




















The anomalous precipitation pattern in CMLM-G, which

implies a northward migration of the Inter-Tropical Con-

vergence Zone (ITCZ), resembles that of ENSO in its

negative phase (Deser et al. 2006).

3.3 AGCM-E

Next, we compare the CMLM approach with the traditional

specified-SST approach for assessing the atmospheric

response to anomalous SSTs. In AGCM-E, SST anomalies

identical to those in CMLM-E are specified over the

forcing region (35�–45�N, 140�E–180�; Fig. 5). The gen-

eral features of the circulation responses in the two

experiments are similar, with a baroclinic vertical structure

over the North Pacific and an equivalent barotropic struc-

ture over the North Atlantic and Siberia. However, the

North Pacific SLP response is more spatially confined over

the western half of the basin in AGCM-E compared

to CMLM-E. Thus, the SLP anomalies averaged over

the North Pacific basin (20�–60�N, 140�E–120�W) are

-0.83 hPa for CMLM-E compared to only -0.26 hPa for

AGCM-E. The weaker January–March average response in

AGCM-E is due to the rapid decay of the response in late

winter, a feature not seen in CMLM-E (Fig. 6). By March,

the amplitude of the SLP anomalies averaged over the

North Pacific basin (20�–60�N, 140�E–120�W) in AGCM-

E is\10% of that in CMLM-E and insignificant except for

a small region east of Japan (Fig. 6). In addition to dif-

ferences in the SLP responses, the Z250 response over the

North Pacific (Atlantic) is larger (smaller) in AGCM-E

compared to CMLM-E. Unlike the SLP response, the Z250

response in AGCM-E does not exhibit a weakening in late

winter over the North Pacific (not shown).

We propose that most of the differences between the

AGCM-E and CMLM-E responses can be attributed to the

role of the ocean mixed layer outside of the forcing region.

In particular, AGCM-E exhibits a larger atmosphere-to-

ocean heat flux to the east of the dateline compared to

CMLM-E (and CMLM-G) along 40�N (Fig. 8), because

the fixed SST in AGCM-E acts as an infinite heat reservoir

(Barsugli and Battisti 1998). The maximum atmosphere-to-

ocean heat flux anomaly is -37 W m-2 in AGCM-E,

while it is -12 W m-2 and -10 W m-2 in CMLM-E and

CMLM-G, respectively. As a result, the associated nega-

tive diabatic heating anomalies east of the dateline in

AGCM-E exhibit greater amplitude than either CMLM

experiment. We conjecture that this anomalous diabatic

cooling to the east of the dateline drives a local positive

SLP response that acts to partially offset the negative SLP

response due to the positive SST/diabatic heating anoma-

lies in the Kuroshio Extension. Consequently, the atmo-

spheric temperature and low-level geopotential height

responses are more confined to the western portion of the

basin in AGCM-E than CMLM-E (Fig. 8). In AGCM-E,

the growth of the SST anomalies in the forcing region from

December through March leads to a corresponding growth

in the negative diabatic heating response to the east which

in turn explains the progressive weakening of the negative

SLP response as documented in Fig. 6. It is worth noting

that AGCM-E exhibits insignificant tropical precipitation

responses (not shown).

3.4 Wind stress curl response

Part of the motivation for this study is to better understand

the atmospheric circulation response to SST anomalies

in the Kuroshio Extension region due to its crucial role in

sustaining the decadal coupled atmosphere–ocean mode in

CCSM2 (Kwon and Deser 2007). Of particular importance

is the wind stress curl component of the response which

drives geostrophic ocean circulation changes that in turn

alter SSTs in the Kuroshio Extension region. The JFM

wind stress curl responses in CMLM-E, CMLM-G and

AGCM-E are shown in Fig. 9; their annual mean coun-

terparts are very similar (not shown). The patterns of wind

stress curl response are similar in all three experiments,

with comparable amplitudes for CMLM-E and AGCM-E

and weaker magnitudes for CMLM-G, in keeping with the

SLP responses (recall Fig. 5). One may infer from the

difference between the CMLM-G and CMLM-E wind

stress curl responses that the tropically forced teleconnec-

tion partially opposes the direct response (Figs. 9d). Thus,

the thermally coupled tropics act as a weak damping to the

North Pacific decadal oscillation in CCSM2. The impli-

cation of these response patterns for the decadal variability

in CCSM2 will be discussed further in Sect. 4.5.

4 Discussion

4.1 Role of the tropical ocean mixed layer

Previous modeling studies have repeatedly shown that tro-

pics are sensitive to specified extratropical thermal anom-

alies either introduced directly as temperature or heat flux

anomalies or indirectly as sea-ice or fresh water anomalies

(Chiang and Bitz 2005; Broccoli et al. 2006; Kang et al.

2008; Wu et al. 2008; Chiang et al. 2008; Okumura et al.

2009). Our winter atmospheric circulation response to

anomalous OHFC in the Kuroshio Extension is substan-

tially modified by the presence of a thermodynamically

active ocean mixed layer in the tropics. When the tropical

ocean mixed layer is active, the Pacific ITCZ shifts north-

ward toward the warmed hemisphere, consistent with pre-

vious studies (e.g. Chiang and Bitz 2005; Kang et al. 2008).

The ITCZ displacement induces an extratropical PNA-like
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atmospheric response, with an equivalent barotropic ridge

over the North Pacific that competes with the locally forced

baroclinic response. The mechanism for the northward

displacement of the Pacific ITCZ in our experiments with

an active tropical ocean mixed layer requires further

investigation. A possible explanation is the framework

proposed by Kang et al. (2008) in which atmospheric

meridional energy fluxes change in such a way as to par-

tially compensate the implied oceanic fluxes associated

with the imposed OHFC anomaly. In addition, the wind-

evaporation-SST feedback mechanism may also be impor-

tant (Chiang and Bitz 2005). It remains to be seen whether

the inclusion of a dynamically active tropical upper ocean

produces a similar ITCZ response as our mixed layer

tropical ocean.

4.2 Role of the extratropical ocean mixed layer

In late winter, the presence of an active ocean mixed layer

in the extra-tropics leads to a stronger surface low response
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Fig. 8 JFM equilibrium responses along a zonal section averaged for

30�–50�N of (top row) geopotential height (second row) atmospheric

temperature (third row) diabatic heating, and (bottom row) net surface

heat flux from (left) CMLM-E (center) CMLM-G, and (right)
AGCM-E. (Top three rows) Positive (negative) responses are plotted

with solid (dashed) contours. Zero contours are suppressed. Contour

intervals are 5 m, 0.5 K, and 5 9 10-6 K s-1, respectively. Shading

indicates significance at 95% level. (Bottom row) Positive values

indicate the anomalous net surface heat flux is from ocean to

atmosphere. Dotted values are significant at the 95% confidence level
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Fig. 9 JFM wind stress curl
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over the North Pacific compared to the case without an

ocean mixed layer. We propose that this is due not to any

influence from the tropics, but because the ‘specified-SST’

experiment (AGCM-E) lacks the so-called ‘‘reduced

damping’’ effect due to thermal adjustment between the

ocean and atmosphere (Barsugli and Battisti 1998). That is,

excessive heat loss from the atmosphere to the ocean in the

‘specified SST’ experiment acts as a negative feedback to

the direct response not just to the east of the dateline but

also within the forcing region. This result suggests a

potential deficiency inherent in specified-SST experiments.

We note that in the case of perpetual experiments for a

given month (e.g. Peng et al. 1997), the negative feedback

could have ample time to grow and completely offset the

primary response.

Liu and Wu (2004) also considered the lack of ‘‘reduced

damping’’ when comparing their specified SST experiment

with their fully coupled model and specified surface heat

flux experiments. However, in contrast to our results, their

specified SST and coupled model experiments yielded

similar atmospheric circulation responses. We note, how-

ever, that their findings are based on ensemble integrations

for early winter (November–December) with constant

amplitude SST forcing, in contrast to our results for late

winter and amplifying SST anomalies.

4.3 Comparison with previous studies

As discussed in the introduction, Yulaeva et al. (2001)

conducted an experiment very similar to CMLM-G.

However, unlike the baroclinic (low-level trough, upper-

level ridge) response found in CMLM-G, Yulaeva et al.

(2001) obtained an equivalent barotropic response con-

sisting of a trough over and downstream of the forcing

region directly east of Japan and a ridge over Alaska and

western Canada. The possible role of tropical precipitation

changes in modifying the atmospheric circulation response

over the north Pacific was not explored in Yulaeva et al.

(2001), although their experimental design included an

interactive ocean mixed layer in the tropics. This aspect,

coupled with the relatively small sample size (10 ensemble

members compared to *100 here) and different definition

of winter (December–February compared to January–

March here), makes it difficult to ascertain the causes for

the differing responses in Yulaeva et al. (2001) and

CMLM-G. In terms of wind stress curl, the North Pacific

response in Yulaeva et al. (2001) resembles that in CMLM-

G (and CMLM-E), with positive anomalies in the latitude

band 30�–50�N which in turn provides a negative feedback

to the prescribed OHFC. It provides a negative feedback

because the positive anomalous wind stress curl response

implies the southward migration of the zero wind stress

curl line accompanied by the southward migration of the

Kuroshio Extension front 3–5 years later, which causes the

negative OHFC and cold SST anomalies in the Kuroshio

Extension. Thus, their wind stress curl response would

support the existence of a coupled atmosphere–ocean

decadal oscillation as in our experiments, despite differ-

ences in the vertical structures of the atmospheric circu-

lation response.

The fully coupled model experiments by Liu and Wu

(2004) and Liu et al. (2007) may also have involved

tropical precipitation anomalies but these were not

explicitly examined. Liu et al. (2007) compared the

responses for November–January and February–April and

found an equivalent barotropic ridge response in early

winter and a baroclinic (low-level trough and upper-level

ridge) response in late winter. The monthly evolution of the

atmospheric response in our coupled model experiments

(CMLM-E and CMLM-G) is largely consistent with that of

Liu et al. (2007) although the equivalent barotropic ridge

response is confined to November with a gradual

strengthening of the baroclinic response from December to

March.

4.4 Comparison with the CCSM2 responses

Kwon and Deser (2007) empirically diagnosed the wind

stress curl response to anomalous geostrophic OHFC along

the Kuroshio Extension in CCSM2 by linearly regressing

the anomalous wind stress curl field lagged by 1-year

upon the Kuroshio Extension SST anomaly index. The

1-year lag was used to distinguish the atmospheric response

to SST from the atmospheric forcing of SST which is

otherwise confounded in the simultaneous regression. This

approach relies on the fact that the wind stress curl

anomalies contain practically no memory from 1 year to

the next, while SST anomalies exhibit high persistence

from one winter to the next. The CCSM2 JFM SLP and

Z250 responses obtained using this empirical technique are

shown in Fig. 10, scaled by the ratio of the standard

deviation of the CCSM2 and CMLM-E SST anomalies

averaged over the Kuroshio Extension (0.7�C/3.0�C; recall

Sect. 3.1). Note that the ENSO influence is removed based

on subtracting linear regressions of SLP and Z250 on the

first and second principal component time series of

the tropical SST (10�S–10�N, 130�E–90�W) to obtain the

direct responses most relevant to the CMLM-E response.

The pattern and amplitude of the SLP response in CCSM2

is similar to that in CMLM-E, with negative values over

the North Pacific centered along 40�N and positive values

north of 60�N. The Z250 response pattern in CCSM2 also

bears some similarity with that in CMLM-E, with positive

values near the Arctic north of 50�N. However, the nega-

tive values over the North Pacific centered along 40�N are

much stronger and broader. Thus, the extra-tropical
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response is equivalent barotropic, even over the North

Pacific, unlike that in CMLM-E, CMLM-G or AGCM-E.

Despite the fact that the North Pacific SLP responses are

twice as large in CMLM-E and CCSM2 as in CMLM-G,

the North Pacific wind stress curl response is only 1.2 times

as large (Fig. 11). This is due to the fact that the anomalous

wind stress curl is proportional to the amplitude of the

anomalous SLP and inversely proportional to the spatial

scale of the anomalous SLP via the Laplacian operator. The

larger spatial scale of the SLP response in CMLM-G

compared to CMLM-E and CCSM2 partially offsets the

difference in amplitude, yielding a more comparable wind

stress curl response. This mismatch occurs because the

remote component of the North Pacific SLP response

forced by tropical precipitation anomalies has a broader

spatial scale than the local component of the SLP response

forced directly by the Kuroshio Extension SST anomalies.

Thus, due to their larger spatial scale, tropical atmospheric

teleconnections may have a smaller influence on wind

stress curl than on SLP over the North Pacific, a result that

has implications for decadal variability of the Pacific

coupled atmosphere–ocean system.

4.5 Linear Rossby wave model

Kwon and Deser (2007) suggested that North Pacific quasi-

decadal (15–20 year) variability in CCSM2 results from

two-way ocean–atmosphere coupling involving the

dynamical adjustment of the ocean gyre circulation via

first-mode baroclinic Rossby waves to basin-scale wind

stress curl anomalies *3–5 years earlier and a response of

the large-scale wind stress curl field to SST anomalies in

the Kuroshio Extension induced by the ocean gyre circu-

lation changes. Their argument was based on calculations

with a linear Rossby wave model driven by the CCSM2

wind stress curl anomaly pattern that precedes Kuroshio

Extension SST anomalies by 3–5 years (Fig. 12a). The

temporal evolution of the wind stress curl anomaly pattern

contains a weak quasi-decadal spectral peak which,

although not statistically significant, is crucial for sustain-

ing a robust quasi-decadal spectral peak in SST along the

Kuroshio Extension. Kwon and Deser (2007) argued that

the annual mean wind stress curl response pattern to SST

anomalies in the Kuroshio Extension (Fig. 12b), diagnosed

empirically from CCSM2 using lag-regression analysis as

described in the previous section, was sufficiently similar

to that of the forcing pattern (but of opposite sign and

weaker amplitude) so as to support the existence of the

ocean–atmosphere coupled mode.

However, closer inspection reveals that the wind stress

curl response patterns (Fig. 12b, c) exhibit largest ampli-

tudes over the western half of the North Pacific, unlike the

forcing pattern which is strongest in the central basin. This

may diminish the amplitude and period of the oscillation

due to the shorter fetch for the westward-propagating

Rossby waves. Therefore, we assess to what extent the

quasi-decadal variability can be recovered from the linear

first-mode baroclinic Rossby wave model of Kwon and

Deser (2007) when explicitly using the annual-mean wind

stress curl response patterns identified empirically from

CCSM2 and obtained directly from the CMLM-E experi-

ment. Note both response patterns in Fig. 12 have been

scaled by the ratio of the standard deviations of the CCSM2

and CMLM-E SST anomalies averaged over the Kuroshio

Extension for ease of comparison with the CCSM2 forcing

pattern. The time series associated with the response pat-

tern is obtained by projecting the pattern upon the CCSM2

wind stress curl anomaly in each month and year of the

650-year simulation over the latitude band 30�–50�N. The

response pattern and time series are then added to

the CCSM2 wind stress curl forcing pattern whose time

 (a) Z250

 (b) SLP

Fig. 10 JFM CCSM2 responses to the Kuroshio Extension SST

anomalies for (a) 250 hPa geopotential height, and (b) sea-level

pressure. The responses are calculated after the ENSO influence is

removed based on the linear regression and scaled by the ratio

between the standard deviation of CCSM2 and CMLM-E SST

anomalies averaged in the Kuroshio Extension. Positive (negative)

responses are plotted with solid (dashed) contours. Zero contours are

suppressed. Contour intervals are 10 m and 1 hPa, respectively.

Shading indicates significance at 95% level
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series has been artificially whitened so that it contains no

spectral peaks. The amplitude of the whitened forcing is set

to correspond to the minimum spectral power in the ori-

ginal forcing time series at periods longer than 10 years. It

should be noted that the forcing pattern resembles the

leading mode of atmospheric circulation variability over

the North Pacific (see Kwon and Deser 2007).

The calculated sea surface height (SSH) responses

(equivalent to SST in the Rossby wave model) in the

Kuroshio Extension reproduces the quasi-decadal spectral

peak in CCSM2 SSH, albeit 20% weaker (Fig. 13). The

white-noise wind stress curl forcing produces a background

red-noise response (gray line in Fig. 13b), while the wind

stress curl response to SST anomalies in the Kuroshio

Extension generates the additional quasi-decadal spectral

peak. The multi-decadal (*40 years) peak is considerably

damped in the Rossby wave model hindcast, suggesting

that this peak is generated by processes other than first-

mode baroclinic Rossby wave adjustment along the latitude

band of the Kuroshio Extension, for example higher-mode

Rossby waves or first-mode baroclinic Rossby wave

adjustment at higher latitudes (Zhong and Liu 2009). The

weaker amplitude of the quasi-decadal spectral peak is due

to the presence of negative wind stress curl anomalies to

the north and south of the Kuroshio Extension in the

CCSM2 and CMLM-E response patterns: when these are

artificially damped, the Rossby wave model hindcast pro-

duces a spectral peak that is comparable to that in CCSM2

SSH (not shown). Therefore, the wind stress response

patterns, albeit weaker and centered farther west compared

to the forcing pattern, do maintain a quasi-decadal coupled

oscillation in the North Pacific.
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Fig. 11 JFM responses for (top row) sea-level pressure (middle row)

wind stress curl, and (bottom row) Laplacian of sea-level pressure

from (left column) CMLM-E (center column) CMLM-G, and (right
column) CCSM2. The CCSM2 responses are calculated after the

ENSO influence is removed based on the linear regression and scaled

by the ratio between the standard deviation of CCSM2 and CMLM-E

SST anomalies averaged in the Kuroshio Extension. Positive (neg-

ative) responses are plotted with solid (dashed) contours. Zero

contours are suppressed in the sea-level pressure plots. Contour

intervals are 1 hPa, 2 9 10-8 N m-3, and 1.5 9 10-12 hPa m-2,

respectively
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Fig. 12 Annual mean wind stress curl anomaly pattern of (a) CCSM2

forcing (b) CCSM2 response, and (c) CMLM-E response. Contour

intervals are 0.2 9 10-8 N m-3. Negative values are dashed and

shading indicates significance at 95% level. The CCSM2 response is

calculated after the ENSO influence is removed based on the linear

regression. Note that the response patterns are scaled by the ratio

between the standard deviation of CCSM2 and CMLM-E SST

anomalies averaged in the Kuroshio Extension
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5 Conclusions

The wintertime (JFM) response of the coupled atmo-

sphere–ocean mixed layer system to geostrophic OHFC

anomalies in the Kuroshio Extension has been examined by

means of experiments with an AGCM coupled to an

entraining ocean mixed layer model. In addition to the

direct response, interaction with the tropics and the role of

the extra-tropical ocean mixed layer were addressed

through modifications of the experimental design.

The direct coupled ocean mixed layer–atmospheric cir-

culation response to a positive OHFC anomaly in the

Kuroshio Extension (experiment CMLM-E) consists of

positive SST anomalies along the Kuroshio Extension and

a baroclinic atmospheric response characterized by a low-

level trough and upper-level ridge over the North Pacific.

For an average SST anomaly of 3�C within the Kuroshio

Extension region, the response amplitudes over the North

Pacific are approximately 2 hPa for SLP and 10–20 m for

Z250. In addition to the North Pacific response, an equi-

valent barotropic ridge response is found over the North

Atlantic centered at 50�N, with amplitudes *2 hPa for

SLP and 40 m for Z250. These atmospheric circulation

anomalies drive a weak (0.2–0.7�C) SST warming of the

North Atlantic via perturbations to the surface turbulent

energy flux.

When the ocean mixed layer is thermodynamically

coupled to the atmosphere in the tropics as well as the

extra-tropics (experiment CMLM-G), the tropical Pacific

ITCZ shifts northward in response to oceanic warming

along the Kuroshio Extension. The meridional displace-

ment of the ITCZ generates a PNA-like atmospheric

response that includes an equivalent barotropic ridge over

the North Pacific. This tropically induced teleconnection

modifies the direct coupled atmospheric circulation

response, reducing the surface trough and enhancing the

upper level ridge over the North Pacific.

The uncoupled atmospheric circulation response to a

positive SST anomaly along the Kuroshio Extension

(experiment AGCM-E) is generally similar to the coupled

response, except that the anomalous SLP trough over the

North Pacific is confined to the western half of the basin in

AGCM-E. This sensitivity of the North Pacific SLP

response to the presence of an interactive ocean mixed

layer was suggested to result from the artificial enhance-

ment of the anomalous atmosphere-to-ocean net surface

heat flux downstream of the Kuroshio Extension in

AGCM-E (e.g., lack of reduced thermal damping) com-

pared to CMLM-E. The atmospheric cooling that results

from the net surface heat flux response drives a positive

SLP anomaly that partially offsets the negative SLP

anomaly that is a direct response to the warming along the

Kuroshio Extension. This effect increases over time, such

that by March the SLP trough response over the North

Pacific is nearly absent in AGCM-E. This result may have

implications for SST-forced AGCM experiments con-

ducted in ‘‘perpetual mode’’ for which the month or season

is kept fixed.

The AGCM, CMLM, and CCSM2 experiments are

similar in terms of their wind stress curl responses despite

differences in their SLP responses. This is due to that the

tropically-induced portion of the SLP responses in CMLM-

G has a larger spatial scale than the locally-induced SLP

response, a factor which affects the wind stress curl via the

Laplacian operator. This result has implications for decadal

variability of the Pacific coupled ocean–atmosphere system

to the extent that the North Pacific ocean gyre circulation is

primarily driven by wind stress curl fluctuations.

The linear Rossby wave model driven by the combina-

tion of a wind stress curl response taken from CMLM-E
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Fig. 13 Power spectrum of winter (DJFM) SSH anomalies averaged

over 34�–43�N, 140�E–180� from (a) the CCSM2, and the Rossby

wave model hindcast driven by (b) combination of CCSM2 wind

stress curl response and whitened forcing patterns, and (c) combina-

tion of CMLM-E wind stress curl response and whitened forcing

patterns. The gray lines in (b) and (c) are the Rossby wave model

hindcast driven by the whitened forcing pattern alone. Note that (a) is

reproduced from the Fig. 13b of Kwon and Deser (2007). The best-fit

AR1 spectrum and 95% significant level with respect to the AR1

spectrum are plotted with dashed lines in (a)
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and a white noise wind stress curl forcing pattern taken

from CCSM2 (which resembles the leading EOF over the

North Pacific) reproduces the quasi-decadal (15–20 year)

oscillation evident in CCSM2. This result supports the

conclusion of Kwon and Deser (2007) that the quasi-dec-

adal variability in CCSM2 owes its existence primarily to

two-way atmosphere–ocean coupling in the North Pacific.

There is some suggestion that this mechanism may also be

operating in nature (Qiu et al. 2007), and work is currently

underway to investigate this issue further.
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