (U) and meridional wind (V) anomalies at 200hPa is
calculated from NCEP reanalysis dataset. The nine events of El Niño (left column) and
La Niña (right column) are composited, and then standardized. All data are de-trended
by subtracting 20-year running mean annual cycle.
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detected in the vorticity. The role of stationary Rossby wave trains in the teleconnection
is shown in, for example, Straus and Shukla (2002). They showed that ENSO forced
pattern of atmosphere in the Northern Hemisphere specially during the El Niño is
different from Pacific-North American pattern which is known as the internal variability
pattern. The El Niño forced pattern of the 200hPa height which is shown in Fig. 1a in
their paper is similar to the El Niño vorticity composite pattern in Jan(1) (left column of
Fig. 1.7) although the variables are different from each other. Hence stationary Rossby
waves are closely related to the ENSO forced pattern.
Comparing the left column of Fig. 1.7 with the right column, the zonal location of
the stationary Rossby wave is shifted about 20° westward from El Niño to La Niña
especially in Dec(0), which is consistent with Fig. 1.6. In addition, the different
developing and decaying phase and the degree of symmetry between El Niño and La
Niña are also consistent with the previous discussion. It is also worth noting the wave
train from the tropical Indian Ocean to the South Pacific. In the left column of Fig. 1.7,
the wave train is clear from Oct(0) to Dec(0). Because this pattern comes from the El
Niño composite, it may be related to ENSO. However, this wave train pattern could be
also indicating interactions between the Indian Ocean and the South Pacific.
How the global atmosphere is forced by tropical Pacific SST can be deduced from
lag-lead correlation between NINO4 (5°S~5°N, 160°E~150°W) and geopotential height
(GPH) at 500hPa (Fig. 1.8). The NINO4 region is chosen because the core of divergence
is located there (Fig. 1.6). In order to exclude the influence of decadal variability, the data
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Fig. 1.7 Same as Fig. 1.6, but for the vertical component of the curl (i.e. vorticity).
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were de-trended by removing 10 years2 running mean before calculating correlation
coefficients.
From Fig. 1.8, the tropical atmosphere shows a lagged response to NINO4 region
SST. The correlation is relatively small when NINO4 lags by 2 months, but grows as this
lag is decreased, reaching a peak when NINO4 leads by 2 months. When NINO4 lags by
2 months (or leads -2 months), two tropical maxima over 0.5 correlation are noted in the
central Pacific and the Indian Ocean. The correlation is uniformly high when NINO4 lags
by 1 month. The two tropical maxima may occur because the tropical atmosphere is
responding to SST which has been developing in the same locations in advance of the
ENSO peak (Figs. 1.4 and 5). The nearly uniformly high correlation in the tropics may be
because tropical Kelvin waves and Rossby waves rapidly adjust the tropical atmosphere
to the changes in the location of heating.
Regarding the stationary Rossby wave train, when NINO4 lags behind GPH
500hPa, the wave trains from the tropical Pacific to the mid-latitude Pacific already exist.
These wave trains can be detected starting from when NINO4 lags by 3-month to when
NINO4 leads by 4-month. The southern Pacific shows higher correlation when NINO4
lags than leads while the northern Pacific shows the opposite behavior. Put simply, the
North Pacific lags ENSO and the South Pacific leads ENSO. Regarding the South Pacific
leading ENSO, Jin and Kirtman (2007) argued that local seasonality is an important
factor in regulating the effect of tropical remote forcing in the extratropics. The authors

2

For the de-trending, 5, 10, 15, 20 year running means have been tested. The results
showed that there are only small changes in basic structure and the correlation
coefficients show minor differences.
21

Fig. 1.8 Overall period (1949.01 ~ 2003.12) lag-lead correlation between NINO4 index
and geopotential height at 500hPa. Before calculating correlation coefficient, each field
was de-trended by removing 10-year running mean. “NINO4 lead -3 months” means that
NINO4 number lags GPH 500hPa by 3 months.
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showed that local summer season destructively interferes with the teleconnection while
winter season does not. In other words, the leading correlation of the South Pacific region
may not indicate a physical mechanism causing ENSO.
The lag-lead correlation analysis suggests that the North Pacific atmospheric
variability is largely forced by the tropics. The analysis of the North Pacific SST
variability yields a more complicated picture. In order to examine the North Pacific SST
variability, we performed an EOF analysis. We used the Hadley Centre SST dataset from
1949 January to 2003 December. The northern Pacific region is defined by 25°N~50°N,
150°E~130°W. The first and second EOF pattern is shown in Fig. 1.9a. The patterns
explain 27.65% and 17.68% of the variance, respectively.
The first pattern is the ENSO forced structure. This assertion is based on monthly
lag-lead correlation between PC1 and NINO3.4 which shows that NINO3.4 leads PC1 by
approximately 3 to 5-month (Fig. 1.9b). On the other hand, the lag-lead correlation also
indicates that, somewhat surprisingly, PC2 leads NINO3.4 broadly by 1 to 6-month. A
power spectrum analysis (Fig. 1.9c) also shows that both PC1 and PC2 are likely related
to ENSO. PC1, PC2 and NINO3.4 share a broad frequency band around 60 months,
although the peaks of the PC1 and PC2 spectra indicate longer period than the peak of the
NINO3.4 spectrum. In order to examine the detailed relationship between the PCs and
ENSO, surface temperature lag-lead regression onto PC1 and PC2 is calculated (Figs.
1.10 and 11). Consistent with previous lag-lead correlations, Fig. 1.10 shows that the
tropical Pacific ENSO-like pattern appears when PC1 lags surface temperature by a few
months, whereas Fig. 1.11 shows that a similar ENSO-like pattern appears when PC2
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Fig. 1.9 (a) The first and second EOF pattern is shown. The data is de-trended by 20year running mean. (b) Lag-lead correlation between NINO3.4 number and each PC
time series is calculated for 1949.01~2003.12. (c) Each PC’s power spectrum and the
spectrum of NINO3.4.
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Fig. 1.10 Surface temperature lag-lead regression onto PC1. “PC1 leads -1 months”
means that PC1 lags 1 month behind surface temperature.
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Fig. 1.11 Same as Fig. 1.10, but for PC2.
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leads surface temperature by a few months. The ENSO-like patterns shown in Figs. 1.10
and 11 are generally similar each other, but meridional extent of the pattern is different.
Based on the El Niño and La Niña composites shown in Figs. 1.3 and 4, it can be naively
concluded that the meridionally broader pattern in the tropical Pacific shown in Fig. 1.11
represents the La Niña. It is also possible that the broader pattern is related to the ENSOlike decadal variability in the Pacific.
We have presented observational evidence associated with tropical remote forcing.
The tropical remote forcing impacting extratropics through the atmospheric bridge is
clearly seen. However, detailed diagnoses how this atmospheric bridge works were
difficult to perform with observations. In nature, there are many irregularities, such as the
strength and period of each individual ENSO. These irregularities increase uncertainty in
the analysis. Hence, in the following chapters, we describe a set of novel numerical
experiments that are designed to decrease the uncertainties with controlled tropical
remote forcing. These experiments clarify how the tropics and extratropics interact via
the atmospheric bridge.

1.5 Goals
The impact of tropical remote forcing on the extratropics has been the subject of
several studies. Previous studies as well as observed evidence examined above have
indicated the possibility/mechanisms of an atmospheric bridge as a pathway for tropical
remote forcing. This needs to be rigorously tested. Most previous experimental studies on
tropical remote forcing have used the observational estimates of ENSO. This approach
27

has proven useful; however, the irregularity of the ENSO in terms of horizontal pattern
and temporal evolution makes it difficult to diagnose the role of remote forcing in the
extratropics.
The experimental design used in this study is composed of the atmospheric
general circulation model (AGCM) coupled to simple mixed layer ocean model except
the tropical Pacific. In the tropical Pacific, idealized ENSO forcing is prescribed as a
lower boundary condition of AGCM. The idealized ENSO forcing in this study is
perfectly periodic, the details of which will be described in section 2.2.2. The merits of
this strategy are: (i) we can reduce the uncertainties of ENSO composite analysis because
the same ENSO repeats again and again, (ii) we can easily control the parameters of
ENSO such as the ENSO frequency so that various sensitivity experiments are possible,
and (iii) we can expect realistic extratropical responses due to the inclusion of air-sea
interaction, even though full ocean dynamics are excluded. Because we focus on the
tropical remote forcing through the atmospheric bridge, we assume that the exclusion of
full ocean dynamics is not a major defect, although this should be studied further in the
future.
In this study, first, we will test the sensitivity to the subtropical forcing vs. air-sea
coupling. This theme is motivated by the basic question: how does the domain of the
prescribed SST impact the extratropics? Several previous studies employed TOGA-MLstyle experimental design to examine the effect of ENSO on the extratropics, but the
latitudinal definition of tropical ENSO forcing varies from study to study. If extratropical
responses to the ENSO are changed depending on the meridional scale of the prescribed
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tropical forcing, some care should be taken in interpreting the results from these previous
studies.
Secondly, we will compare the North Pacific with the South Pacific in terms of
responses to same tropical ENSO forcing. Most previous studies have focused on the
relationship between the tropical Pacific and the North Pacific or Northern Hemisphere.
However, because the atmospheric general circulation is a global phenomenon, the
atmospheric bridge from the tropical Pacific should be connected to the South Pacific as
well. We will investigate why the North and South Pacific experience different ENSO
responses.
Lastly, the climate sensitivity to the ENSO periodicity will be examined. In nature,
the frequency of ENSO varies from two years to over six years. Several studies focused
on various aspects of why ENSO frequency varies, but the impact of different ENSO
frequency has not been examined. Because the variability of ocean is much slower than
that of atmosphere, and most of the variability of ocean resides in interannual or longer
time scales, different ENSO periods (i.e. different interannual variability of tropics) are
expected to result in different ocean temperature variability in the extratropics.
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Chapter 2: Numerical Model and Experimental Design

2.1 Numerical Model
2.1.1 Atmospheric Component
We use the National Center for Atmospheric Research (NCAR) Community
Atmosphere Model Version 3 (CAM3) for the AGCM. The NCAR CAM3 used in this
study is of triangular truncation at total wavenumber 42 with 26 vertical levels with a
hybrid terrain-following coordinate. The dynamical core is Eulerian spectral and
originated from NCAR CCM3 (Kiehl et al. 1998), and the changes is described as
followed. The tendency equations are integrated with process-split in which the dynamics
and physics tendencies are both calculated with Eulerian dynamics of the numerical
difference approximations (Williamson 2002). The physics of cloud and precipitation
processes has been modified with separate prognostic treatments of liquid and ice
condensate; advection, detrainment, and sedimentation of cloud condensate; and separate
treatments of frozen and liquid precipitation (Boville et al. 2006). The radiation code has
been updated with a generalized treatment of cloud geometrical overlap (Collins et al.
2001) and new parameterizations for the longwave and shortwave interactions with water
vapor (Collins et al. 2006; Collins et al. 2002). More details are described in Collins et al.
(2006). The CAM3 also includes the Community Land Model (CLM) version 3.0
(Oleson and Coauthors 2004) for the treatment of land surface energy exchanges. The
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grid of CLM is identical to that of CAM3. The updates of CLM3 is detailed in Collins et
al. (2006).

2.1.2 Ocean Component
The ocean model coupled to the AGCM is a simple thermodynamic slab mixedlayer (MXL) model, which is a part of the NCAR CAM3 modeling system. The depth of
the mixed-layer is fixed to a climatological annual cycle with a 200 meter cap. At each
grid point, the AGCM supplies the ocean model with heat flux, and the ocean model
returns modified SST to AGCM by adding the temperature change calculated from the
heat flux. The coupling is allowed in all ocean basins except the tropical Pacific. In the
tropical Pacific, prescribed SST is used as a lower boundary condition of the AGCM.
Details of prescribed SST are shown below.

2.2 Experimental Design
2.2.1 Control Experiment
The control experiment uses prescribed SST in the tropical Pacific that is
composed of only a climatological annual cycle, whereas the experiments use the ENSO
composite anomalies added to the climatology. This control experiment has the same
energetic inconsistencies as the ENSO experiments in the prescribed SST region, as
opposed to the ‘all-ocean’ mixed-layer coupled experiment. This strategy ensures that the
control simulation is as consistent with the ENSO experiment as possible except for the
tropical Pacific ENSO anomalies.
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The climatological annual cycle is obtained from the Hadley center SST dataset
(Rayner et al. 2000), for the period 1949 January to 1998 December. Depending on the
definition of tropical Pacific region, there are two versions of control experiments: 10°Sto-10°N control experiment (M10C) and 20°S-to-20°N control experiment (M20C).
However, all control experiments share the same deep tropical Pacific SST.
The two versions of latitudinal definition are applied to all other experiments in
addition to the control. The longitudinal definition of the tropical SST forcing region is
from 120°E to 85°W for all the experiments. In this domain, when MXL model transfers
calculated surface temperature to the AGCM, the surface temperature is replaced by the
prescribed one. In addition, all experiments are run for 72 years, but only last 60 years are
used for the analysis.

2.2.2 Perfectly Periodic ENSO
The El Niño and La Niña are defined as abnormally high or low SST anomalies in
the tropical Pacific. In this study, the tropical ENSO forcing is simply to add SST
anomalies to the climatological annual cycle used in the control experiment. The added
ENSO anomalies are obtained from the composite of each El Niño and La Niña event
based on the Hadley center SST dataset (see Table 1.1). This strategy enables the ENSO
forcing evolution to be similar to nature.
Horizontal patterns of the SSTA ENSO composite are displayed in Fig. 2.1 from
boreal summer season before the ENSO peak to following boreal summer season. The El
Niño and La Niña composite patterns are quite similar each other, but not perfectly
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Fig. 2.1 Seasonal evolution of SSTA ENSO composite used as the tropical forcing. The
ENSO events for the composite are defined in Table 1.1. The black box indicates 20°S
to 20°N (M20) prescribed region.
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symmetric with opposite sign. The temporal evolutions of the decaying phase of the
events are also different from each other, as the El Niño composite decays sooner than
the La Niña composite.
The details of how to build prescribed ENSO forcing are described as follows. For
the two year period, El Niño composite and La Niña composite were used for 12 months
each. The transition from El Niño to La Niña or vice versa happens in every April. Hence
the April SSTA of the decaying El Niño composite was averaged with the April SSTA of
impending La Niña composite, or vice versa. For the four year cycle, El Niño composite
anomalies were added to the climatological annual cycle from 3rd month (Mar(1)) to 17th
month (May(2)), and La Niña composite anomalies were added from 27th month (Mar(3))
to 42nd month (Jun(4)). For the six year cycle, El Niño anomalies were added from 15th
month (Mar(2)) to 32nd month (Aug(3)) month, and La Niña anomalies were added from
49th month (Jan(5)) to 68th month (Aug(6)) month respectively.
In this study, the ENSO forcing is perfectly periodic because repeating the
procedure described above forms the tropical Pacific SST time series. Figure 2.2
demonstrates the perfectly periodic nature of the NINO3 index prescribed in the ENSO
experiments (green solid lines). The ENSO time series with precise periods of two, four,
and six year can be compared with observational data (Hadley Center SST, black solid
line). This numerical modeling strategy can reduce uncertainties in the composite
analysis. In addition, we can easily diagnose the effect of ENSO anomalies in comparison
with the result from the control simulation.
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Fig. 2.2 NINO3 of 2, 4, and 6-year period regular ENSO is shown (green solid line). For
the comparison, NINO3 from the Hadley Center SST is also shown (black solid line).
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This experimental design, as with any approach, has some short comings. First,
the long term average of the tropical Pacific SST of the ENSO experiment is different
from that of the control experiment. This is because in the time mean the El Niño and La
Niña composite patterns do not completely cancel one another. It is possible that this time
mean residual forcing can affect the global climate. The impact of this residual can be
detected as a net radiation flux at the top of atmosphere (Fig. 2.3). Figure 2.3 shows
seasonal climatology differences between the ENSO experiment (M20P4) and the control
experiment (M20C). In the boreal winter season (DJF), t-test indicates that significant
signals are seen in the tropical Pacific as well as high-latitude region (left-side middle
panel). This means that the effect of residual forcing in the tropical Pacific propagates to
the Artic region. In the boreal summer season (JJA), positive signals are detected in the
western North Pacific, which is outside of prescribed region. F-test results indicate that
the ENSO experiment has more variability in the tropical Pacific than the control
experiment, which is due to the existence of ENSO SSTA.
A second short coming is that on the boundary of prescribed region the variables
may not be continuous. We have made no attempt to apply any spatial smoothing at the
boundary of the prescribed forcing region. The prescribed SST can be significantly
different from the SST simulated by a mixed layer model. In this case, meridional
structure of SST may have sharp gradients at the boundary. Meridional structure of latent
heat flux may also change similarly abruptly on the boundary. These issues may also
impact the results.
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Fig. 2.3 Seasonal mean net heat flux differences between the ENSO experiment
(M20P4) and the control experiment (M20C) at the top of atmosphere. From the top,
mean differences (W/m2), Student’s t-test, and F-test are shown. The number of degrees
of freedom for the t-test and F-test are 118, and (59,59), respectively. Each level in the ttest and F-test indicates 90%, 95%, and 99% significance level.

37

Chapter 3: The Effect of Subtropical Air-Sea Coupling vs.
Prescribed SST Forcing on the Extratropics

3.1 Introduction
The Tropical Ocean-Global Atmosphere (TOGA) numerical experimental design
was first introduced by Lau and Nath(1994) for diagnosing tropical Pacific SST forcing
of extratropical climate variability. The basic idea of the TOGA is to suppress the effect
of sea surface temperature anomaly (SSTA) outside the tropical Pacific so that the
response to the tropical Pacific could be isolated. As a lower boundary condition for an
atmospheric general circulation model (AGCM), Lau and Nath(1994) prescribed
realistically evolving SST in the tropical Pacific and climatological annual cycle in other
oceans. The authors argued that the “atmospheric bridge” can connect the tropical Pacific
and northern extratropics.
The TOGA experiment was improved in the TOGA-ML design described in Lau
and Nath (1996). The meaning of “ML” is that mixed layer ocean model is used in the
other ocean basins instead of a prescribed climatological annual cycle. By allowing airsea coupling in the other oceans, Lau and Nath (1996) and Lau (1997) showed that the
response in the extratropics to the tropical remote forcing, typically ENSO, becomes
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stronger compared to the original TOGA experiment. The meridional definition of
tropical Pacific in their experiments was from 25°S to 25°N.
Support for this “atmospheric bridge” mechanism in TOGA-ML-type experiments
has appeared in several studies (e.g. Alexander et al. 2002; Kumar and Hoerling 2003;
Lau and Nath 2003; Lau et al. 2005; Seager et al. 2005). As an example, Alexander et al.
(2002) argued that the extratropical response to the tropical forcing is not only the surface
heat flux changes, but also includes changes in mixed layer depth associated with Ekman
transport. In addition, the authors showed that the TOGA-ML experiment can mimic the
low frequency variability of the North Pacific SST. Among the studies mentioned, Kumar
and Hoerling (2003) and Seager et al. (2005) called their experiment as POGA-ML. Here
POGA means “Pacific Ocean and Global Atmosphere.” Although the name is different,
and actually POGA describes the experiment more precisely, the experimental design is
same as the original TOGA-ML experiments designed by Lau and Nath(1996). The
definition of tropical Pacific in the POGA-ML or TOGA-ML experiments is usually from
15°S to 15°N in latitude, except for Seager et al. (2005), who define the tropical Pacific
spanning 20°S to 20°N.
These studies often had the similar objectives of examining the effect of ENSO in
remote regions and applied similar experimental designs, but, in many cases, the
meridional definition of the tropical Pacific was different among the experiments. The
deep tropical Pacific region must be included in the ENSO forcing region; however, it is
unclear how much of the subtropical Pacific should be prescribed and how much should
be coupled. This issue is essential in the experiments described here.
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In addition, this study also examines how the extratropical response to El Niño
differs from that to La Niña depending on the subtropical air-sea coupling. The tropical
ENSO forcing used in this study is shown in Figs. 3.1a and b. Because the ENSO forcing
in this study is the mean of each El Niño and La Niña observational composite, there are
differences between two horizontal patterns (Fig. 3.1d). However, the differences in the
tropical forcing region (inside the box) are small compared to the common features
shown in Fig. 3.1c. Hence we expect that the differences in the extratropical responses
are largely due to the nonlinear ENSO response issue discussed by Hoerling et al. (1997)
and Hoerling et al. (2001).
In the next section, we describe the numerical model and experimental design
used in this study. The influences of tropical Pacific ENSO forcing on the seasonal
climatology will be diagnosed in section 3.3. Similar analysis but applied to the separate
cases of El Niño and La Niña will be shown in section 3.4. The discussion and conclusion
are discussed at the end of the chapter.

3.2 Numerical Model and Experimental Design
The experimental design in this study follows TOGA-ML experiment. For the
AGCM, we use the National Center for Atmospheric Research (NCAR) Community
Atmosphere Model Version 3 (CAM3) with a horizontal resolution of T42 and 26
vertical levels with a hybrid terrain-following coordinate. The dynamical core is Eulerian
spectral and originated from NCAR CCM3 (Kiehl et al. 1998), with changes described in
Collins et al. (2006). The ocean model coupled to AGCM is a simple thermodynamic slab
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Fig. 3.1 Boreal winter season (December to February) SST anomaly composite of (a)
warm events, and (b) cold events are shown. Specific years for the composite analysis
are detailed in Table 1.1. Asymmetric and symmetric parts of warm and cold events are
shown in (c) and (d), respectively. Inner box indicates 10°S to 10°N prescription region
(M10 experiment), and outer box indicates 20°S to 20°N prescription region (M20
experiment).

mixed-layer model which is part of the CAM3/CCSM3 modeling system. The depth of
mixed-layer is fixed to the climatological annual cycle with a 200 meters cap, except for
the prescribed SST region as discussed below.
For the TOGA-ML experiment, we prescribe ENSO forcing in the tropical Pacific.
The prescribed region is defined as 120°E to 85°W in longitude and 10°S to 10°N (M10)
or 20°S to 20°N (M20) in latitude as shown in Fig. 3.1. Two versions of the prescribed
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SST region make it possible to compare the relative role of subtropical air-sea coupling
compared to the prescribed SST forcing.
The prescribed SST data is based on the climatological annual cycle and ENSO
composite anomalies obtained from the Hadley center SST dataset (Rayner et al. 2000).
The climatological annual cycle is obtained from monthly mean SSTs for 1949 January
to 1998 December. The selection criterion for the ENSO composite is based on the
NINO3.4 (area average of SST for 5°S~5°N, 170°W~120°W) index so that the top 9
January NINO3.4 values define the warm event composites and the bottom 9 January
NINO3.4 values define the cold event composites. We have excluded the 1986-87, 198788, and 1968-69 events even though they meet our composite criterion. The reason for
this is because these events have significantly different evolutions (i.e. they do not peak
in boreal winter). See Table 1.1 for a list of events contributing to the composites.
The set of experiments is composed of a control and ENSO experiments as well
as M10 and M20 experiments. The control experiment is based on a fixed annual cycle
for tropical Pacific prescribed SST so that no interannual variability is included. The
control experiments are run for both the M10 and M20 domain. Similarly, the ENSO
experiment means that prescribed SST in the tropical Pacific represents evolving ENSO,
again with both the M10 and M20 domain. The interannual ENSO variability is
composed of ENSO anomalies added to the annual cycle of the control in the tropical
Pacific. We argue that this approach allows for clear comparison since the difference
between the control and ENSO experiment is only in the ENSO SSTA. The period of
ENSO is fixed at exactly four years in this study so that same El Niño and La Niña are
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repeated every four years. This experimental design is used to reduce the uncertainties of
ENSO impacts. Every experiment is simulated for 72 years, but only last 60 years are
used for analysis. Hence there are 15 ENSO events in each experiment. The set of
experiments are summarized in Table 3.1.

Table 3.1 A set of experiments is described. The longitudinal definition of prescribed
region is commonly from 120°E to 85°W.

Kind of Prescribed SST

Prescribed
Region

Annual Cycle (Control)

4 Year Period ENSO

10°S~10°N

M10C

M10P4

20°S~20°N

M20C

M20P4

3.3 The Effect of Subtropical Air-Sea Coupling on Seasonal Climatology
For the first step, we examined how climatological seasonal mean is different
depending on the prescribed SST region. In Fig. 3.2, the left column shows the effect of
the prescribed region difference based on the tropical annual cycle only, and right column
shows the effect of prescribed region difference based on the ENSO evolution. In Fig.
3.2a, both left and right figures show similar surface temperature patterns in the northern
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and southern subtropical Pacific. In the deep tropical Pacific, no difference is detected
because prescribed SST is exactly same. In the extratropics, however, left and right
panels show clearly different signals. For instance, surface pressure in the northern
Pacific and surface temperature around the Bering Straight are opposite in the left and
right figures.
Figure 3.2a shows stronger signals in the extratropical region as opposed to the
subtropics, but this may be due to bigger variance in the extratropics. Hence we
calculated Student’s t-test of surface temperature (Fig. 3.2b) and surface pressure (Fig.
3.2c). In Fig. 3.2b left, the prescribed SST region is masked out because there is no
variability except for the climatological annual cycle. The control run surface temperature
difference (Fig. 3.2b left) shows that most signals are located in the North and South
Pacific, and around Antarctica. The prescribed ENSO experiments (Fig. 3.2b right)
shows that the differences in the prescribed SST region has a more global response
impacting North America, the North Atlantic, North Africa, North-East Indian Ocean,
and the Arctic region. The signals all along the North and South subtropical Pacific
region indicate that the mixed layer model simulates significantly different SST from the
prescribed SST in this region. The variance in this region is also significantly different
(not shown) so we need to be cautious in interpreting the t-test results.
It is necessary to explore the variance differences between the two groups before
applying a Student’s t-test. This is because the t-test assumes that the variances of two
groups should be similar each other. We performed an F-test for checking the variance
differences. In the case of surface temperature in the control run, the variance differences
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Fig. 3.2 Boreal winter season (December to February) climatology differences for 60
years between M10C and M20C (left), and M10P4 and M20P4 (right) are shown. (a)
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Mean differences of surface temperature (shaded) and surface pressure (contour). Solid
line indicates positive values and dashed line indicates negative values. Contour level is
0.5hPa. (b) Student’s t-test of surface temperature, and (c) of surface pressure. Each
level indicates positive or negative 90%, 95% and 99% significance level based on the
number of degrees of freedom, 118. For the statistical calculation, surface temperature
in the tropical Pacific region where only climatological annual cycle exists is blanked out.
(d) Mean differences of the Pacific basin zonal mean (150°E~120°W) zonal wind
(shaded), meridional wind and vertical pressure velocity (omega, shown as vector). The
unit for horizontal wind is m/s and for omega is -1×10-2Pa/s.

are mostly distributed like noise except for a positive signal in the tropical Indian Ocean
and negative signals in far southern ocean around 50°S (the tropical and subtropical
Pacific regions are also masked out, not shown). Positive (negative) signals mean that the
SST variance of the M10C experiment is larger (smaller) than the SST variance of M20C
experiment. When the prescribed SST represents the evolving ENSO, the prominent
signal of F-test is positive signals in the northern and southern subtropical Pacific where
the prescribed region differs (not shown). The higher variance of M10P4 experiment in
the subtropical Pacific occurs because the coupled SST is of higher frequency and more
irregular than the prescribed SST. In the case of surface pressure, the F-test is shown in
Fig. 3.3. Here positive signals in the subtropical Pacific are consistent with the F-test of
surface temperature. However, the pattern of the variance difference is much noisier
compared to the pattern of surface temperature F-test. In the boreal winter, positive
signals are detected in mostly the eastern subtropics in both the control and ENSO
experiments, with negative signals around the Maritime Continent. In the boreal summer,
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Fig. 3.3 F-test of boreal winter (DJF) and summer (JJA) surface pressure variance for 60
years between M10 and M20 experiments is shown. Each level indicates positive or
negative 90%, 95%, and 99% significance level based on the number of degrees of
freedom, (59, 59).

positive signals are detected mostly in the western subtropics.
Surface pressure mean difference t-tests are shown in Fig. 3.2c. In the Southern
Hemisphere, the positive signal pattern is similar between the control and ENSO
experiments, but in the other region, left and right figures are clearly different. This is
particularly true in the central tropical Pacific, where negative signal exists in the control
experiments, but no signal in the ENSO experiments. This may be because the surface
pressure variance in the tropical Pacific is significantly different between the control
experiments and the ENSO experiments. As part of the experimental design, the surface
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pressure in the tropical Pacific is forced by the underlying SST, and the ENSO
experiments have more variability of SST due to interannual ENSO anomalies. Thus, the
surface pressure variance of the ENSO experiments is larger than that of the control
experiments. Consequently, a similar degree of mean difference can be insignificant in
conjunction with larger variance in the Student’s t-test of the ENSO experiments.
In addition, it is also worth noting that there are several differences in the mean
signals of surface pressure in the Northern Hemisphere outside the Pacific basin between
two ENSO experiments, but no signal is detected between the control experiments. From
these results we note the followings. First, the effect of using a different prescribed region
is strong enough to change the climate of extratropical Pacific basins even in the absence
of ENSO. We can deduce from the results of ENSO experiments that the SST simulated
by the air-sea coupling was significantly different from the prescribed SST in the
subtropical Pacific. The effect of different SST on the local atmosphere is also different.
Hence different local atmospheric responses to the subtropical SST might affect the
adjacent extratropical atmosphere, and then affect the SST in extratropical region. Second,
the effect of ENSO on the global extratropics also depends on the prescribed SST region.
Third, extratropical climate response to ENSO were not linear as noted also by Hoerling
et al. (1997) and Hoerling et al. (2001). If the climate response to ENSO is linear, the
seasonal mean might be similar to the control run because the effect of El Niño and La
Niña would cancel although the SST forcing pattern of the El Niño and the La Niña is not
exactly same.
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To diagnose the atmospheric circulation sensitivity to the prescribed region
difference, we examined zonal mean cross sections in the Pacific basin (Fig. 3.2d). The
zonal mean is defined here by the average from 150°E to 120°W. In the Southern
Hemisphere, the sensitivity of the atmospheric circulation due to the prescribed region
difference is similar in both the control and ENSO experiments: relatively descent in the
southern subtropics and ascent to the north and south of the southern subtropics. This
circulation is consistent with relative cold SST and high surface pressure in the southern
subtropics shown in Fig. 3.2a left and right. This result indicates that the effect of air-sea
coupling extends through the depth of the troposphere. In the Northern Hemisphere,
however, the circulations in left and right panel are different. The surface temperature
results indicate that the M20 experiments typically have warmer temperature than the
M10 experiments in the northern subtropics regardless of the presence of ENSO (Fig.
3.2a). The low level circulations in both panels are similarly ascent around the northern
subtopics responding to the relative warm surface temperature. However, the rising
motion in the subtropics is distorted by the counter clockwise atmospheric circulation in
the North Pacific basin in the ENSO experiments. This meridional circulation is not
detected in the control runs.
In order to investigate the relationship between the meridional circulation and
tropical ENSO forcing, we calculated the same boreal winter season differences, but in
this case the differences are between ENSO experiment and control run that use the same
prescribed region. Figure 3.4 has same format as Fig. 3.2, and shows the differences
between M10P4 and M10C (left), and between M20P4 and M20C (right). Because the
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Fig. 3.4 Same as Fig. 3.2, but between M10P4 and M10C (left), and M20P4 and M20C
(right).
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prescribed region is same here, the differences result from prescribed ENSO SSTA
compared to the repeated annual cycle.
Compared to Fig. 3.2d right panel, Fig. 3.4d right panel also shows a similar
meridional circulation in the North Pacific basin. The meridional size of the counter
clockwise circulation is from 5°N to 35°N, and it reaches to over 200hPa. The M10
experiments in Fig. 3.4d left panel also have similar counter clockwise circulation, but
the meridional size is larger and the flow is weaker. The descending center is around
25°N and ascending center is around 50°N. From these results, we hypothesize that the
tropical ENSO forcing, specifically when the prescribed region includes the subtropics,
results in an enhanced meridional circulation extended to the extratropics. This means
that the impact of tropical forcing reaches to the extratropics through the atmospheric
circulation (i.e., the so-called atmospheric bridge). In addition, when the meridional size
of counter clockwise circulation is relatively compact, zonal wind shear is increased (Fig.
3.4d left and right panels). The increased zonal wind shear can result in enhanced
vorticity, and finally can strengthen the Rossby wave train in the extratropics. Hence the
extratropical response to the tropical ENSO forcing includes not just meridional
atmospheric circulation changes in the North Pacific basin, but also Rossby wave
propagation enhancements beyond the Pacific basin.
Additional facts worth noting from Fig. 3.4d are first, deep tropical upward flow,
and second, very weak signals in the Southern Hemisphere. On the equator, both the left
and right panels show upward flow to over 200hPa. Because tropical SST is prescribed
with perfectly periodic ENSO, the SST of El Niño and La Niña is nearly opposite
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although the SST spatial pattern is not exactly same as shown in Fig. 3.1. Hence relative
upward flow in the seasonal mean indicates that local atmospheric responses to the El
Niño and La Niña do not cancel each other. In the Southern Hemisphere, the differences
between ENSO and control experiments are small compared to the Northern Hemisphere.
This is because the atmospheric response to ENSO strongly depends on the local
seasonality (Jin and Kirtman 2007).
Surface pressure differences around the North Pacific shown in Fig. 3.4a are
consistent with zonal mean circulation in Fig. 3.4d. In the M10 experiments, relative
downward flow around 30°N corresponds to relative high surface pressure. In the M20
experiments, relative upward flow around 40°N corresponds to relative low surface
pressure looking like the Aleutian Low. The right panel of Fig. 3.4a is similar to the right
one of Fig. 3.2a in terms of the pattern of surface pressure and temperature in the
northern extratropics. This might be because the boreal winter mean of the M10P4
experiment is similar to that of M20C although the M20C experiment has no ENSO
forcing in the tropics.
Statistical mean difference tests of surface temperature and pressure between the
ENSO and control experiments are shown in Figs. 3.4b and c. Preliminary F-test
indicates that the significant variance differences around the Pacific basin, specifically in
the northern extratropics, are scattered and seem to be noisy (not shown). From Fig. 3.4c,
the ENSO experiments have higher surface pressure in the tropics and northern
subtropics regardless of the prescribed region. In the M20 experiments, the high-low-high
surface pressure pattern from the low-latitude central Pacific to the eastern high-latitudes
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is reminiscent of a wave train pattern. Similar wave train patterns in the Northern
Hemisphere are also seen in the surface temperature t-test (Fig. 3.4b right). In the M10
experiments, however, significant lower pressure patterns are seen in the high-latitudes,
which are further north than that of the M20 experiments. Consequently, the wave train
pattern is hard to be detected in the M10 experiments. This result is consistent with the
broad and weak atmospheric meridional circulation discussed previously. In addition, this
result is also associated with the fact that significant surface temperature differences of
M10 experiments are much weaker than those of M20 experiments.
We note that differences in the prescribed region as well as the existence of
ENSO SSTA in the tropical Pacific can cause changes in the local meridional circulation.
Generally, changes in meridional circulation are also related to changes in the storm
tracks. Hence, precipitation changes associated with changes in the prescribed SST
region are examined in Fig. 3.5. Comparing the left columns with the right columns, we
note that rainfall differences are mostly seen in the subtropical region, largely co-located
with the changes in the prescribed SST region. This suggests that there are local subtropical air-sea interactions leading changes in the atmospheric circulation, which is
consistent with previous results. In addition to the subtropical Pacific, significant signals
in the t-test are also detected in the North Pacific basin, specifically between the ENSO
experiments (Fig. 3.5b right panel). The t-test indicates that increased rainfall in the
M20P4 experiment is seen north of Hawaii, and decreased rainfall is seen along the
border between Asia and the North Pacific compared to the M10P4 experiment. On the
other hand, between the control experiments, negative and positive signals occur in the
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Fig. 3.5 Climatological rainfall differences in boreal winter season between M10C and
M20C (left), and between M10P4 and M20P4 (right). (a) Mean difference (mm/day), (b)
Student’s t-test, and (c) F-test are shown. For the t-test and F-test, each contour
indicates 90%, 95%, and 99% significance level, and the number of degrees of freedom
is 118, and (59,59), respectively.
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eastern North Pacific extending to North America, but generally the rainfall difference
signal is weaker than that between the ENSO experiments. Moreover, the extratropical
difference between the control experiments is hardly detected beyond the Pacific basin.
Between the ENSO experiments, differences exist outside of Pacific basin, for example,
positive signals are detected in the eastern Atlantic Ocean.
In order to better understand the role of prescribed region differences vs. ENSO
anomalies, we examined the rainfall response to ENSO forcing in Fig. 3.6. In Fig. 3.6, the
left and right columns show the rainfall differences associated with different tropical
forcing, but using the same prescribed SST region. Because the SST variability is
significantly different depending on the existence of ENSO anomalies, rainfall variances
are also significantly different (Fig. 3.6c). However, the mean difference is generally
weak compared to the rainfall differences associated with differences in the prescribed
SST region (Fig. 3.5).
The key point we wish to emphasize is that significant mean differences in the
North Pacific basin are detected between the M20 experiments (M20P4-M20C), and that
the pattern of differences is similar to that between the ENSO experiments (M20P4M10P4). For example, comparing Fig. 3.6b right panel with Fig. 3.5b right panel, we
note negative signals are around Japan, and positive signals are north of Hawaii that are
qualitatively similar. This indicates that, when the ENSO forcing is prescribed in the deep
tropics only (M10P4), the non-linear rectification of ENSO is not strong enough to
change the extratropical climatology, compared to the M20P4 experiment.
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Fig. 3.6 Same as Fig. 3.5, but between M10C and M10P4 (left), and between M20C and
M20P4 (right).
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Until now we have examined boreal winter season climatology. In the boreal
summer season, we expect that the effect of ENSO is not as strong because the ENSO is
not mature yet or is in decline. Figure 3.7 shows June to August mean differences
between M10 experiments and M20 experiments in the same format as Fig. 3.2.
Qualitatively, the left and right panels of Fig. 3.7 are not much as different as those of Fig.
3.2.
The pattern of subtropical surface temperature differences shown in Fig. 3.7a is
the same as the pattern shown in Fig. 3.2a. This means that SST differences associated
with the prescribed and coupled sub-tropics are independent of season. Therefore the
local atmospheric circulation patterns responding to subtropical SST are also maintained
(Fig. 3.7d). This Pacific basin zonal mean circulation is relatively upward in the northern
subtropics and downward in the southern subtropics. The atmospheric circulation
differences are largely trapped in the subtropics regardless of the existence of ENSO.
Little meridional circulation into the extratropics is detected and there is no zonal wind
shear anomaly in the northern extratropics, which clearly appears in the boreal winter
season in the case of ENSO experiments.
The weak atmospheric circulation differences in extratropical region are
connected to the weak differences in the surface temperature and pressure in the
extratropics as shown in Figs. 3.7b and c. The F-test shows that, similar to the DJF results,
significant variance differences in surface temperature and pressure occur in the northern
and southern subtropics where the prescribed region is different. In addition to the
tropical Pacific region, surface temperature variance differences are also seen in the
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Fig. 3.7 Same as Fig. 3.2, but for boreal summer season (JJA) climatology difference.
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Indian Ocean basin. The M10 control experiment shows significantly more variability of
surface temperature in the central tropical to southern mid-latitude Indian Ocean than the
M20 control experiments (not shown). The shape of signal is similar to the surface
pressure mean difference shown in Fig. 3.7c left panel. Similar, but weak signals are also
detected in Fig. 3.3 bottom left panel. The signals in the Indian Ocean basin are not
detected in the ENSO experiments. In the ENSO experiments, surface temperature and
pressure mean differences show significant signals in the North Atlantic. Because the
signals in same location are stronger in boreal winter (Fig. 3.2b right), it is expected that
the signals would be in-phase with ENSO evolution.
In summary, we examined the sensitivity to the prescribed SST region in both the
presence and absence of ENSO. When the prescribed SST has only the climatological
annual cycle, surface variable differences induced by prescribed region difference are
mostly confined within the Pacific basin. When the subtropical SST is coupled to the
atmosphere (i.e., M10 experiments), the prescribed ENSO forcing is not strong enough to
make significant effects on the extratropics. When the subtropical SST is included as
tropical ENSO forcing region, atmospheric meridional circulation in the North Pacific
basin is enhanced, and relatively strong remotely forced signals are detected in the
extratropics globally.
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3.4 The Effect of Subtropical Air-Sea Coupling in the El Niño and La
Niña
In the previous section, the seasonal mean climatology was compared depending
on the prescribed region and the presence of ENSO. It was noted that the atmospheric
responses to the El Niño and La Niña do not cancel each other. In this section, El Niño
and La Niña cases are separated for detailed analysis. Because the focus is on the
Northern Hemispheric responses to ENSO, only boreal winter season (December to
February) is considered here, and the analysis is based on the Northern Hemisphere.
Before examining the ENSO cases, Pacific basin zonal mean DJF average wind
and surface temperature from the control experiments, M10C and M20C are presented in
Figs. 3.8a and 9a. In this section the zonal mean is defined in the Pacific basin only
(150°E~120°W). Generally speaking, the M10C experiment resembles M20C experiment.
The strongest ascent is located in the southern subtopics. There is also rising motion just
north of equator. Pacific basin zonal mean surface temperature is the warmest near the
maximum rising motion. There is broad descending motion from northern subtropics to
the mid-latitudes (35°N). In both hemispheres, the mid-latitude atmospheric meridional
circulation is equatorward around 200hPa. However, the circulation of Northern
Hemisphere is stronger than that of Southern Hemisphere.
Previously we argued that the difference of prescribed region causes local effect
on the atmosphere in the control experiments. The different atmospheric motion between
the M10C and M20C was limited to the subtropical region, and has little penetration into
the extratropics like the ENSO experiments. With Figs. 3.8a and 9a, we further diagnose
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Fig. 3.8 DJF average of the Pacific basin zonal mean (150°E~120°W) zonal wind
(shaded), meridional wind and vertical pressure velocity (omega, shown as vector), and
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surface temperature (°C, bottom of each panel) is shown. The unit for horizontal wind is
m/s and for omega is -1×10-2Pa/s. (a) 60 years DJF mean of M10C. (b) El Niño (left) and
La Niña (right) composite of M10P4 experiment. (c) The difference between El Niño (or
La Niña) composite and DJF mean of M10C. (d) The SST of each panel is enlarged and
compared.

this result. Regarding the rising motion around the southern subtropics shown in Fig. 3.2d
left, we see that the widths of upward flow in Figs. 3.8a and 9a are different from each
other. The M10C experiment shows narrower and stronger ascent and M20C shows
broader and weaker flow. The width of upward motion is closely related to the
underlying SST. In the M10C experiment, the shape of surface temperature peak around
12°S is sharper than that of the M20C (Figs. 3.8d and 9d). The difference is due to the
air-sea coupling compared to the prescribed SST. Consequently, air-sea coupling results
in steeper gradients around the peak of surface temperature, and corresponding ascent
becomes narrower and stronger. However, cause and effect are not clear here.
Figures 3.8b and 9b show the Pacific basin zonal mean circulation of the ENSO
experiments, and Figs. 3.8c and 9c show the difference of the ENSO experiment minus
the control experiment. Independent of prescribed region, the ascent in the southern
subtopics in the ENSO experiments is stronger during cold events and weaker during
warm events compared to the control experiments. In the case of the deep tropics, the
strength is reversed, i.e., stronger during warm events and weaker during cold events. The
strength of downward motion north of the tropics also follows the strength of deep
tropical circulation. In the El Niño composite, deep tropical rising motion is clearly
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Fig. 3.9 Same as Fig. 3.8, but for the M20 experiments.
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linked to the tropical warm SST. Once the SST in the tropics is abnormally warm, the
SST gradient from 15°S to the equator is reduced (Fig. 3.8d and 9d). This is why the
southern subtropical upward motion becomes weaker in the El Niño composite. In the
case of the La Niña composite, abnormally cool tropical SST increases the SST gradient
around the southern tropics, and corresponding upward motion around the southern
subtropics becomes stronger. Cold tropical SST also reduces the tropical rising motion.
In Fig. 3.8c, comparing left panel with right one, the surface temperature
difference around the tropics is nearly same with opposite sign (see also Fig. 3.8d bottom
panel). However, the relative ascent from the El Niño composite and the control run is
much larger than the descent from the La Niña composite and the control run around the
tropical region. This pattern is also shown in Fig. 3.9c, consistent with the issue of
nonlinear atmospheric response to ENSO. However, this relationship is not maintained in
the extratropical region. In the case of the M10 experiment shown in Fig. 3.8c, the
difference between the ENSO experiment and the control is difficult to detect. In Fig.
3.9c, the atmospheric anomaly caused by the La Niña in northern mid-latitudes seems to
be even larger than that by the El Niño. Comparing Figs. 3.8c with 3.9c, we note that the
extratropical atmosphere has more variance in the M20 ENSO experiment compared to
the M10 ENSO experiment.
In order to compare the sensitivity to the prescribed SST region in the ENSO
experiment, we calculated composite differences between M10P4 and M20P4 experiment
shown in Fig. 3.10a. The El Niño composite difference shown in the left panel is
surprisingly small. The only evident difference is downward motion in the southern
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Fig. 3.10 DJF mean El Niño (left) and La Niña (right) composite differences between the
M10P4 and M20P4 experiment. (a) Pacific basin zonal mean (150°E~120°W) zonal wind
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(shaded), meridional wind and vertical pressure velocity (omega, shown as vector), and
surface temperature (°C, bottom of each panel) is shown. The unit for horizontal wind is
m/s and for omega is -1×10-2Pa/s. (b) Student’s t-test (M20P4-M10P4) and (c) F-test
(M10P4/M20P4) of air temperature at 993hPa. The number of degrees of freedom is 28
and (14,14), respectively. Each contour indicates 90%, 95%, and 99% significance level.

subtropics. In this region, the M10P4 experiment simulates warmer surface temperature
than the prescribed SST of M20P4 experiment. Hence the corresponding rising motion in
this region is stronger in the M10P4 experiment than in the M20P4 experiment. In the
northern subtropics, the surface temperature difference corresponds to no notable wind
difference. On the other hand, the La Niña composite difference shown in the right panel
indicates that the mean difference between M10P4 and M20P4 shown in Fig. 3.2d right
panel is mostly due to the La Niña events. The SST differences in both northern and
southern subtropics are larger than those of the El Niño composite. In the Southern
Hemisphere, narrow and stronger upward motion in the M10P4 is shown as downward
flow in Fig. 3.10a. The atmospheric circulation corresponding to the SST difference is
fairly local. In the Northern Hemisphere, the response to the warmer SST of the M20P4,
the peak of which is around 18°N, extends to 30°N. The warmer SST from the subtropics
to the mid-latitudes accompanies mid-latitude atmospheric rising motions although the
actual mean of M20P4 experiment shown in Fig. 3.9b indicates not upward but less
downward flow. Hence the counter clockwise meridional circulation seems to be closely
related to the warmer SST extending to 30°N.
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In order to further examine the role of surface temperature in the subtropics to
mid-latitudes of the Northern Hemisphere, the horizontal pattern of the temperature
difference near the surface is shown in Fig. 3.10b. We show the temperature at 993hPa
instead of surface temperature because surface temperature is prescribed with perfectly
periodic ENSO so that statistical tests can not be applied. As shown in Fig. 3.10a, both
the El Niño and La Niña composite differences show significant signals in the subtropics.
The F-test shown in Fig. 3.10c confirms that air-sea coupling has increased the variability
of the atmosphere in the subtropics. The pattern of the F-test is similar between left and
right panel, but the areas of significance associated with the t-test show some differences
as described below.
In the case of El Niño, the temperature of the tropical western Pacific is
significantly different between the M10P4 and the M20P4. The absolute value of the
difference is from 0.1° to 0.15° (not shown) which is quite small. Compared to the El
Niño case, the La Niña composite difference indicates significant signals in northern midlatitude region. Because the domain for the Pacific basin zonal mean is from 150°E to
120°W, the negative signals south of Japan is nearly not included in the zonal mean
surface temperature shown in Fig. 3.10a right panel. Hence warm anomaly from 20°N to
30°N in the zonal mean surface temperature is due to the positive signal in the eastern
North Pacific shown in Fig. 3.10b right panel.
In the La Niña composite there are notable anomalies in the meridional circulation.
The statistical significance of these circulation anomalies is assessed by examining the
meridional wind in the upper and lower atmosphere. Figures 3.11a and b show the t-test
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Fig. 3.11 DJF mean El Niño (left) and La Niña (right) composite difference between the
M10P4 and M20P4 experiment. (a) Student’s t-test (M20P4-M10P4) and (c) F-test
(M10P4/M20P4) of meridional wind (v) at 193hPa, and (b) Student’s t-test (M20P4M10P4) and (d) F-test (M10P4/M20P4) of meridional wind (v) at 930hPa. The number of
degrees of freedom is 28 and (14,14), respectively for the t-test and F-test. Each contour
indicates 90%, 95%, and 99% significance level.
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of DJF mean meridional wind difference at 193hPa and 930hPa, respectively. In the El
Niño case, no significant difference is detected in the northern extratropical region, while
there are several significant signals in the La Niña case. The signal East of Hawaii is
nearly as same but with opposite sign at upper and lower levels. This is the same location
of near surface temperature signal shown in Fig. 3.10b right panel. This means that
relatively warm surface temperature is consistent with the northward wind at low altitude
and southward wind at high altitudes – a baroclinic response. The same relationship but
opposite sign is shown in western north Pacific south of Japan. This means that the
counter clockwise circulation pattern shown in the previous section exists in the central
Pacific east of 150°W. In the region west of 150°E, there is a clockwise meridional
circulation. In addition, Fig. 3.11a right panel shows two opposite signals along 150°W.
One is the negative signal around 20°N, which is mentioned above, and the other is a
positive signal around 40°N. This means that the M20P4 experiment has more upper
level divergence around 30°N compared to the M10P4 experiment.
In the previous section, we examined the climatological precipitation differences,
and have found that there is enhanced rainfall in the M20P4 experiment to the north of
Hawaii. This rainfall difference is co-located with near-surface air temperature and
meridional wind differences. Thus, rainfall differences are also analyzed for separate El
Niño and La Niña composite. Figure 3.12 shows the El Niño and La Niña composite of
precipitation differences between the M10P4 and M20P4 experiments in the ENSO peak
season (DJF). Consistent with our previous results, significant extratropical signals are
clearly seen in the La Niña composite rather than the El Niño composite. To the north of
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Fig. 3.12 DJF El Niño (left panels) and La Niña (right panels) composites of precipitation.
(a) Mean difference of M20P4 minus M10P4 experiment. The unit is mm/day. (b)
Student’s t-test (M20P4-M10P4), and (c) F-test (M10P4/M20P4. The number of degrees
of freedom is 28 and (14,14), respectively for the t-test and F-test. Each contour
indicates 90%, 95%, and 99% significance level.

70

Hawaii, where there is enhanced upper level divergence in the M20P4 experiment,
rainfall increases in the M20P4 experiment compared to the M10P4 experiment.
Decreased rainfall around Japan is stronger in the La Niña composite compared to the El
Niño composite. The location of reduced rainfall, around Japan, also overlaps with the
location of reduced near-surface air temperature signal shown in Fig. 3.10b right panel.
We have examined how prescribed ENSO effects on the atmospheric circulation
depending on the meridional size of prescribed region. The analysis showed that notable
difference due to the prescribed region is most prominent during the La Niña events. In
addition to the atmospheric circulation in the Pacific basin, we are also interested in the
extratropical response to ENSO beyond the Pacific basin. Because the tropical forcing is
conveyed globally in the form of wave train, we examined the Rossby wave source term.
The Rossby wave source term following Sardeshmukh and Hoskins (1988) is
S = −∇ ⋅ (VΧη ) (1)
where η is the absolute vorticity and VΧ is the divergent component of the wind (see also
Kirtman et al. 2001). Figure 3.13 shows the DJF average of the Rossby wave source term
difference between the M10P4 and the M20P4 experiment during the El Niño (left panel)
and La Niña (right panel) events. Generally speaking, more prominent signals are shown
during the La Niña events, which is consistent with previous results. Typically, in the
mean differences and the statistical test (Fig. 3.13a and b), more signals exist in the midlatitudes Pacific basin.
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Fig. 3.13 Same as Fig. 3.12, but for Rossby wave source term at 193hPa.
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In addition to the Rossby wave source term, the wave train pattern in the Northern
Hemisphere is examined in Fig. 3.14. Figure 3.14 shows the DJF mean difference of the
geopotential height (GPH) at 510hPa between the M10P4 and the M20P4 experiment. In
the North Pacific basin, the GPH difference is more significant in the La Niña events than
in the El Niño events, consistent with the previous Rossby wave source term analysis.
However, in the northern Atlantic Ocean, the difference in the El Niño events seems to be
as strong as the difference in the La Niña events. For El Niño events, the signals in the
northern Pacific basin is weak, but there are other signals distinguished from the La Niña
events such as negative signals in the tropical and subtropical western Pacific and eastern
Africa (Fig. 3.14b). Hence the effect of subtropical air-sea coupling vs. SST forcing in
the El Niño events influences other basins, although the mechanism is unclear. Lastly, it
is worth noting that positive F-test signal in the eastern subtropical Pacific shown in Fig.
3.14c left panel implies that the subtropical air-sea coupling enhances the atmospheric
variance, but the increased variability is trapped locally. This result is also consistent with
previous argument that the atmospheric meridional circulation extending into the
extratropics is weaker during the El Niño events.
From the ENSO composite analysis, it appears that the La Niña rather than the El
Niño event is responsible for the climatological mean differences in the northern Pacific
basin associated with differences in the prescribed region. In the La Niña events, the
prescribed SST in the northern subtropical Pacific is warmer than the SST simulated by
air-sea coupling. The warmer SST of the M20P4 experiment continues to 30°N, and
corresponding atmospheric meridional circulation is prominent in the Northern
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Fig. 3.14 Same as Fig. 3.12, but for geopotential height at 510hPa.
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Hemisphere. The Rossby wave source term and wave train pattern in the Pacific basin are
consistently stronger in the La Niña events. Beyond the Pacific basin, however, the effect
of prescribed region difference in the El Niño events is also noticeable.

3.5 Summary and Conclusion
We have examined how tropical remote forcing affects extratropical climate
variability. The experimental design, TOGA-ML isolated and amplified the effect of
tropical ENSO forcing in the extratropics. However, the same experimental design but
with different meridional domain for the prescribed tropical forcing changed the
extratropical response. This result suggests that subtropical air-sea coupling vs.
prescribed SST forcing plays an important role in the “Atmospheric Bridge” mechanism.
The role of subtropical air-sea coupling vs. SST forcing is summarized:


Regardless of the kind of tropical forcing (i.e. ENSO), simulated SST by the air-sea
coupling is colder in the northern subtopics and warmer in the southern subtropics
than the prescribed SST in all seasons. In the subtropics, the variance of the
simulated SST is commonly larger than that of the prescribed SST.



Different SST in the subtropics accompanies different local atmospheric circulation:
warmer SST with more ascent, and colder SST with more decent.



The local atmospheric circulation changes in the subtropics affect the adjacent midlatitude atmosphere.
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This mechanism can be commonly applied to both the control and ENSO experiments. In
the case of the control experiment, this mechanism explains why there are climatological
mean differences in the Pacific basin though there is no ENSO forcing.
In the case of the ENSO experiment, the climatological mean differences were not
only in the Pacific basin but extended beyond the Pacific. The El Niño and La Niña
composite analysis indicated that the La Niña rather than the El Niño events have larger
SST differences in the subtropics, which ultimately translate into larger climate
differences globally. The mechanism in the case of La Niña is suggested as follows:


In the La Niña events, the maximum difference between simulated SST by the airsea coupling and prescribed SST is located at 18°N, which is further north compared
to the El Niño case (12°N). The SST of the M20P4 experiment remains warmer
from the subtropics to 30°N.



The warmer SST in the subtropics to mid-latitudes accompanies broader rising
motions as well as northward flow near the surface. Consequently, the atmospheric
meridional circulation in the North Pacific basin is enhanced, and the tropics and
extratropics are directly connected in the M20P4 experiment.



The atmospheric meridional circulation is also consistent with increased zonal wind
shear. The increase zonal wind shear results in enhanced Rossby wave train in the
extratropics.

This mechanism typically occurs in the central Pacific east of 150°W. In the region west
of 150°E, the upper and lower level meridional winds indicate that there is a reversed
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meridional circulation, which is enhanced in the M20 ENSO experiment compared to the
M10 experiment.
In addition to the La Niña cases, the El Niño has its distinct impact on the globe.
In the northern Atlantic Ocean basin, the atmospheric response to the El Niño is as strong
as the La Niña cases. The local atmospheric response in the tropical Pacific is also
stronger in the El Niño case. Hence the effect of El Niño might propagate throughout the
Northern Hemisphere, not through the central northern Pacific, but through some other
mechanism.

77

Chapter 4: The Response to Tropical Remote Forcing
Modulated by Seasonality in the Extratropics

4.1 Introduction
El Niño-Southern Oscillation (ENSO) is one of the most remarkable modes of
climate variability in nature. The effect of ENSO throughout the globe is as interesting as
its origin. The atmospheric bridge mechanism suggested by Lau and Nath (1994) is a
well known explanation of how ENSO affects the extratropical oceans (see also
Alexander et al. 2002). Alexander et al. (2002) argued that the extratropical response to
the tropical forcing is not only felt in the surface heat flux, but also dynamically through
Ekman transport.
In the North Pacific, Lau and Nath (2001) argued that extratropical sea surface
temperature (SST) anomalies generated by the atmospheric bridge from the deep tropics
typically attain maximum amplitudes in late winter or early spring. The authors also
argued that this is because the SST response to the overlying atmosphere is delayed by
one to two months. Following the Fig. 1 of the Lau and Nath (2001), Fig. 4.1 shows bimonthly averages of SST in the North and South Pacific, regressed onto the Jan-Feb
NINO3 index from the Hadley center SST dataset (Rayner et al. 2000). The North Pacific
SST evolution of the ENSO responses (left panels) is similar to the Fig. 1 of Lau and
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Fig. 4.1 Regression coefficients of bimonthly averages of SST (℃) in the North (left) and
South (right) Pacific on the NINO3 SST index for Jan-Feb. From the top, Nov-Dec(at a 2month lead), Jan-Feb, Mar-Apr, May-Jun, and Jul-Aug (at a 6-month lag) are shown.
The SST data is from the Hadley Centre dataset and de-trended by subtracting 20-year
running mean annual cycle.
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Nath (2001). Strong responses in the North Pacific basin persist to the following boreal
spring. On the other hand, the maximum amplitude of the ENSO response in the South
Pacific, which was not examined in Lau and Nath (2001), occurs in Jan-Feb (right panels).
Beyond this maximum, the ENSO responses weaken. In essence, the tropical forcing is
the same, but the phase of evolving ENSO response in the North and South extratropical
Pacific is different. These results raise the following question: “Why do the extratropical
responses to the same tropical forcing have different phase between the North and South
Pacific?”
Related to this question, Trenberth et al. (1998) have reviewed Rossby wave
dispersion theory, and argued that the teleconnections originated from the tropical forcing
are stronger in the winter than in the summer hemisphere. This argument suggests why
the amplitude of the North Pacific response is larger than that of the South Pacific as
shown in Fig. 4.1. However, it is still unclear why the temporal phases of the
extratropical SST response to ENSO are different from each other. Moreover the
argument by Trenberth et al. (1998) was not physically tested because no ENSO matures
in the boreal summer (or southern winter). The novelty of this study is that the simulation
is performed with tropical ENSO forcing which matures in the boreal summer (or
southern winter). Comparing the simulations with ENSO forcing shifted by six months
with the boreal winter peaked ENSO forcing simulation, we can examine how the
extratropical responses to ENSO are modified depending on the local seasonality. With
this experimental design, this study focuses on testing the role of local seasonality on the
extratropical SST response to the tropical remote forcing.
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In the next section, the detailed experimental design is described. The evolving
ENSO response in the North and South Pacific based on composite analysis is shown in
the third section. In the forth section, the atmospheric forcing driving surface temperature
change in the extra-tropics is investigated. The summary and conclusion are presented in
the final section.

4.2 Numerical Model and Experimental Design
The model is composed of an atmospheric general circulation model (AGCM),
tropical Pacific prescribed SST as a lower boundary condition, and a simple slab mixedlayer ocean model coupled to the AGCM outside of tropical Pacific. For the AGCM, we
use the National Center for Atmospheric Research (NCAR) Community Atmosphere
Model Version 3 (CAM3) with a horizontal resolution of T42 and 26 vertical levels with
a hybrid terrain-following coordinate. The dynamical core is Eulerian spectral and
originated from NCAR CCM3 (Kiehl et al. 1998), and the changes are described in
Collins et al. (2006). The mixed-layer ocean model coupled to the AGCM is a simple
thermodynamic slab mixed-layer model. The depth of mixed-layer is fixed to the
climatological annual cycle with a 200 meters cap, which is part of the CAM modeling
framework.
The ENSO forcing in the tropical Pacific is prescribed as a lower boundary
condition of the AGCM. The prescribed region is defined as 120°E to 85°W in longitude
and 20°S to 20°N (M20) in latitude. The prescribed SST data is based on the
climatological annual cycle and ENSO composite anomalies. Both are obtained from the
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Hadley center SST dataset (Rayner et al. 2000). The climatological annual cycle is
formed from the monthly mean from 1949 January to 1998 December. The selection
criterion for the ENSO composite is based on the NINO3.4 (area average of SST for
5°S~5°N, 170°W~120°W) index so that the top (most positive) 9 January NINO3.4
values define the warm event composites and the bottom (most negative) 9 January
NINO3.4 values define the cold event composites. We have excluded the 1986-87, 198788, and 1968-69 events even though they meet our composite criterion. The reason for
this is because these events have significantly different evolutions (i.e. they do not peak
in boreal winter). See Table 1.1 for a list of events contributing to the composites.
The experiment with the only climatological annual cycle is called “control.” In
the ENSO experiments, the El Niño and La Niña composite anomalies are added to the
climatological annual cycle every four years so that same ENSO evolution is repeated
with an exact four-year period. This experimental design is used to reduce the
uncertainties of ENSO impacts. In addition, it is noteworthy that the control experiment
performed in this study is as consistent with the ENSO experiment as possible in terms of
the energetic inconsistencies in the tropical prescribed region, as opposed to the ‘allocean’ mixed-layer coupled experiment.
In addition to the usual ENSO experiments, six months shifted ENSO is also
prepared for the new ENSO experiments. The ENSO anomaly evolution is exactly same
between two kinds of ENSO experiments except for the seasonal phase of ENSO. Each
ENSO experiment is called “DJFpk” and “JJApk” hereafter. Because each experiment is
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simulated for 72 years, but only last 60 years are used, there are 15 ENSO events in each
experiment. All experiments are summarized in Table 4.1.
One possible problem with this experimental design is that the prescribed ENSO
is not symmetric about the equator. In the case where the North Pacific SST response to
the northern winter ENSO is compared to the South Pacific SST response to the southern
winter ENSO, the asymmetry of tropical prescribed SST would be important. However,
in this study, because SST responses to the different seasonal ENSO forcings are
compared each other in the same extratropical Pacific basin, the asymmetry of tropical
prescribed SST would not matter.

Table 4.1 A set of experiments is described. The longitudinal definition of prescribed
region is commonly from 120°E to 85°W. The period of ENSO is set to four year (P4).

Prescribed Region
20°S~20°N
Annual cycle only
Prescribed
SST

(M20) Ctl

Dec-Feb

(M20P4) DJFpk

Jun-Aug

(M20P4) JJApk

The Peak
of ENSO
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Additionally, the anomaly in this study is defined as the difference between the
DJFpk or JJApk experiment and the control for a relative comparison between two ENSO
experiments. Because the anomaly is from two different experiments, the standard
deviation used for normalization is the geometric mean of the two standard deviations
from one of the ENSO experiments and the control simulation as appropriate. One more
thing to note is that the number after the name of month represents year in this study. For
example,” JAN1” means “January of year 1.”

4.3 Extratropical SST Responses to the Six Months Shifted ENSO
As mentioned in the introduction, the North and South Pacific extratropical SST
responses to the deep tropical forcing have different evolutions. In this section, the effect
of seasonally shifted tropical ENSO forcing on the extratropical SST is examined by
comparing the two ENSO experiments, i.e., DJFpk and JJApk. Figures 4.2 and 3 show
regressed SST patterns on the NINO3 index of the DJFpk and JJApk experiment,
respectively, with the same format to Fig. 4.1.
The DJFpk experiment is designed to mimic the seasonal phase-locking of ENSO
that occurs in nature. In the North Pacific (left panels of Fig. 4.2), the response to the
remote tropical forcing is delayed by a season. This is a consistent result with the
observational data shown in Fig. 4.1. However, the ENSO response before the peak of
ENSO is not detected, which is different from the observed estimates. On the other hand,
the ENSO response in the South Pacific is quite different from the observational
estimates at all times. For example, the amplitude of SST response is small (~50%), and
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Fig. 4.2 Same as Fig. 4.1, but for the anomalies of the DJFpk experiment from the
control experiment annual cycle.
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Fig. 4.3 Same as Fig.4.2, but for the JJApk experiment. Here regression coefficients on
the NINO3 SST index for Jul-Aug. From the top, May-Jun (at a 2-month lead), Jul-Aug,
Sep-Oct, Nov-Dec, and Jan-Feb (at a 6-month lag) are shown.
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the phase of the extra-tropical response is lagged by about two seasons compared to Fig.
4.1.
When the ENSO anomaly in the tropics is shifted by six months, the ENSO
response in the North Pacific is significantly changed (left panels of Fig. 4.3). The
negative responses in the central North Pacific and positive responses in the eastern
North Pacific are already mature before the peak of the ENSO. After the peak phase of
the ENSO, the extra-tropical SST response smoothly decays. In the South Pacific, central
extra-tropical positive SST signals are similar to the result of DJFpk experiment in terms
of pattern shape and relative evolving phase to the ENSO. However, the JJApk
experiment shows a new negative response east of the New Zealand, which is phaselocked with the ENSO.
The linear regression analysis indicates that the change of the ENSO peak season
notably affects the phase of ENSO response in the extratropical Pacific. In order to
understand the different responses better we examine the horizontal pattern of the
response in the whole Pacific basin. Figure 4.4 shows the ENSO composite SSTA pattern
in boreal winter and subsequent summer, where the mature tropical ENSO forcing is seen
in the DJFpk and JJApk experiment, respectively. In the case of the El Niño composite
(Fig. 4.4a), the SSTA patterns in the North Pacific basin are qualitatively similar between
two experiments, although the tropical ENSO forcing is clearly different. On the other
hand, the SSTA pattern in the South Pacific is generally weak. Consistent with previous
regression results, this is because the magnitude of anomaly in the South Pacific is much
smaller than that in the North Pacific. Thus, a robust relationship, such as shown in the
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Fig. 4.4 Seasonal ENSO composite of SST anomalies from the control experiment
annual cycle is compared between the DJFpk experiment (left) and JJApk experiment
(right). (a) The El Niño composite and (b) La Niña composite. Top panels are for the
boreal winter where the tropical ENSO forcing in the DJFpk experiment matures, and
bottom panels are for the subsequent boreal summer where the ENSO forcing in the
JJApk experiment matures.

North Pacific basin in the El Niño composite, is not detected in the South Pacific. For the
further detailed analysis, we standardized the anomalies so that we can compare the
response between the North and South Pacific.
We have also examined the ENSO composites in terms of the surface latent and
sensible heat flux as well as the surface temperature. In order to display time-longitude
sections, each variable is averaged meridionally. Based on the ENSO response pattern
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shown in Figs. 4.2, 3 and 4, the latitude of meridional mean is determined as from 35°N
to 55°N in the North Pacific, and from 55°S to 35°S in the South Pacific. All variables
are standardized for convenience.
Figures 4.5 and 6 show the ENSO composite evolution of the DJFpk and JJApk
experiment, respectively, in the North Pacific. As mentioned previously, the maximum
ENSO response of the DJFpk experiment occurs one season after the peak of ENSO, and
that of the JJApk appears in the same season with the peak of ENSO. In the right panel of
Figs. 4.5 and 6, when the surface temperature is about to change responding to the ENSO,
e.g. around Jan1 in Fig. 4.5, there is an out-of-phase relationship between the surface
temperature anomaly and heat flux as well as temperature tendency and heat flux. This
means that the surface temperature is not warm (cool) but the heat flux is outgoing
(incoming), and consequently the sea surface becomes cooler (warmer). Hence, out-ofphase relationship indicates that the surface temperature change is driven by the
atmosphere (see also Wu et al. 2006).
The atmospheric forcing leading temperature cooling in the central North Pacific
in the case of El Niño is prominent in boreal winter (around JAN1 in Figs. 4.5 and 6) in
both experiments. This is why seasonal evolution of the El Niño response looks similar in
both experiments regardless of the peak season of the ENSO. The seasonally dependent
atmospheric forcing is also shown in the La Niña composite in both Figs. 4.5 and 6. The
DJFpk experiment shows relatively strong atmospheric forcing around boreal autumn,
one season before the peak of La Niña. In the JJApk experiment, atmospheric forcing
driving the surface temperature appears twice: boreal autumn, three seasons before, and
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Fig. 4.5 Meridional mean (35°N~55°N) ENSO composite evolution of standardized
surface temperature (left), standardized sum of latent heat and sensible heat flux (right
shaded), and tendency of standardized surface temperature (right contour). Results are
based on the DJFpk experiment anomalies from the control experiment annual cycle.
Positive heat flux means heat is transferred from the ocean to the atmosphere. Contour
level is 0.1, and zero line is suppressed. Positive values are shown as solid line, and
negative values are shown as short dashed line.
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Fig. 4.6 Same as Fig. 4.5, but for the JJApk experiment.
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boreal spring, one season before the peak of La Niña. This could be a reason why the La
Niña response of the JJApk is stronger than that of DJFpk.
After the peak of ENSO response, surface temperature anomalies and heat flux
are in-phase effectively damping the SST anomalies (e.g. Fig. 4.6 from JUL1 to JAN2
and from JUL3 to JAN4). This indicates that when tropical remote forcing becomes
relatively weak, the negative feedback associated with the local air-sea interaction
dominates the SST anomaly evolution.
The ENSO response in the extratropical South Pacific is shown in Figs. 4.7 and 8. In the
same way as the North Pacific, specifically in the El Niño events, the local winter season
atmosphere drives surface temperature change via the atmospheric bridge. In the JJApk
experiment shown in Fig. 4.8, the heat flux anomalies driving surface temperature change
appears in the southern winter (around JUL1), which is the peak season of the El Niño.
Therefore, similarly to the case of the DJFpk in the North Pacific, the maximum surface
temperature response occurs one season later than the peak of ENSO. In the DJFpk
experiment shown in Fig. 4.7, the surface heat flux forcing related to El Niño appears
from the two seasons before (JUL0) to the two season after (JUL1) the peak phase. In the
case of La Niña, the DJFpk experiment is not consistent with the JJApk experiment. In
the DJFpk experiment the SST response seems to be due to the surface heat flux around
DEC2 and JAN3, the peak season of the La Niña, while the surface heat flux in the JJApk
experiment appears around APR3, one season before the peak of the La Niña.
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Fig. 4.7 Same as Fig. 4.5, but for the South Pacific (meridional mean from 55°S to 35°S).

93

Fig. 4.8 Same as Fig. 4.7, but for the JJApk experiment.
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Previously we noted that the El Niño response in the central South Pacific (CSP)
is considerably different between the DJFpk and JJApk experiment. In this region, the
DJFpk experiment appears to be dominated by drift. In order to further diagnose this
phenomenon, we compare the time series of each experiment to the fitted result of a
simple linear model. The simple linear model for SST is made as following Hasselmann
(1976) and Frankignoul and Hasselmann (1977), but stochastic forcing term in the
original equation is replaced by periodic forcing, i.e.:

dT
= F sin(ω (t − t0 )) − bT (1)
dt
where T is SSTA, F and b is a constant, ω corresponds to the ENSO frequency, and t0 is a
lead time. When t0 is given, the constants, F and b are determined for the least squared
error from the original time series. The t0 is selected for positive F value and, b value in
the range, [0~1]. The CSP region time series is defined as an area average over
140°W~130°W, 50°S~55°S.
Figure 4.9 and 10 show the result of DJFpk and JJApk experiment, respectively.
The root-mean-squared-error (RMSE) is smaller in the DJFpk experiment, but the
correlation and variance ratio is higher in the JJApk experiment. This means that periodic
remote forcing and local damping process of simple linear model can explain more
variability in the JJApk experiment than in the DJFpk experiment, although the error is
smaller in the DJFpk experiment.
The ENSO composite indicates that, in the DJFpk experiment, more time is taken
from the peak (around Jan0002) to the minimum (around Jun0004) than in the JJApk
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Fig. 4.9 A time series from the DJFpk experiment (blue line) is compared with a time
series simulated by fitted simple damped linear model (red line). The CSP (central South
Pacific) is defined by area average in 140°W~130°W, 50°S~55°S. Top panel is for full
period, 60years, middle panel is for the ENSO composite, and bottom panel is for
autocorrelation of time series compared to the estimated damping timescale of fitted
linear model. The anomaly of the M20P4 experiment is from the annual cycle of the
control run, and the mean of anomaly is set as zero (0) for convenient.
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Fig. 4.10 Same as Fig. 4.9, but for the JJApk experiment.
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experiment (Jul0002~Jul0004). Longer damping time in the DJFpk experiment also
affects the autocorrelation. In the bottom panels of Fig. 4.9 and 10, blue curves are quite
similar until about a 9-month lag. After the 9-month lag, positive correlation persists
further in the DJFpk experiment, up to 21-month lag time, compared to the JJApk
experiment, around 17-month lag time. Overall, the effect of remote ENSO forcing in the
CSP region is relatively weak in the DJFpk experiment compared to the JJApk
experiment.
We have examined the SST and surface heat flux evolution responding to
different temporal phase of ENSO. We find that the phase of ENSO response in the North
and South Pacific does not linearly follow the temporal phase of ENSO. In the North
Pacific the SST responses to the tropical ENSO forcing mature commonly in boreal
spring to summer regardless of the temporal phase of ENSO. In the South Pacific, when
the ENSO forcing matures in southern winter, the temporal phase of SST responses to the
El Niño becomes similar to that of the North Pacific SST responses to the boreal winter
El Niño forcing, although the La Niña responses look less consistent. The atmospheric
bridge from the deep tropics to the extratropical Pacific seems to prefer specific seasons.
In the next section, this idea will be examined in detail.

4.4 Seasonally Modulated Remote Forcing
In the previous section we showed that the remote ENSO forcing, which drives
extra-tropical SST changes, strongly depends on seasonality. In this section, we examine
how the seasonality constructively or destructively interferes with tropical remote forcing.
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Because we have argued that surface heat flux drives SST changes responding to ENSO,
we focus on the surface wind and humidity which mainly affect the latent and sensible
heat flux. Figure 4.11 shows the North Pacific El Niño composite of near-surface wind
and specific humidity of the DJFpk (left panels) and JJApk (right panels) experiments.
Both panels start from two seasons earlier than the peak of El Niño. In the DJFpk
experiment, cyclonic circulation is dominant in the peak season of El Niño. Here less
humidity in the central North Pacific seems to be related to the wind from the highlatitudes, and more humidity in the North America seems to be related to the wind from
the low-latitudes. Lower humidity with high wind speed in the central North Pacific
might result in the increase of latent and sensible heat flux from the sea surface to the
atmosphere, and consequently result in cold SSTA as shown Fig. 4.5. The cyclonic
circulation does not occur in previous summer or autumn. In the JJApk experiment (Fig.
4.11 right panels), the same cyclonic circulation is displayed in the same boreal winter,
two seasons earlier than the peak of El Niño. In the following boreal summer, the
atmospheric responses are much weaker than those in the previous winter although the
tropical ENSO forcing becomes stronger.
In the case of La Niña composite in the North Pacific shown in Fig. 4.12, the
JJApk experiment simulates anticyclonic circulation in the boreal spring, one season
earlier than the peak of ENSO. Conversely from the El Niño composite, the wind from
the low-latitudes in the central North Pacific leads positive moisture anomalies around
the Bering Strait. The more humidity results in a negative heat flux anomaly and
corresponding warmer surface temperature. However, in the DJFpk experiment, the
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Fig. 4.11 Seasonal El Niño anomaly composite of near-surface (993hPa) horizontal wind
(u and v) and specific humidity (q) in the North Pacific basin. All variables are
standardized. The DJFpk experiment (left) is compared to the JJApk experiment (right).
The top panels are two seasons before the El Niño peak season, and the bottom panels
are for the El Niño peak season.
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Fig. 4.12 Same as Fig. 4.11, but for the La Niña composite instead of the El Niño
composite.
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boreal spring before the La Niña composite is too far from the peak of La Niña so that
tropical remote forcing is not strong enough to significantly force the extratropical
atmosphere (not shown). In the boreal autumn, one season earlier than the peak of La
Niña, there is similar anti-cyclonic circulation, but it is weak. This might be because the
autumn season can not modulate the La Niña forcing as well as the spring season. As a
result, the surface temperature response to the La Niña in the DJFpk experiment is
weaker than those in the JJApk experiment.
In the South Pacific, the previous results indicate that the pattern of extratropical
surface temperature anomaly responding to the prescribed ENSO is different between the
DJFpk and JJApk experiment. The atmospheric ENSO composite shown in Fig. 4.13
further diagnoses this difference. The JJApk experiment shows that atmospheric
circulation responding to the El Niño in the southern winter (JJA) is cyclonic east of New
Zealand and anticyclonic in the eastern high-latitudes. The flow from the high-latitudes
decreases the specific humidity around New Zealand, and the flow from the low-latitudes
increases the moisture in the central high-latitude South Pacific. The same southern
winter composites of DJFpk and JJApk experiments show similar wind pattern although
the strength is quite different. This may be because the tropical ENSO forcing has not yet
matured in the southern winter in the case of DJFpk experiment. In following southern
spring (September to November), the DJFpk experiment shows cyclonic circulation
moving from east of New Zealand to the central low-latitudes while anticyclonic
circulation persists. The cyclonic circulation in the JJApk experiment, however, is
maintained in a similar location for all three seasons, though the structure changes.
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Fig. 4.13 Same as Fig. 4.11, but in the South Pacific basin.

103

This is a reason why negative surface temperature anomalies in the western South Pacific
are clearly shown in the JJApk, but much weaker in the DJFpk experiment. The
differences between the DJFpk and JJApk experiment are further diagnosed with the
meridional atmospheric circulation below.
Western Pacific basin (180 ~ 120°W) zonal mean cross-sections are shown for the
Southern Hemisphere in Fig. 4.14 in order to examine the impact of ENSO on the
atmospheric circulation. Before comparing anomalies of each ENSO experiment,
seasonal mean circulation of the control experiment is shown in Fig. 4.14a. The left panel
shows the southern winter season (June to August) and the right panel is the southern
summer season (December to February). It is noted that, in the southern winter,
subtropical rising motion reaches to the mid-latitudes, and the boundary layer southward
wind starts from the mid-latitudes. In addition, the circulation in the high-latitude
atmosphere around 60°S is poleward in southern winter, but poleward flow is not shown
in southern summer. The DJFpk anomalies shown in Fig. 4.14b are also arranged with
the southern winter season (JJA) on the left and following southern summer (DJF, peak
season of El Niño) on the right. In the southern winter (June to August), there is
meridional wind divergence around 40°S, consistent with surface cyclonic circulation. In
the following summer (December to February), tropical rising motion is stronger than
that in JJA, responding to the surface temperature anomaly of the El Niño peak. However,
extratropical wind anomalies weaken at the same time. Compared to the DJFpk
experiment, the JJApk experiment shown in Fig. 4.14c indicates that tropical rising
motion is closely connected with mid-latitude northward and downward flow, and wind
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Fig. 4.14 Seasonal average of the central Pacific basin (180 ~ 120°W) zonal mean zonal
wind (shaded), meridional wind and vertical pressure velocity (omega, shown as vector),
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and surface temperature (℃) is shown. The unit for horizontal wind is m/s and for omega
is -1×10-2Pa/s. (a) 60 years JJA (left) and DJF (right) mean of the control experiment.
(b) The DJFpk experiment El Niño anomaly composite, two seasons before the peak of
El Niño (JJA, left) and the peak season of El Niño (DJF, right). (c) The JJApk experiment
El Niño anomaly composite, two seasons before the peak of El Niño (DJF, left) and the
peak season of El Niño (JJA, right).

divergence strengthening around 40°S (Fig. 4.14c right). Because the peak of ENSO is in
the southern winter, Fig. 4.14c right panel is a strengthened version of Fig. 4.14b left
panel. In the southern summer before the peak of ENSO (Fig. 4.14c left), the circulation
driven by tropical rising motion is mostly confined north of 30°S, which is similar to Fig.
4.14b right panel.
The La Niña composite of near-surface wind and humidity in the South Pacific is
shown in Fig. 4.15. The DJFpk experiment shows a clear anticyclonic surface wind
response to the La Niña in the southern summer (December to February). Anticyclonic
circulation results in the dipole of specific humidity anomalies, and consequently results
in the dipole of SSTA as shown in Fig. 4.7. In the case of JJApk experiment, a similar
anomalous anticyclonic circulation appears in the early stage of the La Niña but the
circulation is weaker than that of DJFpk experiment. As the La Niña matures, the
anticyclonic circulation is distorted due to the change of season in the JJApk experiment.
The atmospheric circulation responding to tropical Pacific SSTA and driving
extratropical surface temperature has been examined. Similar to the surface temperature,
the atmospheric circulation anomaly does not follow the temporal phase of ENSO.
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Fig. 4.15 Same as Fig. 4.13, but for the La Niña composite.
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The tropical remote forcing affects the strength of the characteristic horizontal wind
pattern for each season, but seems not to be able to change the pattern itself. Zonal mean
cross sections revealed that local atmosphere directly responds to the lower boundary
condition in the tropics regardless of the season, but the atmospheric bridge mechanism is
seasonally dependent.

4.5 Summary and Conclusion
We have examined how seasonality constructively or destructively interferes with
the tropical remote forcing of the extratropics. We performed numerical experiments with
idealized ENSO events that were phase shifted (with respect to a boreal winter peak
phase) by six months. These experiments shed light on the role of seasonality regulating
the effect of remote tropical forcing. The effect of tropical remote forcing on the
extratropics is only detectable in specific seasons. This is because the tropical ENSO
forcing, which originates from the prescribed SST anomalies, can affect anomalous
variability of the atmosphere, but can not result in structural changes of seasonal
climatology. Once the atmospheric bridge breaks down as a basic characteristic of
specific seasonality, even the strongest ENSO forcing does not impact the extratropics.
In the North Pacific, the DJFpk experiment simulated the maximum surface
temperature response to the ENSO from boreal spring to summer. The JJApk experiment
also simulated a similar pattern in response to the ENSO in the same boreal spring to
summer time frame although the phase of ENSO is different. The analysis of heat flux
clarified that both experiments have similar atmospheric forcing in the same season,
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which drives the ENSO forced SST pattern. Further analysis of near-surface wind and
humidity indicated that, particularly in the case of El Niño events, strong cyclonic wind is
consistent with previous results of heat flux forcing of SST, and it appears in the boreal
winter season regardless of when the El Niño event matures. The cyclonic wind is also
clear in the western South Pacific in the southern winter. In the case of La Niña events,
anticyclonic wind is consistent with the heat flux forcing, but the seasonal dependence of
anticyclonic pattern is not as hemispherically consistent as the cyclonic pattern in the El
Niño cases. Clear anticyclonic anomalies in the North Pacific appear in northern spring in
the JJApk experiment, and those in the South Pacific appear in southern summer in both
experiments.
The El Niño composite analysis of the Pacific basin zonal mean atmospheric
circulation indicated that the tropical atmosphere continuously responds to the local SST
forcing, but the tropical atmospheric motions are not always strongly connected to the
extratropical circulation. The meridional cross-section in the Pacific basin indicates that
the atmospheric anomalous divergence in the mid-latitudes, which is linked to the surface
cyclonic circulation, is weaker in the southern summer than in the southern winter.
The modulation of the tropical remote forcing by the seasonality affects not just
the extratropical Pacific SST, but also impacts the whole climate system. For example,
Fig. 4.16a and b shows precipitation anomalies on the North America of the DJFpk and
the JJApk experiment, respectively. Comparing the two experiments, the boreal winter
season precipitation anomalies are similar to each other. Boreal summer anomalies are
also similar regardless of the phase of the ENSO.
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Fig. 4.16 The El Niño (left) and La Niña (right) composite of precipitation anomaly from
the control experiment annual cycle. (a) The DJFpk experiment, and (b) the JJApk
experiment. The panels are composed of two seasons earlier than the ENSO peak and
the season of ENSO peak. The unit for precipitation is mm/day.
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Consequently, what determines the timing of the ENSO response in the
extratropics is not solely the peak phase of ENSO, but the local seasonality. Changes in
the temporal phase of ENSO may result in the change of ENSO response “strength,” but
not “phase.” In the extratropics, the tropical remote forcing is not an independent factor,
but dependent on the local seasonality. The note on that stronger teleconnections occur in
winter hemisphere (Trenberth et al. 1998) is consistent with the model results in the case
of El Niño. However, in the case of La Niña, the effect of teleconnection appears in other
seasons.
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Chapter 5: Impact of ENSO Frequency on the North Pacific

5.1 Introduction
The period of El Niño-Southern Oscillation (ENSO) varies. Kestin et al. (1998)
analyzed the frequency variability of ENSO, and argued that the ENSO system may have
no fixed modes of oscillation. Based on the observational data, the authors showed that
the variability in the 2-3 year spectral range of ENSO decreased between 1920 and 1960.
In addition, An and Wang (2000) also argued the change of ENSO frequency relates to
the climate shift in mid-1970s (Graham 1994; Trenberth and Hurrell 1994). The authors
argued that the dominant ENSO period increased from 2-4 years during 1962-75 to 4-6
years during 1980-93.
Experimental results also support the notion of a changing frequency for ENSO.
Toniazzo (2006) analyzed ENSO variability of the Hadley Centre Coupled OceanAtmosphere GCM (HadCM3) in three stable climate regimes: the Last Glacial Maximum,
pre-industrial period, and greenhouse stabilization scenario. The author argued that the
period of the oscillation becomes shorter from the past to future. However, the
relationship between global warming and the ENSO frequency is still an open question.
For example, Zelle et al. (2005) showed that there are no significant changes in the
ENSO period when the global mean surface temperature increased.
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The changing frequency of ENSO has been studied from many different
perspectives. However, the sensitivity of remote teleconnections to changes in the ENSO
frequency has not been examined. In the North Pacific, for example, we might expect the
remote response to be sensitive to the frequency of ENSO. If ENSO triggers or forces
some response in the North Pacific, we expect this response to have a life cycle and time
scale that is due to local processes (i.e., coupled feedbacks, wave dynamics, damping,
etc.). In turn, if the ENSO life cycle is fast compared to the local North Pacific life cycle
we might expect constructive or destructive interference. Conversely, if the ENSO life
cycle is relatively long then the character of the interference may be considerably
different. The purpose of this study is to examine the effect of different ENSO frequency
in the extratropics, specifically in the North Pacific where the effect of ENSO is clearly
seen (see Chapter 4). In this study, the tropical ENSO forcing is perfectly controlled so
that the same ENSO event repeats with a fixed period. Comparing experiments with
different ENSO period, the impact of ENSO periodicity will be diagnosed.
In the next section, the detailed experimental design is described. In the third
section, the El Niño and La Niña composite of each ENSO period experiment is analyzed.
The changed climatology due to tropical ENSO forcing is examined in the fourth section,
and conclusions are given in the last section.

5.2 Numerical Model and Experimental design
The model is composed of atmospheric general circulation model (AGCM),
tropical Pacific prescribed sea surface temperature (SST) as a lower boundary condition,
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and simple slab mixed-layer ocean model coupled to AGCM outside of tropical Pacific.
For the AGCM, we use the National Center for Atmospheric Research (NCAR)
Community Atmosphere Model Version 3 (CAM3) with a horizontal resolution of T42
and 26 vertical levels with a hybrid terrain-following coordinate. The dynamical core is
Eulerian spectral and originated from NCAR CCM3 (Kiehl et al. 1998), and the changes
are described in Collins et al. (2006). The mixed-layer ocean model coupled to AGCM is
a simple thermodynamic slab mixed-layer model which is part of the CAM3/CCSM3
modeling system. The depth of mixed-layer is fixed to the climatological annual cycle
with a 200 meters cap.
ENSO forcing in the tropical Pacific is prescribed as a lower boundary condition
of AGCM. The prescribed region is defined as 120°E to 85°W in longitude and 20°S to
20°N (M20) in latitude. The prescribed SST data is composed of the climatological
annual cycle and ENSO composite anomalies, which are obtained from the Hadley center
SST dataset (Rayner et al. 2000). The climatological annual cycle is formed from
monthly means from 1949 January to 1998 December. The selection criterion for the
ENSO composite anomalies is based on the NINO3.4 (area average of SST for 5°S~5°N,
170°W~120°W) index so that the top 9 January NINO3.4 values define the warm event
composites and the bottom 9 January NINO3.4 values define the cold event composites.
We have excluded the 1986-87, 1987-88, and 1968-69 events even though they meet our
composite criterion. The reason for this is because these events have significantly
different evolutions (i.e. they do not peak in boreal winter). See Table 1.1 for a list of
events contributing to the composites.
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In the control experiment, only the climatological annual cycle is used as the
tropical prescribed forcing, whereas in the ENSO experiment, the ENSO composite
anomalies are added to the climatological annual cycle with fixed period. There is an
important subtlety in the control simulations that should be noted. In the control (like the
ENSO experiments) the SST is prescribed in the tropical Pacific, except it is specified
climatology. The reason we have chosen to perform the control simulation in this manner
is to be as consistent with the ENSO experiments as possible. In other words, the same
energetic inconsistencies in the ENSO experiments in the prescribed SST region are also
present in the control simulations. In addition, it is noteworthy that perfectly periodic
ENSO can reduce the uncertainties of ENSO teleconnections. In this study, the period of
ENSO is set as 2, 4, or 6 years (Fig. 5.1). The total simulated period of each experiment
is 72 years, but only the last 60 years are used for analysis. The set of experiments are
summarized in Table 5.1.

5.3 The ENSO Composite Analysis of Surface Temperature
5.3.1 Temporal Evolution of ENSO Responses I: Meridional Mean ENSO
Composite
The effect of different ENSO frequencies on the North Pacific is first examined
using composite analysis. Because the ENSO repeats with a precise period, the
extratropical response to the tropical remote forcing is clearly shown in the composite
analysis. Figure 5.2 shows surface temperature composite evolution in the North Pacific
basin. The anomaly here is a deviation from the control experiment annual cycle, and the
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Fig. 5.1 NINO3.4 index (area average of surface temperature, 5°S~5°N, 170°W~120°W)
anomaly of (a) 2 year period, (b) 4 year period, and (c) 6 year period ENSO experiment
from the control experiment annual cycle.

surface temperature is averaged from 40°N to 50°N. All three experiments in Fig. 5.2
share common features such as a maximum response in boreal spring to summer (see
Chapter 4). In boreal spring following the El Niño peak, the positive anomaly around
130°W is also quite similar among the experiments. The relatively stronger signals of
negative anomalies responding to the El Niño compared to positive anomalies responding
to the La Niña in the central North Pacific are robust across experiments. In the case of
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Table 5.1. A set of experiments is described. The longitudinal definition of prescribed
region is commonly from 120°E to 85°W.

Prescribed
SST

Prescribed Region :
20°S~20°N

Duration /
Cycle

Annual cycle only

(M20)Ctl

60 yrs / 60 cyc

2 years

(M20)P2

60 yrs / 30 cyc

4 years

(M20)P4

60 yrs / 15 cyc

6 years

(M20)P6

60 yrs / 10 cyc

ENSO
Period

P6 experiment, the anomalies associated with the El Niño forced pattern are not much
stronger than those of La Niña forced pattern.
On the other hand, there are notable differences among experiments. First, the
details of ENSO forced pattern in the central North Pacific are different among the
experiments. For example, in each experiment the longitude of the maximum response is
different. Moreover, in the case of the P4 and P6 experiments, the lingering pattern,
which appears one year after the peak of ENSO is also different. In the P4 experiment, a
lingering pattern remains in the same longitudes as the same sign ENSO forced pattern,
while the lingering pattern is shifted eastward in the P6 experiment. In the P4 experiment,
same sign lingering signals remain in nearly same longitudes as the contemporaneous
ENSO forced pattern.
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P4, and (c) the P6 experiment. The anomaly is a deviation from the control experiment annual cycle.

Fig. 5.2 Meridional mean (40°N~50°N) ENSO composite evolution of surface temperature anomalies of (a) the P2, (b) the

The anomalies calculated using the climatology of the corresponding experiment
as opposed to the control show stronger La Niña forced signals (Fig. 5.3). As opposed to
Fig. 5.2, Fig. 5.3 shows a similar magnitude of anomalies between the El Niño and La
Niña forced pattern. In particular, the P2 experiment shows nearly same pattern with
opposite sign. In the P4 and P6 experiments, the zonal location of the El Niño and La
Niña response patterns, which are a dipole pattern with opposite sign in the central and
eastern North Pacific, are similar to each other. The lingering pattern is also similar
between the El Niño and La Niña in each experiment, but the patterns of the individual
experiments are different from each other, consistent with the results of Fig. 5.2. The
occurrence of a similar pattern with opposite sign (Fig. 5.3) versus totally different
patterns between the El Niño and La Niña forced signals (Fig. 5.2) are reminiscent of the
issue of nonlinear ENSO response (Hoerling et al. 1997; Hoerling et al. 2001). The
authors argued that the ENSO responses in the North Pacific are not merely of the
opposite sign with same pattern, but are zonally or meridionally shifted with different
amplitude, or totally different patterns (i.e. nonlinear ENSO response). In addition,
comparison between Fig. 5.2 and 5.3 indicates that seasonal climatology is shifted from
the control experiment to the ENSO experiment regardless of the ENSO periodicity. The
shifted climatology will be discussed in section 5.4. The similar El Niño and La Niña
forced pattern with opposite sign may be due to the seasonal climatology changes as
discussed in section 5.4.
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Fig. 5.3 Same as Fig. 5.2, but the anomaly is from own annual cycle of each experiment.

5.3.2 Seasonal Horizontal Pattern Responding to the ENSO
The meridional structure of the seasonal ENSO composite surface temperature
pattern is shown in Figs. 5.4 and 5. In the case of the El Niño composite (Fig. 5.4), the
temporal evolution and general features such as the cold anomalies in the central North
Pacific are similar among experiments, but important details among the experiments are

Fig. 5.4 Seasonal El Niño composite of surface temperature of (a) the P2, (b) P4, and (c)
P6 experiment. Anomalies are from the control experiment annual cycle. The peak of El
Niño is in December-to-February, second panels from the top.

121

Fig. 5.5 Same as Fig. 5.4, but for the La Niña composite.

apparent. For instance, the spatial correlation coefficient in Table 5.2 indicates that each
pattern is over 83% similar in boreal spring to summer when the El Niño forced pattern
matures in the North Pacific. The spatial patterns of P2 and P4 experiments are even
more similar (92~94%), and the P6 experiment is relatively different from the other
experiments (83~88%). Generally these results are consistent with previous argument
with time-longitude cross-section figures. On the other hand, in the case of La Niña
composite (Fig. 5.5), the pattern similarity among the experiments decreases compared to
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Table 5.2 Spatial correlation between the ENSO experiments calculated in
145°E~125°W, 30°N~60°N. Bold number indicates larger than 0.75.

El Niño
Composite,
Peak=DJF

La Niña
Composite,
Peak=DJF

Season

P2 vs. P4

P2 vs. P6

P4 vs. P6

Sep-Oct-Nov

0.633

0.359

0.592

Dec-Jan-Feb

0.922

0.732

0.568

Mar-Apr-May

0.926

0.880

0.830

Jun-Jul-Aug

0.943

0.843

0.839

Sep-Oct-Nov

0.501

0.310

0.428

Dec-Jan-Feb

0.761

0.768

0.899

Mar-Apr-May

0.640

0.757

0.786

Jun-Jul-Aug

0.555

0.731

0.840

the El Niño composite. Specifically the P2 experiment is much different from other
experiments (see Table 5.2). The evident differences between the P2 experiment and
other experiments are detectable in the boreal fall, one season before the La Niño peak.
Because the remote ENSO forcing in the P2 experiment exists every year, the top panel
of Fig. 5.5a is actually a residual of the El Niño forced pattern. On the other hand, in the
P4 or P6 experiment, the residual of the El Niño forced pattern is damped by local air-sea
interaction for another one year (the P4 experiment) or two years (the P6 experiment).
Consequently, the different initial condition in the developing phase of La Niña drives
different La Niña responding pattern although the tropical remote forcing is exactly same

123

among experiments. This result supports the importance of air-sea interaction in the
evolution of extratropical ENSO responses.
The same mechanism should be applied to the El Niño composite shown in Fig.
5.4. However, the top panel of Fig. 5.4a is not qualitatively different from Figs. 5.4b or c.
This is because the La Niña response in the P2 experiment is relatively weak compared to
the El Niño response. In the bottom panel of Fig. 5.5a, the anomalies are hardly
detectable in the central Pacific. Therefore the El Niño response in the P2 experiment
becomes similar to the P4 or P6 experiments. Based on the same argument as with the La
Niña composite, we can deduce that the differences in the details of the El Niño forced
response among experiments are due to the differences in the details of initial surface
temperature pattern in the developing phase of El Niño.
It is noted that lingering pattern appears one year after the peak of ENSO in the
P4 and P6 experiments. Seasonal composites of the lingering patterns after the El Niño
and La Niña are shown in Figs. 5.6 and 7, respectively. Previously we noted that the
center of the lingering pattern after the El Niño in the P6 experiment is shifted eastward
while that in the P4 experiment remains steady in longitude. Figs. 5.6a and b show the
details of differences between the P4 and P6 experiments. In boreal fall, three seasons
after the peak of El Niño, the maximum anomaly from the control experiment is over 0.7
in the P4 experiment, while it is not more than 0.5 in the P6 experiment. Relatively
stronger signals in the P4 experiment remain in nearly the same location until the next
boreal summer (fourth panel in Fig. 5.6a). In the P6 experiment, the seasonal composite
pattern abruptly changes from boreal fall to boreal winter, one year after the peak of El
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Fig. 5.6 Seasonal El Niño composite of surface temperature of (a) the P4, and (b) P6
experiment one year after the peak of El Niño. Anomalies are from the control
experiment annual cycle. The peak of El Niño was in December-to-February of previous
year.
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Fig. 5.7 Same as Fig. 5.6, but for one year after the La Niña.
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Niño. After this change in the horizontal structure, the pattern persists through the next
boreal summer (fourth panel in Fig. 5.6b), and the maximum anomaly becomes large
around boreal spring.
Compared to the lingering pattern after the El Niño event, the pattern after the La
Niña event is not much different between the P4 and P6 experiments. Both experiments
show northern positive anomaly and southwestern negative anomaly from the control
experiment annual cycle. The center of the northern positive anomaly is also shifted
eastward after boreal winter in all the experiments, one year after the La Niña. Although
the details of anomaly pattern are different among the experiments, the north and south
dipole pattern typically remains during the year after the La Niña.

5.3.3 Temporal Evolution of ENSO Responses II: Time Series Analysis
Previously we have examined the meridional mean temporal evolution and
seasonal horizontal patterns of the ENSO composites. The different ENSO period
experiments showed different characteristics. Here we focus on the evolution of area
averaged SST in the North Pacific.
A time series of each experiment is compared to the fitted result of a simple linear
model. The simple linear model for SST is made as following Hasselmann (1976) and
Frankignoul and Hasselmann (1977), but stochastic forcing term in the original equation
is replaced by periodic forcing term, i.e.:

dT
= F sin(ω (t − t0 )) − bT (1)
dt
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where T is SSTA, F and b is a constant, ω corresponds to the ENSO frequency, and t0 is a
lead time. When t0 is given, the constants, F and b is determined for the least squared
error from the original time series. The t0 is selected for positive F value and, for b value
in the range, [0~1]. In addition, the central North Pacific (CNP, 175°E~175°W,
35°N~40°N) region is selected for the analysis, because the El Niño responses are strong
in this region. A SSTA time series is formed by calculating the area average SST
anomaly. All the time series start from the same calendar month (Jan0012), and cover
same period (60 years).
Figure 5.8, 9, and 10 show the original time series (blue line) and the time series
simulated by fitted simple linear model (red line) in the P2, P4, and P6 experiment.
Among experiments, the root-mean-squared-error (RMSE) is the smallest in the P6
experiment, and variance ratio is the highest in the P2 experiment. The highest variance
ratio indicates that periodic remote forcing and local damping process of the simple
system can explain more of the total variability of the coupled GCM simulation. This
result might be because the temporal evolution in the tropical forcing is different among
experiments. For example, as shown in Fig. 5.1, the prescribed SSTA in the P2
experiment looks similar to a sinusoid without significant periods with no ENSO forcing
(i.e., zero anomaly). Hence, the extratropical ENSO responses can be well fitted to the
linear system with periodic forcing.
In addition, the autocorrelation results are also interesting. The bottom panels in
figs. 5.8, 9, and 10, the e-folding time is the longest in the P4 experiment. In the P4
experiment, stable 6-month e-folding time is maintained over 3 cycles. In the P2
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Fig. 5.8 A time series from the P2 experiment (blue line) is compared with a time series
simulated by fitted simple damped linear model (red line). The CNP (central North
Pacific) is defined by area average in 175°E~175°W, 35°N~40°N. Top panel is for full
period, 60years, middle panel is for the ENSO composite, and bottom panel is for
autocorrelation of time series compared to the estimated damping timescale of fitted
linear model. The anomaly of the P2 experiment is from the annual cycle of the control
run, and the mean of anomaly is set as zero (0) for convenient.
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Fig. 5.9 Same as Fig. 5.8, but for the P4 experiment.
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Fig. 5.10 Same as Fig. 5.8, but for the P6 experiment.
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experiment, the blue curve looks similar to that in the P4 experiment until a 6-month lag,
but different after the 6-month lag. This might be because the following ENSO forcing
emerges soon. We expected that the P6 experiment would show a long damping
timescale, but is not the case. Actually, the ENSO composite in the P6 experiment is far
from the sinusoidal curve. The differences between the P4 and P6 experiments might be
related to the characteristic of lingering pattern, which is maintained in the same
longitudes in the P4 experiment, while which is shifted eastward in the P6 experiment.

5.3.4 Signal vs. Noise
The previous results indicate that the La Niña forced pattern of the P2 experiment
is distinguished from the P4 and P6 experiments, and that the lingering pattern after the
El Niño is qualitatively different between the P4 and P6 experiments. Because the
tropical remote forcing is perfectly periodic, we can expect that the composite analysis in
this study is more reliable than an irregular ENSO composite. However, for statistically
meaningful results, we need to consider the relative strength of the signal and noise. Here
the signal is defined as composite mean of anomaly from the control experiment annual
cycle, and the noise is defined as standard deviation of anomaly composite.
Figures 5.11 and 12 show the signal-to-noise ratio of El Niño and La Niña forced
pattern, respectively. Previously we noted that the El Niño forced signals of the P2
experiment in boreal spring and summer are quite similar to those of the P4 experiment
(Fig. 5.4). However, the signal-to-noise ratio pattern of the P2 experiment is quite weaker
than that of the other experiments (Fig. 5.11). Because the maximum anomaly of the P2
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Fig. 5.11 Seasonal El Niño composite of surface temperature signal-to-noise ratio of (a)
the P2, (b) P4, and (c) P6 experiment. The signal is defined as anomaly composite
mean, and the noise is defined as standard deviation of anomaly composite. Anomalies
are from the control experiment annual cycle. The peak of El Niño is in December-toFebruary, second panels from the top.

experiment was similar to the other experiments in Fig. 5.4, the smaller signal-to-noise
ratio must be because of larger noise. This means that the event-to-event variation of the
P2 experiment is bigger than in the other longer period ENSO experiments. In addition, it
is also worth noting that the longitudinal location of maximum signal-to-noise ratio is
different among experiments.
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Fig. 5.12 Same as Fig. 5.11, but for the La Niña composite.

In the case of La Niña, the differences among experiments are clearer than those
of El Niño events. Because the P2 experiment La Niña forced signals in Fig. 5.5a were
already noted to be different from the other experiments (i.e., relatively weaker signals),
the weak signal-to-noise ratio in Fig. 5.12a is reasonable. The interesting aspect here is
the difference between the P4 and P6 experiments. Both experiments have same tropical
SST forcing during the evolution of La Niña. The composite signals of each experiment
shown in Figs. 5.5b and c were qualitatively similar with north-and-south dipole pattern.
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However, Figs. 5.12b and c indicate the region of larger signal-to-noise ratio is clearly
different. This means that the robust signals (i.e., large signal and/or small noise) from
event to event are associated with the negative anomaly in the western mid-latitudes
North Pacific in the P4 experiment, and positive anomaly in the central high-latitudes in
the P6 experiment.
Following the La Niña, the prominent signal-to-noise ratio in the P4 and P6
experiments continues to one year after the La Niña (Fig. 5.14). In Fig. 5.7, we argued
that the lingering patterns after the La Niña events are similar between the P4 and P6
experiments. However, the signal-to-noise ratio patterns are not as similar as the signal
patterns. The P6 experiment maintains a higher signal-to-noise ratio for the next year
after the La Niña event. This result supports that the signal of the P6 experiment is more
robust than that of the P4 experiment. It is also interesting that the negative anomaly in
the western mid-latitudes region, which appears as a La Niña forced pattern in the P4
experiment, appear as a La Niña lingering pattern in the P6 experiment. In the case of El
Niño lingering pattern, both P4 and P6 experiments mostly show larger noise than the
signal (Fig. 5.13).
The following year when the imminent ENSO is at onset is shown in Fig. 5.15 in
the case of P6 experiment. The top panels of Figs. 5.15a and b are same to the bottom
panels of Figs. 5.13b and 5.14b, respectively, and the bottom panels of Figs. 5.15a and b
are same to the top panels of Figs. 5.12c and 11c, respectively. In Fig. 5.15a, the signal
does not dominate the noise until boreal spring following the El Niño lingering pattern
(Fig. 5.13b). The relatively large signal-to-noise ratio in the P6 experiment appears
135

Fig. 5.13 Seasonal El Niño composite of surface temperature signal-to-noise ratio of (a)
the P4, and (b) P6 experiment one year after the peak of El Niño. The signal is defined
as anomaly composite mean, and the noise is defined as standard deviation of anomaly
composite. Anomalies are from the control experiment annual cycle.
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Fig. 5.14 Same as Fig. 5.13, but for the La Niña composite.
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Fig. 5.15 Seasonal surface temperature signal-to-noise ratio composite of (a) El Niño
and (b) La Niña of the P6 experiment, two years after the peak of ENSO event. The
signal is defined as anomaly composite mean, and the noise is defined as standard
deviation of anomaly composite. The top panels are same to the bottom panel of Figs.
5.13b and 14b, and the bottom panels are same to the top panel of Figs. 5.11c and 12c.
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abruptly in boreal spring. Because the La Niña anomalies in the tropical Pacific depart
from the climatological annual cycle since boreal spring, indicated as MAM(3) in Fig.
5.15, it is possible that the strong signal-to-noise ratio is caused by the onset of the
coming La Niña. However, in Fig. 5.15b, because higher signal-to-noise ratio continues
from the La Niña lingering pattern (Fig. 5.14b) to the El Niño onset season, it is unclear
whether the stronger signal seen in MAM(3) of Fig. 5.15(b) is part of the La Niña
lingering pattern or due to the El Niño onset. One issue that is clear is that the signal-tonoise ratio of the P4 experiment is generally smaller than that of the P6 experiment in
boreal spring to summer, the onset season of the ENSO (Figs. 5.13a and 14a vs. Figs.
5.15a and b). This supports that one year may not be enough time to damp the ENSO
forced signals.
In addition to the steadiness of the signal, we are also interested in the relationship
between the tropical remote forcing and local variability in the North Pacific. Related to
this relationship, Yeh and Kirtman (2004) actively controlled the atmospheric variability
coupled to the ocean by use of the interactive ensemble strategy (Kirtman and Shukla
2002), and argued that the tropical remote forcing is easier to detect as atmospheric
stochastic forcing to the ocean decreases. In this study, we control the tropical remote
forcing as opposed to the noise due to internal atmospheric dynamics. Because the
tropical ENSO forcing is perfectly periodic, the ENSO forced pattern in the North Pacific
is expected to be regularly periodic, and, therefore, it will be easier to analyze relative
role of remote forcing vs. local variability on the climate variance.
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The relative role on the climate variance is evaluated by the F-test. First, overall
seasonal variability of the ENSO experiments is tested with the control experiment (Fig.
5.16). Because tropical ENSO forcing causes the flip-flop of surface temperature
anomalies in the North Pacific, the overall variability of the ENSO experiments was
expected to be bigger than the control experiment. However, the pattern of 90%
statistically significant signals shown in Fig. 5.16 looks mostly noisy. Compared to the
P4 and P6 experiments, specifically in boreal summer, the P2 experiment shows more
blue shading, which means the variability of the P2 experiment is bigger than that of the
control experiment. In the P4 and P6 experiments, even red shadings are seen. Briefly,
tropical remote forcing hardly increases climatological variance significantly. There are
two possible interpretations of this result: (i) the remotely forced variability is small
compared to the local variability or (ii) the remote forcing somehow decreases the
variability due to local processes.
The ENSO composite variance is compared to the climatological variance of the
control experiment. Figs. 5.17 and 18 show the variability ratio between the control
experiment and the El Niño or La Niña composite, respectively. If the local variability is
independent of the tropical remote forcing, significant signals are expected not to be
detected here. However, the signals over the 90% significance level clearly appear in Figs.
5.17 and 18 although the signals are limited to specific regions. In the case of P2 and P4
experiments, the variance in the northern central North Pacific is significantly increased
compared to the control experiment, particularly in boreal spring and summer (Fig. 5.17).
On the other hand, there also exist significantly reduced variances of the ENSO
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Fig. 5.16 F-test of seasonal surface temperature climatology for 60 years between the
control experiment and (a) P2, (b) P4, and (c) P6 experiment. Each level indicates
positive or negative 90%, 95%, and 99% significance level based on the number of
degrees of freedom, (59, 59).

experiment: northeastern North Pacific in the P4 and P6 experiment in the El Niño
composite (Fig. 5.17), and central North Pacific in the P6 experiment in the La Niña
composite (Fig. 5.18), commonly in boreal spring and summer. These results support the
notion that the local variability is not independent of the tropical remote forcing. The
tropical remote forcing can increase or decrease local variability depending on the region,
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Fig. 5.17 F-test of seasonal surface temperature, the control experiment annual cycle to
the El Niño composite of (a) P2, (b) P4, and (c) P6 experiment. Each level indicates
positive or negative 90%, 95%, and 99% significance level based on the number of
degrees of freedom, (59, 29), (59,14), and (59,9), respectively.

and the interfering effect of remote forcing is stronger in the El Niño composite than in
the La Niña composite.

5.4 Changed Seasonal Climatology
Previously we argued that the existence of variability in the tropical Pacific causes
142

Fig. 5.18 Same as Fig. 5.17, but for the La Niña composite.

changes in seasonal climatology in the North Pacific. In this section, the changed
climatology is examined in detail. First, we need to test whether the change of
climatology is statistically significant or not. Figure 5.19 shows the results of a t-test
between the ENSO experiments and the control experiment. In Fig. 5.19, all four seasons
of each ENSO experiment is consistently significantly different at the 99% confidence
level. The pattern of significant signal is different among the experiments, but
independent of the season. The F-test shown in Fig. 5.16 indicated that most signals look
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Fig. 5.19 Student’s t-test of seasonal surface temperature climatology for 60 years
between the control experiment and (a) P2, (b) P4, and (c) P6 experiment. Each level
indicates positive or negative 90%, 95%, and 99% significance level based on the
number of degrees of freedom, 118.

noisy so that the result of t-test is reliable.
The t-test result in Fig. 5.19 generally indicates significant negative anomaly in
mid-latitudes west-to-central North Pacific, and positive anomaly in the high-latitude
central North Pacific. The patterns seen in Fig. 5.19 are reminiscent of a combination of
El Niño and La Niña responses. Thus it is hypothesized that the change in the
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climatology is caused by the ENSO forced pattern. Because the same ENSO event
repeats in the tropical Pacific, the same ENSO forced pattern may also repeat in the North
Pacific, and the repeated pattern could project onto the climatology.
To test this hypothesis, the seasonal climatology is compared to the averaged
composite of El Niño and La Niña. Figure 5.20 shows the result of the P4 experiment,
anomalies of which are from the control experiment annual cycle. The shaded patterns in
the left and right panels are similar to each other. The spatial correlation coefficient has
also been calculated (Table 5.3). The correlation indicates over 94% pattern similarity
during all seasons. In the case of P6 experiment shown in Fig. 5.21, the pattern
correlation in all seasons except boreal fall is over 95%. In the boreal fall, the similarity is
just below 90%. Because the El Niño and La Niña composite is composed of only 1/3
sample years compared to the seasonal climatology in the P6 experiment, over 90%
similarity means the effect of ENSO forced pattern is an important component of the
seasonal climatology.
Previously we argued that the El Niño and La Niña forced patterns are well
balanced in the sense of anomaly magnitude if the anomaly composite is calculated from
its own annual cycle. In this section, the changed climatology from the control
experiment is due to the repeated El Niño and La Niña forced pattern. Consequently, the
annual cycle of each ENSO experiment already contains the characteristics of the ENSO
forced pattern compared to the control experiment. This is why Fig. 5.3 shows quite
linear ENSO response signals with opposite sign.
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Fig. 5.20 Seasonal surface temperature (a) climatology and (b) averaged El Niño plus La
Niña composite in the case of P4 experiment. Anomalies from the control experiment
annual cycle are shown. The peak of ENSO events is in December-to-February, second
panels from the top.
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Fig. 5.21 Same as Fig. 5.20, but in the case of P6 experiment.
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Table 5.3 Spatial correlation between the climatology and averaged El Niño plus La Niña
composite in the case of P4 and P6 experiment, calculated in 145°E~125°W,
30°N~60°N.

Season

P4 Exp.

P6 Exp.

Sep-Oct-Nov

0.953

0.895

Dec-Jan-Feb

0.941

0.957

Mar-Apr-May

0.957

0.964

Jun-Jul-Aug

0.979

0.954

5.5 Summary and Conclusion
The effect of ENSO frequency on the North Pacific has been examined. In nature,
because the frequency of ENSO is not fixed, it is hard to examine the effect of ENSO
frequency with observational data. The experimental design used in this study makes it
possible how a perfectly periodic ENSO affects global climate. Comparing different
ENSO experiments, the similarities and differences of surface temperature response in
the North Pacific were analyzed.
The common features among the ENSO experiments are summarized as follows:


The ENSO response in the North Pacific matures in boreal spring and summer
following the peak of ENSO (see Chapter 4).



The surface temperature response to the El Niño events consists of generally cold
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anomalies in the central North Pacific, and a warm anomaly along the coast of
North America compared to the control experiment annual cycle.


The surface temperature response to the La Niña events consists of warm anomalies
in the high-latitude central North Pacific, and there is less similarity among the La
Niña responses of the experiments compared to the similarity among the El Nino
responses.



The issue of “nonlinear ENSO responses” in the North Pacific is commonly
confirmed in the all ENSO experiments based on the fact that the El Niño and La
Niña forced patterns are clearly different.



The ENSO experiments result in shifted North Pacific seasonal climatology
compared to the control experiment. The changed climatology occurs because the
repeated ENSO forced signals are projected onto the climatology.



In the case of the P4 and P6 experiments, there exist lingering patterns, which
appear one or more years after the peak of ENSO. The lingering pattern after the La
Niña is similar between the P4 and P6 experiments, but that after the El Niño is
qualitatively different.
The features that distinguish the P2 experiment from the other longer ENSO

period experiment occur because there is not enough time to damp the ENSO forced
anomalies. Since the El Niño or La Niña happens every year in the P2 experiment, the
residual of the previous ENSO response is superimposed onto the next year’s ENSO
response. This leads to relatively more variability and smaller signal-to-noise ratio in
boreal spring and summer when the ENSO responses mature.
149

The P4 and P6 experiments have one and two year damping time, respectively. Is
this enough time to erase the traces of previous ENSO? If the one year is enough time to
damp the anomalies, then the temporal evolution of signal-to-noise ratio will be similar
between the P4 and P6 experiments. One year after the El Niño events, both experiments
simulate similar larger noise than signal. However, after the La Niña events, the P6
experiment shows robust signals for a longer time, in fact until next El Niño event comes.
Hence, one year damping time is not enough, specifically in the case of La Niña.
In addition, we examined whether the variance by local noise is independent of
the variance by tropical remote forcing. If both are independent of each other, the
variance of the ENSO composite will be not significantly different from the variance of
the control experiment. The F-test indicates that significantly different variances are seen
although this is limited to specific regions. Generally, the longer the ENSO period is, less
the composite variance is. Decreased composite variance means that the ENSO forced
signals suppress local variability. Hence we can also infer that the interfering effect of
tropical remote forcing with the local variability is closely related to the damping time, in
other words, the ENSO frequency.
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