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ABSTRACT

Model evidence is presented to make the case that the midlatitude North PaciÞc wintertime transient eddy
activity may have been signiÞcantly weaker during the mid-Holocene (; 6000 yr BP). A simulation of the mid-
Holocene climate in an atmospheric general circulation model coupled to a reduced gravity ocean model
showed signiÞcant reduction to transient eddy activity, up to 30% in the main storm-track region. The reduced
baroclinic eddy activity is associated with basinwide climate changes over the northern and tropical PaciÞc,
including a deepening of the Aleutian low, colder SSTs in the western and central North PaciÞc, a strength-
ening and southward shift of the subtropical jet, and a strengthened South PaciÞc convergence zone. These
associated climate changes are consistently simulated across a range of Paleoclimate Modeling Inter-
comparison Project Phase II (PMIP2) coupled models forced with mid-Holocene climate forcings, suggesting
they are a robust response to mid-Holocene orbital forcing. The authors link the mid-Holocene climate
changes to two related modern-day analogs: (i) interannual variations in wintertime North PaciÞc storminess
and (ii) the phenomenon of midwinter suppression whereby North PaciÞc transient eddy activity in todayÕs
climate is reduced in midwinter. In both instances, the associated North PaciÞc climate conditions resemble
those seen in the mid-Holocene simulations. While it remains to be seen which analog is dynamically more
appropriate, the latter linkÑmidwinter suppressionÑoffers the simple physical interpretation that the mid-
Holocene reduction in storminess is a consequence of a ÔÔmore winterlikeÕÕ climate resulting from the mid-
Holocene precessional forcing.

1. Introduction

A distinctive feature of mid-Holocene climate is the
dominant inßuence of precessional insolation forcing
(Fig. 1a) and its effect on strengthening the Northern
Hemisphere summer monsoon climates. The prediction
of precessional inßuence on monsoons by Kutzbach (1981)
and the subsequent conÞrmation of the mid-Holocene
monsoon increase from various different paleoproxy
studies (e.g., Rossignol-Strick 1985; Pokras and Mix 1987)
stand out as a signiÞcant achievement of climate model-
ing. The purpose of this note is to make a case for an-
other pronounced feature of the mid-Holocene climate:

the possible weakening of the transient eddy activity
over the North PaciÞc midlatitude jet region and asso-
ciated North PaciÞc basinwide climate conditions during
boreal winter.

In a previous study, we found signiÞcant reduction in
the transient eddy activity in a coupled modelÑa full
atmospheric general circulation model coupled to a re-
duced gravity oceanÑin a set of runs used to investigate
mid-Holocene El Nin÷oÐSouthern Oscillation (ENSO)
behavior (Chiang et al. 2009). In that paper, we sug-
gested that reduced ENSO activity during that time was
associated with the reduced stochastic forcing of ENSO
resulting from the reduced transient eddy activity. The
study, however, did not address the origins of the re-
duced eddy activity; we now address it here.

We show that the mid-Holocene simulation resembles
two observed (and related) features of todayÕs climate:
(i) interannual variations in wintertime North PaciÞc
storminess and (ii) the seasonal phenomenon of mid-
winter suppression whereby North PaciÞc transient eddy
activity in todayÕs climate is reduced in midwinter, a
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phenomenon Þrst identiÞed by Nakamura (1992). The
large-scale background climate anomalies associated with
both these observed analogsÑin particular, the strength-
ening of the North PaciÞc subtropical jetÑare readily
generated by the mid-Holocene orbital forcing. We ar-
gue that it is the generation of these background con-
ditions by the mid-Holocene orbital forcing that leads to
reduced North PaciÞc storminess.

2. Model and simulations

The model we use, as in Chiang et al. (2009), is the
Community Climate Model version 3.6 (CCM3) running
at T42 resolution coupled to a 1.5-layer reduced gravity
ocean (RGO) with a resolution of 2 8 longitude 3 18
latitude (hereafter referred to as the CCM3-RGO). The
CCM3 is a widely used atmospheric model consisting
of a spectral dynamical core and full physics package

including radiation, convection, boundary layer, and a
diagnostic treatment of clouds, as well as a prescribed
land surface and sea ice (Kiehl et al. 1998). The 1.5-layer
reduced gravity ocean model had been extensively used
for simulating coupled tropical ocean processes; the ver-
sion used in this model is same as the one documented in
Chang (1994) except that ours uses a time-Þxed but spa-
tially varying mixed layer depth estimated from Levitus
data, and the variation of entrained subsurface temper-
ature is parameterized in terms of the variation of ther-
mocline depth using a multivariate linear relationship
(Fang 2005). Furthermore, the reduced gravity ocean
has been extended to simulate the entire global ocean
(and not just the tropics); poleward of 308N and 308S,
the parameterized inßuence of thermocline depth varia-
tions on the temperature of entrained upwelling water is
switched off, since that mechanism is not important for
determining extratropical SST anomalies.

The imposition of a Þxed mixed layer depth is some-
what problematic for simulating extratropical SSTs, since
seasonal variations thereof can be quite large. To partly
compensate for the missing surface ocean model phys-
ics, we impose an annual-mean ßux correction to the
surface layer of the ocean model, allowing the simulated
SST annual mean climatology to reasonably match the
observed SST. Seasonal variations in the climate are
generally reasonably well simulated compared to ob-
servations, although one deÞciency of note is that the
strength of the Aleutian low in the model wintertime is
; 25% weaker than in observations. We refer to Fang
(2005) and Chiang et al. (2009) for details of the ocean
model and coupling, as well as the Þdelity of the model
simulations.

The main simulations we use in our analyses are (i) a
control simulation with present day (A.D. 1980) orbital
conditions, land surface, and CO2 set at 355 ppm and
(ii) a ÔÔmid-HoloceneÕÕ (also called ÔÔ6KBPÕÕ) simulation
with orbital values of eccentricity 5 0.018 67, obliquity5
24.1038, and angular precession5 1.378, with the orbital
parameters computed by the model using a formula from
Berger (1978) and the year set to 4020 B.C. The sub-
sequent change to the incoming insolation at the top
of the atmosphere of the mid-Holocene simulation is
shown in Fig. 1a. All other parameters and boundary
conditions in the mid-Holocene simulation were kept
the same as the control. In addition, we also ran ÔÔ3KBPÕÕ
and ÔÔ9KBPÕÕ simulations in which the model year was
set to 1020 and 7020 B.C., respectively.

For each of the above cases, we did an ensemble of
three simulations each lasting 30 years, starting from
different initial conditions extracted from a long-term
present-day control simulation. We discard the Þrst
10 years of each simulation as startupÑsince the ocean

FIG . 1. (a) Top-of-atmosphere (TOA) changes to insolation
during the mid-Holocene (6000 years BP), as applied to our mid-
Holocene model simulations. (b) The TOA insolation as applied to
the present-day control run, but with the annual mean removed.
For both (a) and (b), the contour units are W m 2 2, and positive
(unshaded) values are directed toward the earth. This plot em-
phasizes the seasonal variation to TOA insolation. Comparison of
(a) and (b) shows that the months leading up to NH midwinter
(OctÐDec) are more winterlike during the mid-Holocene.

4026 J O U R N A L O F C L I M A T E V OLUME 23

�X�q�d�x�w�k�h�q�w�l�f�d�w�h�g�#�•�#�G�r�z�q�o�r�d�g�h�g�#�3�5�2�4�6�2�5�8�#�3�<�=�7�;�#�S�P�#�X�W�F



model does not simulate the deep ocean circulation, it
equilibrates fairly rapidlyÑand use the subsequent
20 years for computing monthly climatological mean Þelds.
The three individual climatologies are then combined to
produce an ensemble mean. We also saved daily aver-
aged geopotential height in the latter 20 years of each
simulation for computation of transient eddy statistics.

For all other simulations used to test model sensitivity,
we only ran a single 30-yr simulation; otherwise the data
processing is similar to the above.

3. Boreal wintertime changes in the North PaciÞc

a. Background mid-Holocene PaciÞc climate changes

Figure 2 shows JanuaryÐMarch (JFM) averaged changes
to transient eddy activity over the North PaciÞc in the
mid-Holocene simulation relative to the control. The
measure of eddy activity used here is the variance of
high-passed daily 500-mb geopotential height. The high
pass is done with a simple 24-h difference Þlter (Wallace
et al. 1988), where the data point for the previous day is
subtracted from the present day, at every grid point. The
reduction is apparent across the entire midlatitude ba-
sin, reduced by up to 30% of the climatological mean.

Figure 3 shows the seasonal evolution of the CCM3-
RGO transient eddy activity averaged over the western
North PaciÞc for both the control and mid-Holocene
simulations (for comparison, the observed transient eddy
activity is also shown). The mid-Holocene reduction pri-
marily occurs during DecemberÐApril, with the most
pronounced period in JanuaryÐMarch (Fig. 3d). Prior to
November, the transient eddy activity is comparable and
even greater for the mid-Holocene as for the control.
The reduced transient eddy activity is corroborated by a
comparable decrease in the transient eddy heat transport
over the western midlatitude North PaciÞc, as measured

by 866 mb n9T9averaged over January through March
(not shown).

We note here that while in the CCM-RGO mid-
Holocene ENSO activity is signiÞcantly reduced (as docu-
mented in Chiang et al. 2009), this is not the cause of the
reduced North PaciÞc transient eddy activity. We did a
complementary set of simulations Ñpresent-day and
6000 years BPÑin which the ENSO in the model was
essentially switched off by setting the thermocline depth

FIG . 2. Mid-Holocene changes to the high-passed geopotential
height variance at 500 mb, averaged over JFM. The contour in-
terval (CI) is 200 m2; negative values are shaded. Note that the zero
contour is not plotted.

FIG . 3. (a)Ð(c) Monthly-mean high-passed 500-mb geopotential
height variance (contours, contour units 3 1000 m2) and 200-mb
zonal wind (lighter shading . 40 m s2 1, darker shading. 60 m s2 1),
both zonally averaged over the western North PaciÞc between 1308E
and 1808, for (a) NCEP reanalysis, (b) the CCM3-RGO control
simulation, and (c) the mid-Holocene simulation. (d) The difference
in the monthly-mean high-passed 500-mb geopotential height vari-
ance between the mid-Holocene and control simulations; shaded
regions are for negative values, contour units3 1000 m2.
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anomalies in the reduced gravity ocean to zero. This
effectively shuts off the thermoclineÐSST coupling that
is integral to the ENSO dynamics, and ENSO in these
simulations is essentially removed. In these simulations,
the mid-Holocene transient eddy activity was reduced in
a manner closely resembling Fig. 3.

The wintertime mid-Holocene northern and tropical
PaciÞc is marked by pronounced changes to the back-
ground climate (Fig. 4). Sea level pressure (SLP) in the
midlatitude North PaciÞc is reduced, deepening the
Aleutian low by up to 6 mb (Fig. 4a). The midlatitude
westerlies are signiÞcantly weakened (by up to 8 m s2 1 at
200 mb; Fig. 4b) and the subtropical jet is considerably
strengthened (by up to 10 m s2 1). The reduced mid-
latitude westerlies are coincident with the reduced tran-
sient eddy activity (cf. Figs. 2 and 4b), consistent with the
midlatitude westerlies being an eddy-driven feature.

Sea surface temperatures show cooling over 308Ð408N
extending from the east coast of China in a slightly
northwestward direction, extending into the central
midlatitude North PaciÞc (Fig. 4c). The cooling is up to
28C at the coastline. North of this feature are warmer
anomalies straddling the high-latitude North PaciÞc from
around 508N to past 808N. This combined warming to the
north and cooling to the south weakens the North PaciÞc
subarctic front; this weakening may be related to the
decrease to the transient eddy activity (Nakamura et al.
2004). The warming portion also connects with a larger
feature that extends into the North American continent
and then, southward, parallels the west coast of North
America. The 200-mb wind structure appears consistent,
in a thermal wind sense, with the increased meridional
temperature gradient thus presented between 208 and
308N and the reduced meridional gradients between 408
and 708N.

The tropical rainfall structure (Fig. 4d) shows a pro-
nounced southward shift of the intertropical conver-
gence zone (ITCZ) over the tropical PaciÞc, and indeed
over all tropical basins (not shown), with southward
anomalous cross-equatorial ßow and ITCZ rainfall in-
creasing in the Southern Hemisphere and decreasing
in the Northern Hemisphere. This response indicates a
stronger winter Hadley cell extending from the southern
tropical summer latitudes into the winter northern trop-
ical latitudes, consistent with Hadley cell driving of a
stronger subtropical jet through increased angular mo-
mentum transport by the mean meridional circulation.

b. Mid-Holocene anomalies across the
PMIP2 model simulations

Similar North PaciÞc climate changes arise in coupled
model simulations of the mid-Holocene as part of the
Paleoclimate Model Intercomparison Project 2 (PMIP2)

FIG . 4. Difference in JFM climatology between the mid-Holocene
and control simulations: (a) sea level pressure (CI 1 mb), (b) 200-mb
zonal wind (CI 2 m s2 1), (c) SST (CI 0.2 K), and (d) precipitation
(CI 1 mm day2 1). Shaded regions are negative; the zero contour
is not plotted.
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archive (Braconnot et al. 2007). The pattern of boreal
wintertime climate anomalies seen in our CCM3-RGO
mid-Holocene simulations (Fig. 4) are also the most rep-
resentative anomalies across the seven PMIP2 models
we considered (Table 1). We objectively extract this
common response by applying a multivariate empirical
orthogonal function (EOF) analysis (e.g., Wilks 2006,
477Ð479) on four JFM mid-Holocene climate anomaliesÑ
precipitation, 200-mb zonal wind U, surface temperature,
and SLPÑacross the PMIP2 models of Table 1.1 In
other words, we replace the usual ÔÔtimeÕÕ dimension of
the EOF with the various model representations. If there
is a dominant common response to the mid-Holocene
orbital forcing in all the PMIP2 model simulations, the
EOF method is capable of objectively extracting it.

The EOF was taken over the northern and tropical
PaciÞc from 408S to 708N and 1008E to 808W. Prior to
taking the multivariate EOF, we (i) interpolated each
modelÕs output to the spatial grid resolution of the Fast
OceanÐAtmosphere Model (FOAM) (the FOAM model
being the coarsest resolution of the PMIP2 models we
used), (ii) normalized the data by the square root of
the cosine of latitude to account for the latitudinally
varying surface area represented by the grid point, and
(iii) normalized each Þeld by dividing by the standard

deviation of all of that ÞeldÕs data grid points. Note that
we do not remove the composite mean (i.e., the average
anomaly across all the models) from each modelÕs anom-
aly when preparing the data for the EOF. We computed
the EOF by applying a singular value decomposition on
the resulting data matrix.

Results of the multivariate EOF analysis are shown in
Figs. 5 and 6. EOF1 dominates the variance (; 50% of
the total), and the corresponding principal component
(PC) loadings are all of the same sign and comparable
magnitude; in other words, all PMIP models exhibit
behavior as represented by EOF1, albeit with varying
strength. It is well separated from EOF2, which explains
just over 20% of the total variance. The EOF1 pattern
(Fig. 6) shows a striking resemblance to the JFM mid-
Holocene anomalies of the CCM3-RGO (Fig. 4)Ñnamely,
a deeper North PaciÞc midlatitude low, an increased
northern subtropical jet and reduced midlatitude west-
erlies, cooling of SST in the Kuroshio extension region,
and a southward-shifted ITCZ precipitation. In the
PMIP2 case, the southward shift in rainfall is repre-
sented largely by a reduction to the equatorial rainfall
and an increase in the rainfall along the South PaciÞc
convergence zone (SPCZ). Harrison et al. (2003) noted
similar wintertime mid-Hol ocene climate anomalies in the
North PaciÞc in two coupled model simulations [the Fast
OceanÐAtmosphere Model and the National Center for
Atmospheric Research (NCAR) Climate System Model].

On the basis of the good match between the PMIP2
EOF1 (the most representative response across all models)
and the CCM3-RGO mid-Holocene anomalies, we argue

TABLE 1. PMIP2 model simulations used in this study. See Braconnot et al. (2007) for a general reference and the PMIP2 Web site
(http://pmip2.lsce.ipsl.fr/) for details of the models and experiments. Note that all simulations used here are ones that do not include mid-
Holocene land vegetation changes. Since our analysis was performed, mid-Holocene simulations using the Australian Commonwealth
ScientiÞc and Industrial Research Organisation Mark version 3.0 (CSIRO Mk3) coupled model were included in the database; we did not
use the CSIRO model output in our analysis.

Model Atmospheric model resolution

No. of years of
6KBP model output used
to form the climatology

1. Community Climate System Model 3 (CCSM3) T42 (approx 2.88lat 3 2.88lon) 100
2. ECHAM5/Max Planck Institute Ocean Model

version 1 (MPI-OM1)
T63 (approx 1.8758lat 3 1.8758lon) 100

3. Fast OceanÐAtmosphere Model (FOAM) R15 (approx 4.58lat 3 7.58lon) 100
4. Goddard Institute for Space Studies (GISS) Model E 48lat 3 58lon 50
5. LÕInstitut Pierre-Simon Laplace Coupled Model,

version 1 (IPSL CM1)
2.58lat 3 3.758lon 100

6. Model for Interdisciplinary Research on Climate 3.2,
medium-resolution version [MIROC 3.2 (medres)]

T42 (approx 2.88lat 3 2.88lon) 100

7. Meteorological Research Institute (MRI)ÐCGCM2.3.4fa T42 (approx 2.88lat 3 2.88lon) 100
8. Third climate conÞguration of the Met OfÞce UniÞed Model

(HadCM3) with the Met OfÞce Surface Exchange Scheme 2
(MOSES2) land surface scheme (simulations run at the
University of Bristol). NOTE: excluded from EOF analysis
(Figs. 5 and 6), since 200-mbU output was missing.

2.58lat 3 3.758lon 100

1 We excluded HadCM3 (see Table 1) from the EOF analysis, as
its 200-mb U output stored in the PMIP2 database appears in-
correct: the magnitude of the North PaciÞc westerlies in that output
is too small. However, we use HadCM3 output to evaluate tran-
sient eddy activity (Fig. 7).
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that the climate response we obtained in our CCM3-
RGO simulations is a meaningful climate response to
mid-Holocene orbital forcing. The spatial resemblance
between the PMIP2 EOF 1 results with the CCM3-RGO
mid-Holocene simulation is, however, not perfect. Most
prominently, the PMIP2 EOF1 shows a pronounced
response in the eastern equatorial PaciÞc reminiscent
of La Nin÷aÐlike conditions; and the rainfall pattern,
while showing a more pronounced SPCZ structure, also
has some resemblance to the precipitation response to
La Nin÷aÐtype conditions. The relative magnitude of the
tropical rainfall response (as compared to the deepening
Aleutian low) is also weaker in the PMIP2 EOF1 as

FIG . 5. (a) Normalized eigenvalues of a multivariate (SLP,
200-mbU, surface temperature, and precipitation) EOF analysis
of JFM mid-Holocene anomalies across all PMIP2 models. The
domain of the EOF is the northern and tropical PaciÞc, 408SÐ708N
and 1008EÐ808W. (b) PC loadings corresponding to model 1. The
models used in the EOF are listed in Table 1; the model number on
the x axis corresponds to the number in the table.

FIG . 6. EOF 1 of the PMIP2 model Þelds plotted in the manner of
Fig. 4. Note that the contour intervals are as in Fig. 4, except that
the precipitation contour interval is 0.5 mm day2 1. The scaling
of the EOF is such that the associated principal component (PC)
matrix has unit norm.
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compared to the CCM3-RGO response. We speculate
on the origins of the tropical PaciÞc differences between
the PMIP2 and CCM3-RGO in section 6.

For the PMIP2 mid-Holocene simulations for which
daily 500-mb geopotential height output was available,
we Þnd some tendency toward a decrease in mid-Holocene

transient eddy activity, but it is not consistent across all
models (Fig. 7). Both ECHAM5 and the Model for Inter-
disciplinary Research on Climate (MIROC) showed be-
havior most consistent with our CCM3-RGO simulations,
with substantial decreases in mid-Holocene eddy activ-
ity during the midwinter. The Meteorological Research

FIG . 7. Monthly-mean high-passed 500-mb geopotential height variance, zonally averaged over the western North PaciÞc between
1308E and 1808, for various PMIP2 simulations as indicated: (left) present-day simulations (values above 6000 m2 are shaded) and (right)
differences between the present-day and mid-Holocene simulations (the latter minus the former; negative values are shaded). Contour
units are 3 1000 m2.
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Institute (MRI) model also exhibited decreased transient
eddy activity, but the change was relatively small. FOAM
showed an increase in the eddy activity between October
and December, but with a sharp decrease thereafter; we
note, however, that the mean transient eddy activity in
this model is located too far poleward. Mid-Holocene
transient eddies in the third climate conÞguration of
the Met OfÞce UniÞed Model (HadCM3) increased for
DecemberÐJanuary and decreased thereafter.

4. Present-day climate analogs

a. Interannual variations in North PaciÞc
wintertime storminess

We now make an argument for the close resemblance
between the mid-Holocene climate anomalies and cli-
mate anomalies associated with observed interannual
variations in North PaciÞc wintertime storminess. In-
terannual variations in North PaciÞc midwinter stormi-
ness were investigated by Zhang (1997) in the context of
atmospheric general circulation model simulations and
were also observed by Chang (2001). In both cases, they
found that decreases in the North PaciÞc transient eddy
activity are associated with increases in the North PaciÞc
subtropical jet strength. Nakamura et al. (2002) further
documented the interannual and decadal modulations
of PaciÞc storm-track activity and found that decreases
in PaciÞc storminess were associated not only with a
strengthening of the subtropical westerlies but also with
a deepening of the Aleutian low and cooling of the
northwestern PaciÞc.

The resemblance between the climate changes found
in Nakamura et al. (2002) and our model mid-Holocene
changes motivated us to extend this comparison. To
create an interannual index of North PaciÞc storminess,
we Þrst computed the JanuaryÐFebruary mean variance
of daily high-pass Þltered 500-mb geopotential height
from National Centers for Environmental Prediction
(NCEP) reanalysis (Kalnay et al. 1996), spanning 1980
to 2008, and then averaged this Þeld over a box from 408to
608N and 1508E to 1308W to create the interannual index.
We then regressed the normalized index against various
climate Þelds over the same time period (Fig. 8). The

FIG . 8. Regression of a normalized interannual index of JanÐFeb
North PaciÞc transient eddy activity on various JanÐFeb climate
Þelds, from 1980 to 2008. See text for the deÞnition of the in-
terannual index. (a) SLP (CI 1 mb), (b) 200-mb zonal wind (CI
2 m s2 1), (c) SST (CI 0.2 K), and (d) precipitation (CI 1 mm day 2 1).

 
Regression coefÞcients have been multiplied by2 2, so the re-
gression Þelds represent climate anomalies associated with weak
storminess. Shaded regions are negative; the zero contour is
not shown. The precipitation Þelds come from Xie and Arkin
(1997) and the other climate Þelds from NCEP reanalysis (Kalnay
et al. 1996). These Þelds should be compared to the CCM3-RGO
mid-Holocene anomalies in Fig. 4.
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regressed Þelds indeed closely resemble the CCM3-RGO
JanuaryÐMarch mid-Holocene climate anomalies (Fig. 4),
exhibiting a deeper Aleutian low, increased North PaciÞc
subtropical jet, cooler SST in the Kuroshio Extension
region, and a reduced North PaciÞc ITCZ and enhanced
SPCZ.

In response to a suggestion by a reviewer, we tested
the PMIP2 models to examine whether the relative lack
of storminess response in the PMIP2 mid-Holocene
simulations might be tied to how well the models sim-
ulate the observed interannual relationship between win-
tertime North PaciÞc jet strength and storminess. We
used a method similar to Chang (2001) to assess the cor-
relation between year-to-year values of JanuaryÐFebruary
200-mbU with the corresponding storm-track activity;
the results are shown in Table 2. In short, all models
appear to possess the appropriate negative correlation
(exceeding 95% conÞdence) between the subtropical jet
strength with midlatitude storm-track activity, with r
values in the range of what was found in Chang (2001).
Hence (apart from FOAM, which clearly does not sim-
ulate storm-track activity well), we cannot say which of
the PMIP2 model results in Fig. 7 should be more reliable.

b. Midwinter suppression

There is also a pronounced seasonal reduction in
North PaciÞc storminess during midwinter, a phenome-
non known as ÔÔmidwinter suppression.ÕÕ First documented
by Nakamura (1992), it refers to a signiÞcant reduction
to observed baroclinic wave activity in midwinter in the
North PaciÞc compared to late autumn and early spring,
despite increased baroclinicity in the large-scale atmo-
spheric conditions during that time (Fig. 3a, contours).
Nakamura associated the reduced activity with the cli-
matological strength of the North PaciÞc westerlies: when
the subtropical jet exceeds 45 m s2 1, baroclinic eddy

activity diminishes (Fig. 3a, shading). The interannual
variations in North PaciÞc storminess described in sec-
tion 4a can be viewed as a modulation of midwinter
suppressionÑfor example, midwinter suppression was
pronounced in the earlyÐmid-1980s, only to almost dis-
appear in the late 1980s and early 1990s (Nakamura et al.
2002).

Could the mid-Holocene climate changes be associ-
ated with an enhancement of this phenomenon? Indeed,
the model mid-Holocene northern and tropical PaciÞc
climate appears, by various measures, to bemore win-
terlike. The CCM3-RGO mid-Holocene subtropical jet
is strengthened in midwinter compared to the control and
is in sync with the timing of the reduced mid-Holocene
transient eddy activity (cf. Figs. 3b,c). Figures 9aÐd show
the same Þelds as Figs. 4aÐd, but for the deviation of the
JanuaryÐMarch CCM3-RGO control climatology from
the annual mean. The resemblance between the seasonal
deviation and the mid-Holocene anomalies is striking.
Both exhibit reduced SLP in the midlatitude North Pa-
ciÞc (Figs. 4a and 9a), an increased subtropical jet and
reduced midlatitude westerlies (Figs. 4b and 9b), en-
hanced cooling in the Kuroshio Extension region (Figs. 4c
and 9c), and southward-shifted tropical rainfall anomalies
(Figs. 4d and 9d).

Given that our mid-Holocene climate changes are
ÔÔmore winterlike,ÕÕ it suggests that the reduced model
transient eddy activity in the mid-Holocene simulation can
be viewed simply as an enhancement of this phenomenon.
A more winterlike mid-Holocene Northern Hemisphere is
not unexpected, given that the same precessional forcing
that gives rise to more boreal summertime insolation also
gives rise to less boreal wintertime insolation (Fig. 1).
SpeciÞcally, for the fall insolation leading up to the
winter months [SeptemberÐNovember (SON)], the mid-
Holocene insolation anomalies resemble the seasonal
deviation in insolation leading up to the wintertime, with
decreases in the Northern Hemisphere and increases to
the Southern Hemisphere (cf. the SeptemberÐNovember
anomalies in Fig. 1a and the seasonal variation in Fig. 1b).
Since the ocean responds to the insolation with a delay of
a few months, it may be these insolation anomalies that
determine the PaciÞc Ocean surface conditions during
boreal winter. The orbital climate forcings are thus con-
sistent with the mid-Holocene climate anomalies in giving
a more winterlike northern and tropical PaciÞc climate.
We expand on this interpretation in section 5.

5. Origins of mid-Holocene North PaciÞc climate
anomalies

The question remains as to how the large-scale North
PaciÞc mid-Holocene climate changes come about from

TABLE 2. Correlation between (a) year-to-year JanÐFeb 200-mb
zonal wind in a 208lon 3 138lat box centered at 1508E at the lat-
itude of the maximum jet, with (b) the corresponding JanÐFeb
storm-track activity in a 208lon 3 138lat box centered at 1808at the
latitude of the maximum storminess. Our storminess measure was
the variance of high-passed 500-mb daily geopotential height aver-
aged for Jan to Feb. All models show a signiÞcant negative corre-
lation (exceeding 95% conÞdence, assuming the number of degrees
of freedom corresponds to the number of years of the simulation)
between the subtropical jet strength with midlatitude storm-track
activity, in accordance with the observed relationship.

Model and simulation length Correlation

CCM3-RGO (60 yr) 2 0.28
ECHAM5 (50 yr) 2 0.43
FOAM (100 yr) 2 0.26
MIROC3.2 (50 yr) 2 0.36
MRI (100 yr) 2 0.24
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the orbital forcing. We suggested in section 3b that it
is the more winterlike insolation anomalies during the
boreal fall and early winter that produces the more win-
terlike mid-Holocene. This interpretation is supported
with an idealized simulation in which the mid-Holocene
insolation was applied to a CCM3-RGO model simula-
tion for six months of the year only, from the beginning of
September through the end of February. The wintertime
North PaciÞc climate anomalies resulting from them bear
close resemblance to that for the standard mid-Holocene
simulation (not shown; they are similar to Fig. 4 for the
standard mid-Holocene simulation). The complementary
simulation, applying insolation anomalies from the be-
ginning of March through the end of August, did not
produce appreciable wintertime midlatitude North Pa-
ciÞc climate anomalies (not shown).

Simulations of North PaciÞc transient eddy activity
across various time slices during the Holocene provide
conÞrmation of our interpretation. Whereas present-
day perihelion occurs in boreal winter, perihelion at the
start of the Holocene epoch occurred in boreal summer.
Thus, as we go further back in time from the present day
to the early Holocene, precessional changes led to in-
solation changes with an increasingly winterlike climate.
If our interpretation is correct, wintertime North PaciÞc
transient eddy activity should reduce as we go back in
time from the present; indeed, this is what the CCM-
RGO simulates. Table 3 shows a measure of North Pa-
ciÞc transient eddy activity for several time slices during
the Holocene (present day, 3KBP, 6KBP, and 9KBP). In
accordance with our interpretation, North PaciÞc win-
tertime transient eddy activity decreases monotonically
as one goes back in time to 9KBP.

The mid-Holocene North PaciÞc climate anomalies
appear to be a consequence of global insolation changes
and resulting global climate adjustment, not simply a
response to northern extratropical insolation changes.

FIG . 9. As in Fig. 4, but for the deviation of the JFM climatology
from the annual mean climatology for the control simulation.
Contour intervals are as in Fig. 4 (except for SST, which is 0.4 K).

TABLE 3. Wintertime North PaciÞc transient eddy activity at
various time slices in the Holocene. Transient eddy activity here is
measured by the JanuaryÐMarch 500-mb high-passed geopotential
height variance (as shown in Fig. 2), but averaged over the basin-
wide North PaciÞc from 408to 608N and 1508E to 1308W. Values
shown are relative to the present-day control simulation. The re-
sults support the interpretation that the model North PaciÞc tran-
sient eddy activity decreases under more winterlike conditions.

Time slice

CCM-RGO North PaciÞc
wintertime transient eddy activity

(as a fraction of present-day activity)

Present day 1
3KBP 0.89
6KBP (ÔÔmid-HoloceneÕÕ) 0.77
9KBP 0.67
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To show this, we perform two additional idealized sim-
ulations, with the mid-Holocene insolation anomalies
applied only north of 278N and then only south of 278N.
Both simulations show climate anomalies resembling
the full mid-Holocene simulation (cf. Fig. 4)Ñdeeper
Aleutian low, colder north PaciÞc SST, and stronger
subtropical jetÑbut each possesses roughly half the
magnitude (not shown). The exception is the tropical
rainfall response, which is more pronounced in the sim-
ulation applying the insolation anomalies south of 278N.
Adding the anomalies of these two idealized simulations
returns approximately the anomalies of the standard mid-
Holocene simulation.

How do insolation changes in the tropics and South-
ern Hemisphere lead to North PaciÞc climate anoma-
lies? We believe it comes about through the tropical
rainfall response: Yin (2002) had previously suggested
a link between rainfall changes over the tropical western
PaciÞc and strengthening of the North PaciÞc subtropical
jet. The insolation anomalies leading up to winter have
an ÔÔinterhemispheric-likeÕÕ character with less insola-
tion in the north and more in the south, and the tropical
rainfall responds to the resulting interhemispheric ther-
mal gradient with a southward shift (Broccoli et al. 2006;
Chiang and Bitz 2005). The southward-shifted rainfall
should lead to a stronger winter Hadley cell (Lindzen and
Hou 1988) that in turn increases the angular momentum
transport that drives the North PaciÞc subtropical jet.
Thus, the origins of the increased subtropical jet in the
wintertime mid-Holocene North PaciÞcÑwhich most
directly relates to the midwinter suppression, according
to Nakamura (1992)Ñis a product of both the tropical
climate changes and changes in the mid- and high-latitude
North PaciÞc.

6. Discussion

Our claimed link between mid-Holocene storminess
and midwinter suppression assumes that the large-scale
conditions associated with midwinter suppression are in
fact what drive the reduced transient eddy activity. The
current dynamical literature on midwinter suppression
largely supports this assumption. Midwinter suppression
has been most closely linked to the strength of the sub-
tropical jet and its effect on eddy growth rates, starting
from NakamuraÕs (1992) seminal analysis. Nakamura
suggested that the faster advection of eddies by the in-
creased jet may be the reason for the suppression, al-
though Harnik and Chang (2004) pointed out that the
decrease in the growth rate with a narrower jet may also
play a role. There is evidence from diagnostic studies of
interannual/decadal variations in North PaciÞc winter-
time storminess for a decreased efÞciency in the conversion

of mean ßow available potential energy to eddy ki-
netic energy as the westerlies strengthen (Chang 2001;
Nakamura et al. 2002). More recently, Lee and Kim
(2003) argued that a sufÞciently strong subtropical jet
encourages baroclinic eddygrowth in the subtropical
latitudes at the expense of midlatitude eddies, thus re-
ducing eddy activity in the middle and higher latitudes
and weakening the subpolar jet. Probably the most con-
vincing evidence for North PaciÞc basic-state control of
transient eddy activity comes from Zhang and Held
(1999): they showed that a linear stochastic model used
to simulate midlatitude storm activity is able to capture
the midwinter suppression quantitatively, suggesting that
the origins thereof lie in the basic-state climate.

There is an alternate hypothesis that reduced seeding
of the PaciÞc storm track from upstream sources may be
the reason for midwinter suppression (Orlanski 2005;
Penny et al. 2010), rather than changes to the down-
stream development. This, however, may not be inconsis-
tent with the basic-state control of midwinter suppression,
since the basic state may control the rate of seeding as
well. Indeed, building on previous suggestions by Son
et al. (2009) that topography modiÞes downstream storm-
track intensity, Park et al. (2010) showed in a CCM3
simulation with the central Asian mountains removed
that North PaciÞc midwinter suppression no longer ap-
pears, implying that it is the presence of those mountains
that leads to midwinter suppression. Park et al. attribute
part of the midwinter suppression to reduced baroclinic
conversion over the central Asian mountains, consistent
with Penny et al. (2010). The interesting aspect of this,
however, is that Son et al. (2009) would argue that to-
pography suppresses downstream transient eddy activity
when the basic state ßow is in a strong single-jet (as op-
posed to a weak double-jet) stateÑand such a single-jet
state usually occurs in midwinter.

It is not the purpose of this note to elucidate the mech-
anisms of transient eddy suppression in our model. Given
the multitude of existing hypotheses for midwinter sup-
pression, it is unlikely that we would be able come up
with a deÞnitive mechanism for our own simulations.
Instead, our purpose is simply to make the connection
between reduced transient eddy activity in our mid-
Holocene simulation, with similar observed occurrences
in todayÕs climate, and in so doing to argue for the
plausibility of a ÔÔless stormyÕÕ North PaciÞc wintertime
climate.

The major difference in the structure of the PMIP2
mid-Holocene response with the CCM3-RGO (as dis-
cussed in section 3b) occurred in the tropical PaciÞc: the
PMIP2 gave a more La Nin÷a-like structure, and the
relative magnitudes of the precipitation anomalies are
smaller. We speculate that this arises from the difference
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between using a reduced-gravity tropical ocean (in the
CCM3-RGO) and a full dynamical ocean. In particular,
the reduced-gravity ocean is designed to be responsive
to the equatorial thermocline depthÐSST relationship in
the tropics; in fact, the CCM3-RGO was designed to
give a good representation of tropical oceanÐatmosphere
dynamics, speciÞcally ENSO. On the other hand, many
fully coupled models have difÞculty producing a rea-
sonable equatorial mean state and annual cycle (Davey
et al. 2002). The relative lack of response in the PMIP2
simulations may have to do with the fact that the tropical
thermocline tends to be too diffuse in fully coupled models
because of large vertical diffusivity; this dampens the
equatorial thermocline depthÐSST relationship, and as
a result ENSO variations in these models tend to be
weak (Meehl et al. 2001). The tropical sensitivity di-
rectly affects our question since a shift in the Hadley cell
inßuences the strength of the subtropical jet (as dis-
cussed in section 5) and hence the transient eddy activ-
ity. In this regard, it is telling that the subtropical jet
response in PMIP2 EOF1 relative to the deeper Aleutian
low response is smaller than that for the CCM3-RGO;
this may be a reason why we do not see a convincing
signal of reduced transient eddy activity in the PMIP2
mid-Holocene simulations.

The lack of a convincing signal of reduced transient
eddy activity in the PMIP2 mid-Holocene simulations is
the weakest link in our argument. However, given the
complexity of the midlatitude dynamics underlying mid-
winter suppression, it may not be surprising that we
cannot yet obtain a consistent response in transient eddy
activity across the various model simulations. We note
that of the Þve PMIP2 model simulations in Fig. 7 that
had daily 500-mb geopotential height output accessible,
only three (ECHAM5, MRI, and HadCM3) appear to
simulate midwinter suppression adequately. Related to
this, we note that Nishii et al. (2009) found that only
eight of the 19 coupled models that participate in the
World Climate Research ProgrammeÕs Coupled Model
Intercomparison Project Phase 3 (CMIP3) twentieth-
century climate simulations adequately reproduce the
midwinter minimum in North PaciÞc storm-track ac-
tivity; they used these eight models only in assess-
ing future changes to the midwinter suppression. Since
we only consider eight PMIP2 model simulations, we
unfortunately did not have the luxury to discard
models that could not adequately simulate midwinter
suppression.

Is there paleoproxy evidence for reduced storminess
in the mid-Holocene? Paleoproxies directly inßuenced
by midlatitude storminess are unlikely, so any evidence
is likely to come from changes to the North PaciÞc basic
state climate. One such basic-state climate variable is the

position of the subtropical westerlies. A stronger win-
ter subtropical jet may imply that midlatitude rainfall
may have been consistently shifted southward; over the
west coast of North America, this may imply a wetter
Californian and drier PaciÞc Northwest climate. This
rainfall shift can be clearly seen in the PMIP2 model re-
sults in Fig. 6d; for the CCM3-RGO, the mid-Holocene
JanuaryÐMarch rainfall in the grid points around Northern
California increases by ; 20% compared to the present-
day simulation. As far as paleoproxy observations go,
Kirby et al. (2007) documents wetter earlyÐmid-Holocene
conditions relative to today in Southern California from
a lake sediment core and attributes this change to pre-
cessional forcing changing the location of the wintertime
storm tracks. Thompson et al. (1993) come to a similar
conclusion. On the other hand, oxygen isotope records
from a lake sediment core in Alaska indicate drier con-
ditions in the early and mid-Holocene, progressively be-
coming wetter into the late Holocene (Anderson et al.
2001). Thus, western North American paleoprecipitation
records appear consistent with a southward-shifted sub-
tropical jet during the early and mid-Holocene. It is be-
yond the scope of our analysis for a detailed assessment of
PaciÞc paleoclimate records during the mid-Holocene,
but such an undertaking would certainly be of value.
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