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ABSTRACT

The response of the Pacific Decadal Oscillation (PDO) to alemarming according to the Fast Ocean Atmosphere
Model (FOAM) and global warming comparison experiments bIRCC AR4 models is investigated. The results show that
North Pacific ocean decadal variability, its dominant made,(PDO), and atmospheric decadal variability, have trexo
weaker under global warming, but with PDO shifting to a higinequency. The SST decadal variability reduction maximum
is shown to be in the subpolar North Pacific Ocean and westerthNPacific (PDO center). The atmospheric decadal
variability reduction maximum is over the PDO center.

It was also found that oceanic baroclinic Rossby waves playaole in PDO dynamics, especially those in the subpolar
ocean. As the frequency of ocean buoyancy increases undarraew climate, oceanic baroclinic Rossby waves become
faster, and the increase in their speed ratio in the higtutigs is much larger than in the low latitudes. The fastevdenic
Rossby waves can cause the PDO to shift to a higher frequandyNorth Pacific decadal variability and PDO to become
weaker.
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1. Introduction Hurrell, 1994; Deser et al., 2004), by tropical and midlati-

- N tude interaction (Jacobs et al., 1994; Gu and Philandei7;199
The Pacific Decadal Oscillation (PDO), as the dOmkleeman et al. (1999' Wu et al., 2007), by midlatitude lo-

nant mode of North Pacific decadal variability, is character_ . . . ) )
ized by a horseshoe-like SST anomaly, with a negative s§?1 alr—seg_lnteractmn (Latif and Barnett, 1996; Saranapa
’ and McWilliams, 1998; Seager et al., 2001; Wu and Liu,

anomaly in the western and central North Pacific and a p )03), and by midlatitude and subpolar interaction (Miller

|t!v_e SST anomaly in the ce_ntral and eastern_ equatorial hd Schneider, 2000; D’'Orgeville and Peltier, 2009; Zhong
cific, along the North American coast, and in the Gulf o .
) . . and Liu, 2009). Regardless, for all of these PDO mecha-
Alaska (Fig. 1b). The PDO comprises two modes with ap- . - :
. : . nisms, oceanic baroclinic Rossby wave adjustment plays a
proximate bidecadal (15-25 yr) and multidecadal (50-70 yr ucial role. and sets the PDO time scale
periods, as indicated by the PDO index (Mantua et al., 1997 ' '

the 20th century North Pacific sea level pressure index (Mi- The PDO has W|de—ra_ng|ng impacts on global _chmate,
marine ecosystems and fisheries on the decadal time scale

28ng \l/\?ugg)r{c?rljimzoodoesl'Skgr\?vlgr?t;%rljrgseilésr (Iz‘gg];?;ﬂfnarr:%antua et al., 1997; Mantua and Hare, 2002; Miller et al.,
. ’ ’ ' ' 9 04). In addition, as the decadal background, it can mod-

Liu, 2009). In addition, the Hadley Centre Global Sea Ic:eI ; : L .

u atte seasonal and interannual climate variability, and-is
and Sea Surface Temperature dataset (HadISST) (Rayn Ao short- and long-term climate prediction. The PDO in-
al., 2003) PDO index (Fig. 1c) shows decadal to multidecaa 9 P '

) ; nces ENSO onset and frequency (Wang, 1995; An and
gﬁ\évirg,s_g?;rra (Fig- 1d), with spectrum peaks at about 50_\%§ng, 1999), and enhances (cancels) ENSO climate telecon-

. . . ections when they are in- (out-of-) phase (Gershunov and
A number of different mechanisms through which PD arnett, 1998; Hu and Huang, 2009). The PDO also wields
modes are forced have been reported. For example, by

tropics through atmospheric teleconnection (Trenberth afuence on summer rainfall patterns over China and Amer-

ICa (Gershunov and Barnett, 1998, Huang et al., 2006). Over-
all, the PDO is an important element in the prediction of
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Fig. 1. (a) Hadisst SST decadal STD, (b) EOF first mode (uni@}, (c) standardized time coefficient series, and (d) the
MTM raw power spectrum with 50% and 90% confidence level |ste@vn.

in the 1870s has led to persistent and irreversible climateeased by 1% every year, with an integration length of 200
changes. The impact of global warming (mean climatears, the typical 20-yr period could no longer be detected,
change) on climate variability has become a key scientiic iand there was a larger multidecadal power spectrum. The
sue, as reflected by the establishment and efforts of organidisappearance of the 20-yr period was ascribed to the to-
tions such as CLIVAR (Climate Variability and Predictabiltal melting of the Arctic ice cap, and speculation was made
ity) and the IPCC. Work thus far using model ensemble sirthat global warming might modulate the PDO to a lower fre-
ulations predicts a weaker Atlantic Meridional Overtugninquency (multidecadal period). However, their results were
Circulation (AMOC) (Schmittner et al., 2005; Stouffer et, al questionable. Their global warming spin-up run was only 200
2006), but sufficient and reliable observations to verifgsia years, with CQ concentration increasing by 1% every year,
results are not available. The ENSO period might becoraad the global climate did not reach equilibrium. Therefore
shorter by 5%, but its amplitude change remains inconausithe larger multidecadal power spectrum might be a global
(Merryfield, 2006; Guilyardi et al., 2009). warming residual caused by linear warming trend removal
In the context of improving the climatic evaluation ofMann and Lees, 1996).
global warming, as well as short- and long-term climate pre- In the present study, the PDO response to global warm-
diction, it is imperative to investigate the response of theg in the National Center for Atmospheric Research-
PDO and the possible underlying mechanism. Superimp&@smmunity Climate System Model Version 3 (NCAR
ing decadal and interannual variability on the warmingdrerCCSM 3.0) IPCC Fourth Assessment Report (AR4) Picn-
using historical instrumental data can only stretch badk 1@l and A1B experiments was investigated, and the results
years, so it is very difficult to separate decadal variabilishowed, as reported in section 4.2, the PDO getting weaker
from the warming trend. Therefore, such data are insufficieand shifting to a higher frequency under a warmer climate.
for studying the PDO response to global warming, meakte examined the PDO response to global warming in a dou-
ing we instead turn to paleoclimate data and global wartle CG equilibrium run of 400 years (2CQ and a corre-
ing model simulations for greater insight. In paleoclimatgponding control run of 400 years (Ctrl) (Table 1), so our re-
research, northeastern Pacific tree-ring series and tlb@-recsults are more convincing. In addition, IPCC Picntrl and A1B
structed PDO index since 1700 A.D. have revealed evidersimulations (Meehl et al., 2007) were used to validate the re
for less pronounced interdecadal variability after abtwt t sults. For most PDO mechanisms, the PDO time scale is set
1850s (D’Arrigo et al., 2001, Figs. 6 and 7). However, reby the baroclinic Rossby wave speed (ocean adjustment pro-
sults based on other paleoclimate data are diverse (Mantess). Saenko (2006) conjectured that, under global warm-
and Hare, 2002), and even opposite (Biondi et al., 2001)g, ocean stratification would enhance, Rossby waves would
D’Orgeville and Peltier (2009) studied the PDO response $peed up, and the interannual and decadal variability gerio
global warming using the low resolution version of the Conmight become shorter. Here, we report that global warming
munity Climate System Model Version 3 (CCSM 3). In theloes indeed weaken the PDO and modulate it to a higher fre-
1870 control run, the PDO showed a typical period of abogtiency.
20 years, determined by subpolar ocean processes in whichThe remainder of the paper is organized as follows. An
salinity played an active role. When G@oncentration in- introduction to the models used, the experiments, and anal-
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Table 1. Global warming experiments used in the study.

Model Experiment name C{xoncentration (ppm) Experiment length
FOAM Ctrl 355 400 years
2CO, 710 400 years
PBnp 355 400 years
PBstp 355 400 years
IPCC AR4 models Picntrl 290 200 years
Increase from 365 to 720 From 2000 to 2100
AlB 720 From 2100 to future

ysis procedures are provided in section 2. Sections 3 amtd MRLCGCM23_2A. The details of these models
4 present the results of the North Pacific decadal varigbiliand experiments are introduced in the PCMDI web-
and PDO response to global warming, as simulated by tige (http://www-pcmdi.linl.gov/ipcc/modelocumentation/
Fast Ocean Atmosphere Model (FOAM) and global warmirigcc.modeldocumentation.php).
simulations from eleven IPCC AR4 models. Section 5 eluci- In order to exclude the impact of the global warming
dates the possible mechanism for the PDO response, and tinend, it is better to study the PDO response to global warm-
a final discussion and conclusions are provided in section gg in stable climate equilibrium. The G@oncentration is
fixed in the Ctrl, 2CQ (the last 400 years), Picntrl, and A1B
(from 2100) experiments, and so North Pacific decadal vari-
2. Methods ability and the PDO response to global warming was studied
(sections 3 and 4) between the FOAM Ctrl and 2GRper-
iments (both with 400-yr equilibrium climate), and between
the Picntrl and A1B experiments. The magnitude of warm-
HadISST data from 1870 to 2010 with a resolution dhg (CO, concentration increase) of the IPCC AR4 experi-
1° x 1° (Rayner et al., 2003) were used to show the olents (A1B minus Picntrl) is 440 ppm, which is larger than
served PDO spatial pattern and power spectrum. Detailsthét (355 ppm) of the FOAM experiments (2g@inus Ctrl),
the models and experiments used in the study are listedaind so the baroclinic Rossby wave increase ratio is also more
Table 1. The main model used was the Fast Ocean Atmabvious in the IPCC AR4 models, as shown later in section
sphere Model, version 1.5 (FOAM1.5) (Jacob, 1997), whidh3.
is a fully coupled ocean—atmosphere GCM without flux ad- ] ] ]
justment, consisting of atmosphere, ocean, land, ice and c8-2- Partial blocking experiments
pler components. FOAM has shown good performance in Two Partial blocking (PB) experiments (Liu et al., 2002),
research on Pacific and Atlantic decadal variability, ctenanamely PBnp and PBstp (Table 1), were carried out to inves-
change and paleoclimate, as indicated at http://www.mts.&igate the role of oceanic baroclinic Rossby wave adjustmen
gov/research/projects/foam/publications.html. In tl@AM in the PDO, by comparison with Ctrl. The PBnp (PBstp) ex-
control run of 400 years (Ctrl), greenhouse gas concentperiments were designed as follows. Fromi id60°N (10°
tions were fixed at 1990 levels, with a GOoncentration of to 35°N), from 175 to 185E, and at a depth of 100 m, ocean
355 ppm. In the FOAM double-C@equilibrium simulation temperature and salinity are permanently fixed at the clima-
(2CQOy), only the CQ concentration was doubled comparetblogy. The North Pacific (subtropical North Pacific only)
to Ctrl (i.e., at 710 ppm). The 2CGsimulation was inte- westward baroclinic Rossby waves were blocked and elimi-
grated for 760 years, with the last 400 years—during whigtated near the partial blocking region in PBnp (PBstp). Sub-
the climate reached equilibrium—used for the analysis.  polar baroclinic Rossby waves still worked in PBstp.
The IPCC's Picntrl (pre-industry experiment) and sce- )
nario A1B (global warming experiment) simulations ar€-3- Analysisprocedure
archived and provided by the Program for Climate Model Di- The analysis procedure was the same for all variables in
agnosis and Intercomparison (PCMDI). The £€ncentra- Figs. 1-8. Decadal variability in this study was generally
tion is fixed at 280 ppm in Picntrl. Under the A1B scenariagegarded as variability with a period longer than eight gear
the CQ concentration is increased from 365 ppm in the ye@rata procedures included the following four steps. (1) Win-
2000 to 720 ppm by the year 2100, and remains constat annual mean (from October to the following March) time
thereafter. Eleven models with the A1B simulation extegdirseries were first linearly detrended to remove the warming
to 2300 were selected to study North Pacific decadal standaethd and minor model drift. (2) Low-pass filtering 8 yr)
deviation (section 3) and the PDO characteristic respongas performed to focus on the decadal variability. (3) The
to global warming. These were: NCABRCSM 3.0, CC- detrended and filtered field was then used to calculate the
CMA_CGCM31, CCMACGCM31.T63, CNRM.CM3, standard deviation (STD), derive the PDO mode and its time
CSIROMK3.5, GFDLCM20, GFDLCM2.1, GISS Ccoefficient series through EOF analysis and Singular Value
MODEL_E.R, MIROC32.MEDRES, MIUB.ECHO.G, Decomposition (SVD) analysis. Grid variables were area-

2.1. Observation data, models and global warming exper-
iments
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weighted before EOF and SVD analysis. (4) The power specSTD of TC in the Kuroshio-Oyashio Extension (KOE) re-
trum of the PDO was calculated using a multitaper spectrugion (Fig. 2b), compared to the observation and FOAM (Figs.
method (Mann and Lees, 1996). To exclude the nonphysa and 2a). The subpolar North Pacific ocean decadal vari-
cal power peaks caused by filtering, the power spectrum wadslity in both FOAM and the IPCC AR4 models is larger
based on the unfiltered time coefficient obtained by proje¢han that in HadISST.
ing the derived PDO mode onto the unfiltered field derived in Under a warmer climate, North Pacific decadal variabil-
step (1) (Wu and Liu, 2003). ity (SST decadal STD) weakens in FOAM (Fig. 2c), the en-
semble mean (Fig. 2d), and every one of the 10 IPCC AR4
models (not shown). North Pacific SST decadal STD de-
3. Response of North Pacific decadal variabil- creases by 0.08-0.2C (Figs. 2c and d), with a ratio of
ity to global Warming decrease from 10% to 40% (Figs. 2e and 2f). The North Pa-

) ) ) cific decadal variability reduction maximum is in the weaster
The detrended and low-pass filtered time series were Uggg}j central North Pacific (PDO center) and subpolar North

to calculate decadal STD. The SST STD and 500-hPa geopgific (especially the western subpolar North Pacific), im-
tential height (GPH) STD response to global warming aying a weaker PDO. Overall, as the latitude increases and
shown in Figs. 2 and 3, respectively. longitude decreases in the North Pacific, the magnitude of
3.1, SST decadal STD change SS_T dec_adal STD reduction and the_ reduction ratio incregse,
which might be related to the magnitude of ocean warming
SST decadal STD in the observational HadISST data, @sd the speed-up ratio of oceanic baroclinic Rossby waves
well as the FOAM and IPCC AR4 model control runs, igsection 5.3). The magnitude of warming in the higher lati-
shown in Figs. 1a, 2a and 2b respectively, with the maximumides and in the west is larger than that in the lower latgude
in the western and central North Pacific, labeling the PDghd in the west (Fig. 9). The Rossby wave speed-up ratio in
center (Figs. 1b, 4a and 7a). From°20 50°N, the North the high latitudes is larger than that in the low latitudeig (F
Pacific SST decadal variability in FOAM (Fig. 2a) is overali ).
consistent with that in the observation (Fig. 1a), withamax When the climate warms, in the western half of the North
mum decadal STD of about 0@. The ensemble mean of thePacific, the magnitude of SST decadal variability reduction
IPCC AR4 models has much larger decadal variability, wiihn FOAM (Fig. 2c) is almost equal to that in the IPCC AR4
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Fig. 2. SST decadal STD (unit§C) (a, b) in Ctrl and Picntrl, its change (c, d) under globatmiag, and the
change ratio (e, f), in FOAM (left column) and 10 IPCC AR4 misdeight column).
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Fig. 3.500-hPa GPH decadal STD (units: m) (a, b) in Ctrl and Picitérichange (c, d) under global warming,
and the change ratio (e, f), in FOAM (left column) and 10 IPCR4Amodels (right column).

models (Fig. 2d), with 0.2C in the KOE region and 0°Z the SST decadal STD reduction maximum. The 850-hPa and
in the western subpolar region. Since the IPCC AR4 mo#50-hPa GPH decadal variability response to global warming
els have a larger decadal variability in the KOE region (mers similar to the 500-hPa GPH response (not shown).

tioned above), the SST decadal variability reduction rastio ~ Overall, North Pacific Ocean and atmosphere decadal
the FOAM KOE region (western North Pacific) is a littlevariability weaken under global warming. The ocean decadal
larger than that in the IPCC AR4 models (Figs. 2e and fjariability weakening maximum is in the western North Pa-
Incidentally, global warming might shift mid-latitude sto cific Ocean (PDO center) and subpolar North Pacific Ocean.
tracks and the KOE northward (Yin, 2005; Sato et al., 2006)he atmosphere decadal variability weakening maximum is
so there is a regional gap of minor SST decadal STD increasainly over the western North Pacific Ocean (PDO center).
in the north of the KOE in the IPCC AR4 model results (Figslhe following section further validates this result of a ke

2d and f). PDO under global warming.

3.2. 500-hPa GPH decadal STD change

For 500-hPa GPH, the results for the IPCC AR4. PDO amplitude and frequency response to
models is the ensemble mean of five IPCC AR4 mod- global warming
els with available Picntrl and A1B data; namely, CC- ] ) )
CMA_CGCM3.1, CCMA CGCM3.1.T63, CSIROMK3_5, This section reports the results from studying the effect
GFDL_CM2.0, and GEDLCM2_1. Similar to North Pacific of gI_obaI warming on PDO spf_;ltial structure and frequency
Ocean decadal variability, North Pacific atmosphere ddca8@€riod). The PDO is the dominant mode (EOF mode one)
variability also weakens in response to global warming (Fi§f North Pacific SST, upper ocean heat content and 500-hPa
3). In FOAM and IPCC AR4 model control runs, 500-hP PH decadal variability, in both FOAM and the IPCC AR4

GPH decadal STD maxima are all over the PDO center (Figaodels.

3a and b). North Pacific 500-hPa GPH decadal STD reduc :

under global warming (Figs. 3c and d) by 5%—25% (Figéﬁ' PDO changein FOAM
3e and f). The 500-hPa GPH decadal STD reduction maxi- PDO spatial structure in FOAM (Figs. 4a and d) is con-
mum is also over the western North Pacific, consistent wiglistent with that in the observation (Fig. 1b) and other nhode
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Fig. 6. The same as Fig. 4, but for 500-hPa GPH (units: m).

results (Figs. 7a and d): SST changes out-of-phase betweenAs the counterpart of the PDO in the ocean (Fig. 4),
the western and central North Pacific and the surrounding tee dominant decadal mode of North Pacific 500-hPa GPH
gion. The PDO power spectrum in FOAM (Fig. 4c) showfFigs. 6a and c) is characterized by a negative anomaly in the
substantial variance at decadal to multidecadal time scalestern and central North Pacific and a surrounding positive
with two peaks at about 11-15 years and 30-70 years (\&lnomaly, with a dominant period of about 11 years. Consis-
and Liu, 2003). Under a warmer climate (2&€@ompared tent with the SST and heat content dominant mode changes,
with Ctrl), the SST amplitude of the PDO weakens signithe 500-hPa GPH dominant mode also weakens and shifts
icantly, from 0.2C to 0.05C in the western North Pacificto a higher frequency under global warming (Fig. 6). GPH
(Figs. 4a and d). The decadal to multidecadal spectra peaksr the western and central north Pacific decreases by 2-3
all decrease significantly (Figs. 4c and f). In contrast,ithe m and the 11-yr power spectrum peak disappears. The vari-
terannual frequency power spectrum increases. The varianace contribution of the 500-hPa GPH first EOF mode de-
contribution of the PDO mode (SST first EOF mode) to Norttreases from 39% in Ctrl to 31% in 2GO The SVD first
Pacific decadal variability decreases from 31% in Ctrl to 24%hodes (the ocean—atmosphere coupled PDO mode) between
in 2C0,. Therefore, global warming weakens the PDO ar8ST and surface wind, and between SST and 500-hPa GPH,
shifts it to a higher frequency. also weaken and shift to the higher frequency (not shown).
The PDO is not only a sea-surface phenomenon, but also In conclusion, the dominant modes of North Pacific
an upper-ocean and atmosphere decadal variability domin@cean decadal variability (PDO) and North Pacific atmo-
mode. The effect of global warming on the PDO is furthesphere decadal variability weaken and the PDO shifts to a
validated and more clearly presented by upper-ocean (400mgher frequency in the FOAM global warming comparison
heat-content dominant mode change (Fig. 5): the maximwaxperiments.
center in the western and central North Pacific weakens by _
50% (form 3x 108 to 1.5 x 108 J m2); the peaks in the time 4-2- PDO changein the IPCC AR4 models
coefficient series get closer in 2G@ompared to Ctrl (Figs. Overall, the IPCC AR4 model results are consistent
5b and e); and the power spectrum peaks shift to a higlveth those of FOAM. Two hundred years’ data in Pic-
frequency (the dominant periods shorten) (Figs. 5c and fitrl and A1B (from year 2101 to 2300, or from year
The variance contribution of the PDO heat content mode d&t50 to 2349) were used to study the PDO response to
creases from 33% in Ctrl to 26% in 2GO global warming. Eight of the 11 selected IPCC AR4
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models showed the PDO getting weaker and shifting (6ig. 4), the PBnp SST dominant mode weakens obviously
a higher frequency under a warmer climate; namelyp the western and central North Pacific and subpolar North
NCAR_CCSM 3.0, GFDLCM2.0, GFDL.CM2_1, CC- Pacific, and its decadal power spectrum decreases signifi-
CMA_CGCM31, CCMACGCM31.T63, CNRMCMS3, cantlytobelowthe 90% confidence level, suggesting no PDO
MIROC3.2_.MEDRES and MIUBECHO.G. without North Pacific baroclinic Rossby waves. With only
Since NCARCCSM 3.0 has the longest extension ofubpolar North Pacific baroclinic Rossby waves, the Pbstp
A1B experiment simulation data (to the year 2349), we foc&ST dominant mode also weakens in the western and cen-
onits results here. Figure 7 shows the PDO response to glatoal North Pacific, but its two decadal power spectrum peaks
warming in the NCARCCSM 3.0 Picntrl and A1B experi- (bidecadal and multidecadal) still exist and show no obvi-
ments (both are from the year 2150 to 2349). The PDO in tbas change. The PBnp and PBstp experiments suggest that
NCAR_CCSM 3.0 Picntrl experiment (Fig. 7a) has a similalorth Pacific baroclinic Rossby waves, especially subpolar
spatial pattern to that in the observation (Fig. 1b) and FOAMorth Pacific baroclinic Rossby waves (3%0°N), are vital
(Fig. 4a), but the SST magnitude in the KOE region is a littie® the PDO (including two PDO modes, bidecadal and mul-
larger. The PDO periods are about 10-15 years and 20-@f@cadal). The study by Zhong and Liu (2009) also demon-
years (Fig. 7c¢). Under a warmer climate (A1B scenaricgfrated that subpolar North Pacific Rossby waves are dritica
the PDO amplitude gets weaker in the western North Pacifar Pacific multidecadal variability.
Ocean (Figs. 7a and d), and the spectrum peaks decrease anthe PDO SST amplitude in PBnp (Fig. 8a) and PBstp
shift to a higher frequency (Figs. 7c and f). Compared to th@ig. 8d) is less than that in Ctrl (Fig. 4a), and that in Pbnp
in Picntrl, it is clear that the time coefficient series gdtser is less than that in PBstp, indicating the role of North Pacifi
in A1B, indicating shorter periods. The variance contribi@cean baroclinic Rossby wave adjustment in the PDO SST
tion of the PDO mode (SST first EOF mode) to North Pacifigmplitude. Therefore, when oceanic baroclinic Rossby wave
decadal variability decreases from 46% in Picntrl to 39% &peed up under global warming, the PDO SST amplitude will
AlB. decrease (Figs. 4a and d). Overall, North Pacific Ocean baro-
Both FOAM and the eight IPCC AR4 model experimentlinic Rossby waves are important to both the PDO period
results show that global warming weakens the PDO and shiitsd PDO SST amplitude.
it to a higher frequency, with the PDO maximum weakening
center in the western North Pacific. The following sectio 3. _
investigates the relationship between the change in speed o~ 9lobal warming
oceanic baroclinic Rossby waves and the PDO response toThis section presents the results of changes in baroclinic
global warming. Rossby waves with and without consideration of background
mean current. Without considering background mean cur-
rent, in absence of buoyancy forcing, wind stress and fric-
5. Rossby wave speed and the response of th@onal forces, the standard linear theory for freely progitny
PDO to global warming linear waves gives therorder baroclinic Rossby wave phase
speed poleward of*5Chelton et al., 1998):

Change in Baroclinic Rossby wave speed under

5.1. Theroleof baroclinic Rossby wavesin the PDO

Oceanic baroclinic Rossby waves represent one of the 2 1 0 2
dominant ways through which the ocean adjusts over Iongcmx =—BAn=-B <W /7H N(z)dz> m>1 @)
time scales (months to decades), determining the period of ] ] o
ocean variability. There are many PDO mechanisms, whiéierem is the order numberf is the Coriolis parameter,
may play a role individually or collectively. However, ocea B = df/dy,)\r_n is the _m-order baroclinic Rossby wave de-
adjustment through baroclinic Rossby waves is the crifermation radiusN(z) is buoyancy frequency artd is local
cal process in many PDO mechanisms (Latif and Barne#¢ean depth. According to Eq. (1), baroclinic Rossby wave
1996; Munnich et al., 1998; Kleeman et al., 1999; Pierdd1ase speed is proportional to the square of buoyancy fre-
et al., 2001; Seager et al., 2001; Kwon and Deser, Zo(gHencyintegration along depth, and inversely proportitma
D'Orgeville and Peltier, 2009; Zhong and Liu, 2009). Thughe square of the order numter o
the role of North Pacific baroclinic Rossby waves in the PDO However, the observed first baroclinic Rossby wave speed
and its response to global warming were investigated, the according to TOPEX/POSEIDON sat.elllte altimeter data was
sults of which are reported below in sections 5.2 and 5.3. Ségund to be faster than the theoretical result (Chelton and

tion 5.4 then provides a conclusion to this part of the studySchlax, 1996), suggesting a deficiency in the standard lin-
ear theory. Further, when baroclinic zonal mean flow is taken

5.2. Results of the PBnp and PBstp experiments into account and the meridional potential vorticity gradie

Figure 8 shows the SST dominant modes and multi-tagémodified (Killworth et al., 1997), discrepancy betweer ob
method (MTM) spectra in PBnp and PBstp. No North p&erved speed and theoretical speed decreases:
cific baroclinic Rossby waves were applied in Pbnp, and only BN2
subpolar North Pacific baroclinic Rossby waves°(38FN) (U—C)Wez — UM, + ?W =0, (2)
were applied in Pbstp. Compared to the counterpart in Ctrl
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Fig. 7. The same as Fig. 4, but for SST in the NCARCSM 3.0 Picntrl and A1B experiments.
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whereuis baroclinic zonal mean floWy is the vertical veloc- frequency (temperature) increase in the upper ocean is much
ity eigenvector, and the subscripdenotes the vertical deriva-more than that in the deep ocean, and that in the high lati-
tion. The baroclininc Rossby wave speeis the eigenvalue tudes much more than that in the low latitudes (Fig. 9f), so
of Eg. (2). the baroclinic Rossby wave speed increase ratio is larger in
the high latitudes (Fig. 10), according to Eq. (1). The more
stable ocean suppresses vertical convection, allowingphe

Figure 9 shows North Pacific zonal mean temperatuggy ocean to warm more than the deep ocean, forming a pos-
and buoyancy frequency (14B-110W), longitudinal mean jtve feedback loop.

temperature (28-60°N), and their change between Ctrl and o

2C0,. Under a warmer climate, the enhanced greenhougé-2- \Wave speed and transit time change

effect permits the Earth’s surface to absorb more radiation Figure 10 shows North Pacific zonal mean first baroclinic
so the upper ocean warms more than the deep ocean (Rgssby wave speed, wave speed change ratio, transit time
9b). The temperature increase in the high latitudes and west transit time change ratio, in FOAM and the IPCC AR4
of the North Pacific Ocean is more than that in the low latmodels experiments, with and without baroclinic zonal mean
tudes and in the east (Figs. 9b and d). Ocean buoyancy trackground flow. The results show that, under global warm-
guency, which is mainly influenced by temperature, also img: (1) the first baroclinic Rossby wave becomes faster and
creases (ocean becomes more stable) (Fig. 9f). The buoyaheytransit time shortens; and (2) the wave speed increase ra

5.3.1. Ocean temperature and buoyancy frequency change
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Fig. 9. North Pacific zonal mean temperature (1B8120W) (a, b), longitudinal
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Fig. 10. North Pacific first baroclinic Rossby wave speed, transietand their changes. Represented from the top to
bottom, respectively, are North Pacific first baroclinic Bmswave speed, wave speed change ratio, transit time, and
transit time change ratio. Represented from left to rigespectively, are the results from the FOAM experiment, the
10 IPCC AR4 model experiments, and the FOAM experiment clamsig zonal current.

tio, transit time reduction and transit time reductionoaif transit time shortens (Figs. 10g—i). Without baroclininab

the first baroclinic Rossby wave in the high latitudes areilmuemean flow, them-order baroclinic Rossby wave speed in-

larger than those in the low latitudes. crease isn 2 times the first baroclinic Rossby wave speed in-
According to Eqg. (1), under a warmer climate, as oceanease, but therorder speed increase ratio is the same as the

buoyancy frequency increases (Fig. 9d), the first oceatfiist baroclinic Rossby wave [see Eq. (1); figures not shown].

baroclinic Rossby wave becomes faster (Figs. 10a—f) and the The first baroclinic Rossby wave speed increases by 10%
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to 24% from 20N to 55°N in 2CO, compared to Ctrl (Fig. mentioned in section 1 (Introduction), so there may well
10d), and by 31% to 60% from 2N to 55°N in A1B com- be another reason for the PDO weakening under global
pared to Picntrl (Fig. 10e). The first baroclinic Rossby wawgarming, such as North Pacific local ocean—atmosphere cou-
transit time reduces by 9% to 16% from°20to 55°N in pling and ocean circulation changes. Follow-up work from
2CQO, compared to Ctrl (Fig. 10j), and by 23% to 37% fronthe present group will study the North Pacific local ocean—
2C°N to 55°N in A1B compared to Picntrl (Fig. 10k). Theatmosphere coupling change and its role in weaker North Pa-
transit time reduction ratio (wave speed increase ratithén cific Ocean decadal variability under global warming.

IPCC AR4 models is more obvious than that in FOAM atthe Owing to the long ocean memory, North Pacific Ocean
same latitude (Fig. 10), because the L&ncentration in- decadal variability (local ocean—atmosphere couplinfijiin
crease ratio between Picntrl (290 ppm) and A1B (720 pprehces atmospheric decadal variability, which has beersinve
is larger than that between Ctrl (355 ppm) and 2G@10 tigated in many previous studies (Wu and Liu, 2003; Wu et
ppm; Table 1), which also supports the result that a warmadr, 2003; Zhong and Liu, 2009). Therefore, the North Pa-
climate speeds up baroclinic Rossby waves and shortems tledfic Ocean decadal variability (North Pacific local ocean—

transit time. atmosphere coupling) weakening might lead to atmospheric
decadal variability weakening, which will be studied fugth
5.4. Rosshy wave speed change and the PDO response Finally, in order to investigate the response of climate

North Pacific baroclinic Rossby wave adjustment is vitafariability to global warming, it is suggested that the IPCC
to the PDO period and SST amplitude, especially the barsi1B experiment is run for as long as possible, such as to the
clinic Rossby wave between 38 and 60N. The speed- year 2700, when the warmer climate with a £€ncentra-
ing up of baroclinic Rossby waves under a warmer climat®n of 720 ppm reaches a stable equilibrium.
causes the PDO to shift to a higher frequency, and North
Pacific Ocean decadal variability and the PDO to become Acknowledgements. This work was supported by the Na-
weaker. In addition, ocean buoyancy frequency increas&mal Natural Science Foundation of China (NSFC) Credveup
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higher frequency and becomes weaker. For example, if baro-
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