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Abstract. Diagnosing the climate of New Zealand from
low-resolution General Circulation Models (GCMs) is no-
toriously difficult due to the interaction of the complex to-
pography and the Southern Hemisphere (SH) mid-latitude
westerly winds. Therefore, methods of downscaling syn-
optic scale model data for New Zealand are useful to help
understand past climate. New Zealand also has a wealth
of palaeoclimate-proxy data to which the downscaled model
output can be compared, and to provide a qualitative method
of assessing the capability of GCMs to represent, in this case,
the climate 6000 yr ago in the Mid-Holocene.

In this paper, a synoptic weather and climate regime classi-
fication system using Empirical Orthogonal Function (EOF)
analysis of GCM and reanalysis data was used. The climate
regimes are associated with surface air temperature and pre-
cipitation anomalies over New Zealand. From the analysis in
this study, we find at 6000 BP that increased trough activity
in summer and autumn led to increased precipitation, with
an increased north-south pressure gradient (“zonal events”)
in winter and spring leading to drier conditions. Opposing
effects of increased (decreased) temperature are also seen in
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spring (autumn) in the South Island, which are associated
with the increased zonal (trough) events; however, the circu-
lation induced changes in temperature are likely to have been
of secondary importance to the insolation induced changes.
Evidence from the palaeoclimate-proxy data suggests that
the Mid-Holocene was characterized by increased westerly
wind events in New Zealand, which agrees with the prefer-
ence for trough and zonal regimes in the models.

1 Introduction

The generation of palaeoclimate-proxy data reconstructions
has allowed us to understand how the climate of the past has
differed from the present day. By comparing the proxy re-
constructions with General Circulation Model (GCM) data,
we can evaluate whether the modelled climate is consistent
with the palaeoclimate proxy reconstructions. Proxy-model
intercomparison establishes the ability of climate models to
simulate past climatic change, which is an essential step in
evaluating the GCMs used to simulate future climate. How-
ever, comparing model data with proxy data is difficult,
particularly in New Zealand, where the low resolution of
GCMs cannot represent the fine-scale topographical features

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


1190 D. Ackerley et al.: New Zealand climate in the Mid-Holocene

of the land, which are important in governing the regional
climate characteristics such as temperature and precipitation
(seeMullan, 1998; Salinger, 1980a,b; Salinger and Mullan,
1999). Therefore, a method of bridging the scale gap from
coarse resolution GCM to local proxy resolution data, either
through downscaling or upscaling, must be employed.

A novel method for “upscaling” regional climate infor-
mation from proxy reconstructions has been undertaken by
Lorrey et al.(2007, 2008). Lorrey et al.(2007) used multi-
proxy data to produce regional precipitation anomaly pat-
terns and then related them to the larger scale atmospheric
circulation patterns established byKidson (2000) that are
seen on weather time scales.Lorrey et al. (2007) argued
there was a self-similar nature to the patterns observed on
weather time scales that could be expressed on seasonal and
longer timescales. It was hypothesised that the net effect of
increased frequency of specific synoptic types would regis-
ter in proxy archives and reveal the predominant direction of
past atmospheric circulation anomalies.

Kidson (2000) used cluster and Empirical Orthogonal
Function (EOF) analyses on 12-hourly geopotential height
data at 1000 hPa from the NCEP/NCAR reanalysis archive
from January 1958 to June 1997 (for more information on
the NCEP/NCAR reanalysis, seeKalnay et al., 1996) to pro-
duce a set of twelve synoptic “weather types” that can be
seen in Fig.1. The work byKidson(2000) built upon previ-
ous studies (seeKidson, 1994a,b; Sturman et al., 1984) that
used different sets of synoptic types to those given in Fig.1.
The twelve synoptic types in Fig.1 come from the study of
Kidson(2000) and are the set considered in this study.

The twelve Kidson synoptic types are shown in Fig.1
as average patterns of 1000h Pa geopotential height (analo-
gous to mean sea-level pressure) from NCEP reanalysis data.
Names for the types are indicated in top right of each panel,
where T stands for Trough, SW for Southwesterly, TNW
for Trough-Northwesterly, TSW for Trough-Southwesterly,
H for High, HNW for High to the Northwest, W for West-
erly, HSE for High to the Southeast, HE for High to the East,
NE for Northeasterly, HW for High to the West, and R for
Ridge. These individual synoptic types can then be grouped
into regimes, which are based upon a further cluster analysis
(seeKidson, 1997, 2000, for more details)

The three regimes are indicated at left of Fig.1: the top row
is the trough regime, the first three in the middle row are the
zonal regime, and the rest are the blocking regime (seeKid-
son, 2000, for more details). According toKidson (2000),
trough regimes are associated with above-normal precipita-
tion throughout New Zealand and below-normal tempera-
tures in the annual mean. The zonal regime (for the annual
mean) is associated with near-normal-to-cooler temperatures
in the North Island and near-normal-to-warmer conditions in
the South Island, with dry conditions in most places of both
islands apart from the far south and west of the South Is-
land. Finally, the blocking regime is associated with gen-
erally warmer temperatures throughout New Zealand, with

reduced precipitation in the southwestern North and South
Islands and increased precipitation in the northern and east-
ern North Island in the annual mean.

TheKidson(2000) synoptic types and regimes were orig-
inally defined on a daily basis. However, changes in the syn-
optic type frequency are associated with distinct regimes that
generate regionally disparate precipitation and temperature
anomalies in New Zealand climate over months, seasons, and
longer periods (demonstrated byLorrey et al., 2007). The
dominance of a particular circulation regime on seasonal, an-
nual or decadal time-scales may therefore be detectable in
the instrumental and palaeoclimate-proxy, precipitation and
temperature records.Lorrey et al.(2007) demonstrated proof
of concept in indicating that such changes in regional cli-
mate regime predominance occurred (on low-frequency time
scales) as a result of the 1976/1977 Inter-decadal Pacific Os-
cillation (IPO) phase change.Lorrey et al.(2007) then ex-
amined three periods during the last (approximately) 2000 yr
to infer which basic regional climate regime, and synoptic
circulation pattern, may have been dominant on the basis
of palaeo-precipitation and temperature records. Such cli-
mate regimes and circulation patterns can also be identified
from the coarse resolution GCM simulations, which allow
a qualitative but direct comparison between the models and
multi-proxy data assemblages that underpin regional climate
regime classification (Lorrey et al., 2007, 2008).

Many global modelling groups have produced valuable
GCM simulations for representations of the Mid-Holocene
(6000 yr before present, ybp) and the Last Glacial Maxi-
mum (21 000 ybp), which are stored as part of the Palaeo-
climate Modelling Intercomparison Project (PMIP, seeJous-
saume and Taylor, 2000). Despite the large archive of model
data (seeBraconnot et al., 2007, for an overview of the
PMIP2 model results), there have been relatively few studies
of the Southern Hemisphere (SH) climate (for examples see
Ackerley and Renwick, 2010; Rojas et al., 2009; Rojas and
Moreno, 2011) from the PMIP2 data. There have, however,
been some studies of the SH westerlies from other model
simulations (Wagner et al., 2007; Wardle, 2003). Given the
issues in representing SH mid-latitude circulation in GCMs
(seeRandall et al., 2007), and the sparsity of SH observa-
tional data, methods of assessing GCM simulations in com-
parison to instrumental or proxy records are very important.
The use of different climate models is essential for investi-
gations on natural climate variability because of the differ-
ences in mean climate and the model-inherent biases. To re-
duce the uncertainty concerning model specific features, we
use four different models, three of which have been used by
PMIP. The model output is used to statistically downscale
the large-scale atmospheric circulation to the local climate in
New Zealand. This should help to discriminate between ro-
bust, climatically induced climate changes (due to changes
in external forcing) and model-specific features, which are
potentially unrelated to the combination of naturally forced
internal and external climate variability.
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Fig. 1. The twelve Kidson weather types, shown as average patterns of 1000 hPa geopotential height (analogous to mean sea-level pressure).
Names for the types are indicated in the top right of each panel (see text for details). The three regimes are indicated at the left: the top row
is the trough regime, the first three in the second row are the zonal regime, and the rest form the blocking regime. SeeKidson (2000) for
further details.

The aims of this study, therefore, are to provide a first
step for assessing SH circulation patterns as represented by
a set of GCMs that cover the Mid-Holocene, using the syn-
optic climate regime classification method ofKidson(2000)
and then comparing those results to palaeoclimate proxy data
within the New Zealand sector to see if the models and prox-

ies agree.Ackerley and Renwick(2010) have already shown
that the seasonal SH mid-latitude circulation is sensitive to
differences in the Earth’s orbital paramaters during the Mid-
Holocene, which cause changes in seasonal insolation (see
Fig. 2). We would therefore expect the frequency of synoptic
types shown in Fig.1 to change during the Mid-Holocene.
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Fig. 2. The calculated difference in zonal, seasonal mean insolation for the Mid-Holocene relative to the pre-

industrial control (Wm−2) from Ackerley and Renwick (2010). Positive (negative) values are indicated by the

solid (dashed) lines. The zero line is the thick black line.

22

Fig. 2. The calculated difference in zonal, seasonal mean insolation for the Mid-Holocene relative to the pre-industrial control (W m−2)
from Ackerley and Renwick(2010). Positive (negative) values are indicated by the solid (dashed) lines. The zero line is the thick black line.

To test this hypothesis we will assess if the synoptic type
frequency in the New Zealand sector has changed and relate
these changes to seasonal climate regimes, from which re-
gional precipitation and temperature patterns can be inferred.
A further test of the synoptic type frequency changes dur-
ing the Mid-Holocene, as determined by the model ensem-
ble, is to then compare the results to past conditions estab-
lished by palaeoclimate regime reconstructions for the same
time period.

A description of the models used in this analysis and the
data provided can be found in Sect.2. An analysis of the
seasonal differences in the climate regimes can be found in
Sect.3 along with their relation to the wider SH circulation.
A discussion of the implications for New Zealand tempera-
ture and precipitation from the results in Sect.3 will be given
in Sect.4 and the main conclusions will be given in Sect.5.

2 Models, data and method

2.1 Model experiments and model data

This study makes use of data from four fully coupled ocean-
atmosphere general circulation models, which are described
in Table 1. Two simulations were undertaken with each
model: one with orbital parameters for the Earth (eccentric-
ity, obliquity and angular precession) set to the present day
values, and another for 6000 yr before present (ybp) in the
Mid-Holocene (seeBraconnot et al., 2007, for more details
on the values of the orbital parameters). The different pa-
rameters influence the amount of insolation at the top-of-the-
atmosphere and subsequently the solar energy absorbed at
the surface. The difference in seasonal insolation at the top-
of-the-atmosphere at 6000 ybp relative to the present day (for
the Southern Hemisphere) can be seen in Fig.2 and is repre-
sentative for each of the models given in Table1. The solar
constant is set to 1365 W m−2 in each of the models; how-
ever, there are some differences in greenhouse gas and data
availability which are discussed below:
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1. CSIRO Mk3L: 50 yr simulations (Mid-Holocene – MH,
and Pre-Industrial – PI) of the model with sea level pres-
sure (SLP) data sampled at 00:00 UTC each model day.
Monthly mean surface air temperatures at 2 m were also
provided. Carbon-dioxide (CO2) concentrations were
set to 280 ppm with no other greenhouse gases (such as
methane, CH4, and nitrous-oxide, N2O) explicitly rep-
resented in the model simulation.

2. ECHO-G: these data were taken from the simulations
undertaken inWagner et al.(2007); 50 yr of daily mean
SLP and surface air temperature at 2 m were used.
CO2, N2O and CH4 were set to 280 ppm, 265 ppb and
700 ppb, respectively, in both simulations (MH and PI).
The resolution of the ocean model is increased in the
tropics (see Table1) to represent the effects of the El
Nino Southern Oscillation better.

3. HadCM3UB: data were taken from 100 yr simulations
(MH and PI) used in the PMIP2 ensemble byBracon-
not et al.(2007). CO2 and N2O were set to 280 ppm
and 270 ppb, respectively, in both simulations (pre-
industrial and 6000 ybp). CH4 was set to 760 ppb in
the pre-industrial control simulation and 650 ppb for
6000 ybp. More details of this simulation can be found
in Singarayer and Valdes(2010).

4. MIROC: data were taken from 100 yr simulations (MH
and PI) used in the PMIP2 ensemble byBraconnot et al.
(2007). CO2 and N2O were set to 280 ppm and 270 ppb,
respectively, in both simulations (pre-industrial and
6000 ybp). CH4 was set to 760 ppb in the pre-industrial
control simulation and 650 ppb for 6000 ybp. More de-
tails of this simulation can be found inOhgaito and Abe-
Ouchi(2007).

The CSIRO Mk3L, HadCM3UB and MIROC simulations
were “time slice” experiements, which follow the PMIP2
experimental design, whereas the ECHO-G data were taken
from a non-PMIP2 transient simulation. While these differ-
ences are an important consideration, they are unlikely to af-
fect the results of the analysis presented (seeRenssen et al.,
2006).

2.2 EOF procedure for synotic classification

The EOF analysis used byKidson(2000) requires 1000 hPa
geopotential height data, and while SLP is analogous to
1000 hPa geopotential height, it is not the same. The model-
output SLP data were converted to equivalent 1000 hPa
height using the monthly mean surface air temperature pro-
vided by each modelling group in the hypsometric equa-
tion (seehttp://amsglossary.allenpress.com/glossary/search?
id=hypsometric-equation1). The classification procedure
documented inKidson (1997, 2000) is then applied on the
converted SLP data, which assigns the “closest” synoptic

type from Fig.1 to each day of the data sets. The “clos-
est” synoptic type is calculated as the minimum Euclidian
distance to the mean height field associated with each of the
synoptic types. The distance is calculated in terms of the
first five principal components of the 1000 hPa height field
(seeKidson, 1997, 2000, for more details).

The output from the synoptic classification procedure is
considered on a seasonal basis where the austral seasons are
defined to be December-January-February (DJF, summer),
March-April-May (MAM, autumn), June-July-August (JJA,
winter) and September-October-November (SON, spring).
The totals in each season for each year can then be summed
to give the total frequency of occurrence of synoptic types
in each regime during the Mid-Holocene and pre-industrial
simulations (see Table2). Changes in regional New Zealand
climate therefore can be inferred from systematic changes in
the frequency of occurrence of the individual synoptic types
on weather time scales (based on the relationships between
the Kidson, 2000, types and modern observations). Appli-
cation of the same anomalies to the Mid-Holocene follows
uniformitarian principles that suggest similar changes would
result in climate regime shifts over longer time periods.Ack-
erley and Renwick(2010) found that the strongest changes
in the SH circulation occurred in SON and MAM, and were
associated with the sea-surface temperature response to the
changes in insolation shown in Fig.2. Therefore, we expect
the largest changes in the synoptic regimes to occur in SON
and MAM but all seasons will be considered.

3 Results

The seasonal frequency of occurrence and the difference be-
tween the Mid-Holocene (MH) and pre-industrial (PI) con-
trol runs for each of the synoptic regimes given in Sect.1 can
be seen in Table2. The differences in the frequency of occur-
rence were subjected to a z-test for two proportions. Changes
that are statistically significant (p ≤ 0.05) have an asterisk.
For comparison with the results in Table2, the difference in
sea level pressure (SLP) for the MH relative to the PI for
each of the seasons can be seen in Figs.3–6. These changes
in SLP were subjected to a t-test for equal means, and sta-
tistically significant changes in SLP (p ≤ 0.05) for the MH
relative to the PI are shaded grey.

The seasonal frequencies of occurrence for the NCEP re-
analysis data (over the period 1972–2009) are given in Ta-
ble 2. The models do reasonably well at capturing the sea-
sonal variation in the regime frequencies as an ensemble
mean. However, there are obvious differences between the
individual models and the NCEP data, and generally the
models do better in MAM and SON than in DJF and JJA. The
cause of some of the differences may be due to the models
representing a pre-industrial climate (circa 1750), whereas
NCEP data are for present day. Therefore, the discussion
will focus on the coherent changes in the regimes that are

www.clim-past.net/7/1189/2011/ Clim. Past, 7, 1189–1207, 2011
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Fig. 3. The difference in DJF mean sea level pressure (hPa) for the Mid-Holocene relative to the pre-industrial

control run for (a) CSIRO Mk3L, (b) ECHO-G, (c) HadCM3UB and (d) MIROC. Solid (dashed) contours

indicate positive (negative) changes in pressure. Statistically significant changes in SLP (p≤0.05) are shaded

grey.
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Fig. 3. The difference in DJF mean sea level pressure (hPa) for the Mid-Holocene relative to the pre-industrial control run for(a) CSIRO
Mk3L, (b) ECHO-G,(c)HadCM3UB, and(d) MIROC. Solid (dashed) contours indicate positive (negative) changes in pressure. Statistically
significant changes in SLP (p ≤ 0.05) are shaded grey.
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Table 1. Characteristics of the models used in this study.

Model Name Atmosphere Ocean Number of Model
in the text resolution resolution available years reference

[lon x lat] (levels) [lon x lat] (levels) of data

CSIRO Mk3L [5.6◦x 3.2◦] (18) [2.8◦x 1.6◦](21) 50 Phipps et al.(2011)
ECHO-G [3.75◦x 3.75◦] (19) [2.8◦x 2.8◦] (20) 50 Legutke and Voss(1999); Roeckner et al.(1996);

[0.5◦x 0.5◦, in the tropics] Wolff et al. (1997)
HadCM3UB [3.75◦x 2.5◦] (19) [1.25◦x 1.25◦] (20) 100 Gordon et al.(2000)
MIROC [2.8◦x 2.8◦] (20) [1.4◦x 0.5◦] (43) 100 K-1 model developers(2004)

Table 2. The frequency of occurrence (%) of the Trough (T), Zonal (Z) and Blocking (B) regimes in the pre-industrial control (PI) and
Mid-Holocene (MH) runs for each model. The change in the frequency of occurrence (%) of each regime (DT, DB and DZ) for the MH
relative to the PI is also included for each model. The frequency of occurrence of each regime, derived from NCEP reanalysis data from
1972–2009, are also given (seasonally) before the model values are stated.

Regime→ T T DT Z Z DZ B B DB
Model / Season↓ PI MH MH-PI PI MH MH-PI PI MH MH-PI

DJF
NCEP 37.6 14.4 48.1
CSIRO Mk3L 44.0 48.0 4.0∗ 17.8 13.6 −4.2∗ 38.2 38.4 0.2
ECHO-G 42.4 39.7 −2.7∗ 20.1 17.3 −2.8∗ 37.5 43.0 5.5∗

HadCM3UB 43.6 46.0 2.4∗ 14.5 11.0 −3.5∗ 41.9 43.1 1.2
MIROC 43.4 45.3 1.9∗ 16.0 16.2 0.2 40.6 38.4 −2.2∗

MAM
NCEP 29.9 27.5 42.6
CSIRO Mk3L 29.0 36.2 7.2∗ 33.0 29.4 −3.6∗ 37.9 34.5 −3.4∗

ECHO-G 29.0 42.3 13.3∗ 32.9 22.4 −10.5∗ 38.2 35.4 −2.8∗

HadCM3UB 27.4 37.7 10.3∗ 29.0 18.2 −10.8∗ 43.1 44.1 1.0
MIROC 24.6 33.4 8.8∗ 31.4 26.9 −4.5∗ 44.0 39.9 −4.1∗

JJA
NCEP 39.3 29.4 31.3
CSIRO Mk3L 45.3 45.0 −0.3 19.4 22.2 2.8∗ 35.3 32.8 −2.5∗

ECHO-G 44.6 40.9 −3.7∗ 18.5 22.3 3.8∗ 36.8 36.9 0.1
HadCM3UB 37.9 30.5 −7.4∗ 17.6 24.2 6.6∗ 44.4 45.3 0.9
MIROC 44.0 40.6 −3.4∗ 25.0 23.8 −1.2 31.0 35.6 4.6∗

SON
NCEP 43.1 30.0 26.8
CSIRO Mk3L 34.6 26.5 −8.1∗ 35.3 41.1 5.8∗ 30.1 32.3 2.2∗

ECHO-G 38.7 29.8 −8.9∗ 39.2 48.9 9.7∗ 22.0 21.3 −0.7
HadCM3UB 42.8 38.1 −4.7∗ 39.0 47.0 8.0∗ 18.3 15.0 −3.3∗

MIROC 46.8 39.5 −7.3∗ 29.7 36.0 6.3∗ 23.7 24.7 1.0

Statistically significant (p≤0.05) changes are denoted with an∗.

common to all, or most, of the models. While we accept that
the models are subject to specific errors and biases, if the en-
semble of models shows a coherent pattern of regime change
it will increase our confidence in their representation of past
climate. Each season will be analysed separately with respect
to Table2 and the pressure patterns in Figs.3–6. The largest
changes in the individual synoptic types (see Fig.1) will also

be discussed where appropriate, although exact values for
these will not be quoted as they are used qualitatively to un-
derstand the SLP anomalies. Also, the results in this section
will be compared to those ofRojas and Moreno(2011), who
undertook a similar analysis with eleven GCMs to provide
further context to our results.
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3.1 DJF (summer)

In DJF, all models except ECHO-G have a statistically sig-
nificant increase in the number of trough synoptic types.
Also, all models except MIROC have a statistically signifi-
cant decrease in the zonal regime synoptic types. Similarly,
Rojas and Moreno(2011) also found a slight decrease in
SLP around New Zealand in DJF with increases towards the
Antarctic, which agrees with the increases in troughs types.

The pressure anomaly maps for CSIRO Mk3L and
MIROC (Fig. 3a and d) have a much more zonally symmet-
ric increase in SLP throughout the SH high-latitudes with
decreases to the north. The pattern is stronger in CSIRO
Mk3L than MIROC, which explains why CSIRO Mk3L has
a stronger increase in trough synoptic types than MIROC.
However, while CSIRO Mk3L has an equivalent decrease
in the zonal regime to the increase in the trough regime,
MIROC does not, and loses blocking events to trough events.

For ECHO-G, high-latitude SLP is reduced in DJF for the
MH compared to the PI, and the reduction in trough synoptic
types agrees with the pressure pattern in Fig.3b. However,
the large (and statistically significant) high anomaly centred
to the south and west of New Zealand (and extending to the
east) agrees with the decrease in the zonal regime too, and
consequently an increase in blocking (the majority of which
come from HSE events).

Finally, HadCM3UB has increases in trough synoptic
types, in agreement with reduced SLP in the New Zealand
region (Fig.3c) and decreases in zonal synoptic types (simi-
lar to CSIRO Mk3L). However, the changes in SLP are much
less zonally symmetric in HadCM3UB than CSIRO Mk3L
(compare Fig.3a and c) and the overall changes in SLP are
weaker, which agrees with the smaller magnitude values of
DT and DZ in Table2 for HadCM3UB.

3.2 MAM (autumn)

The MAM changes in the synoptic regimes are stronger and
more coherent across all of the models than in any other sea-
son (and the season for which the models are in best agree-
ment with NCEP). All the models have a statistically sig-
nificant increase in troughs and a decrease in zonal synoptic
types, with three out of the four models also having a statis-
tically significant decrease in blocking occurrence (see Ta-
ble 2). Rojas and Moreno(2011) also found large decreases
in SLP at mid-to-low-latitudes in the SH, with increases in
SLP towards higher SH latitudes.

The changes in the synoptic regimes also agree very well
with the changes in the pressure patterns in all of the models
(Fig. 4a–d). All models have an increase in SLP throughout
the SH high-latitudes in the MH compared to PI, with strong
decreases in SLP centred to the east of New Zealand, which
extend throughout much of the SH mid-latitudes. While all
of the models have increased trough frequency, the models
with the more zonally symmetrical changes in SLP (CSIRO

Mk3L, ECHO-G and MIROC – Fig.4a, b and d) have the
largest increases in T events, whereas HadCM3UB (which
is much less zonally symmetric, Fig.4c) has the largest in-
crease in TSW events.

All the models have a large reduction in the occurrence of
H (zonal) and HSE (blocking) events, which agrees with the
general pattern of reduced pressure in the New Zealand re-
gion. However, the loss of H events in HadCM3UB is coun-
tered by an equal increase in R-type patterns, which suggests
that the wave number three pattern in Fig.4c is not a station-
ary feature, and high anomalies can propagate from west to
east across New Zealand.

3.3 JJA (winter)

In JJA all models have a decrease in the frequency of troughs,
of which three have a statistically significant decrease (see
Table2). Also, three of the four models have a statistically
significant increase in the zonal regime.

The changes in SLP for the MH relative to the PI are more
complex for each of the models than in any of the previous
seasons (see Fig.5a–d). The three models that have a statis-
tically significant reduction in troughs all have increases in
SLP for the MH compared to the PI (ECHO-G, HadCM3UB
and MIROC in Fig.5b–d) close to New Zealand. The CSIRO
Mk3L model, however, has a decrease in the number of
blocking synoptic types and an increase in zonal synoptic
types. The largest contributor to this change is a decrease
in the number of HSE and NE events, and an increase in H
events, which agrees with increased (decreased) SLP to the
west (east) of New Zealand in Fig.5a.

The ECHO-G and HadCM3UB models also have more
H events (particularly in HadCM3UB) but ECHO-G also
has a similar increase in HNW events too, which agrees
with the high SLP anomaly in Fig.5b being displaced more
to the west than in Fig.5c. Finally, the MIROC model
has less HNW and W events, which agrees with the south-
ern displacement of the high SLP anomaly in Fig.5d, with
the increase in blocking caused mainly by an increase in
HSE events.

The increase in zonal synoptic types initially appears to
be in direct disagreement with the results ofRojas and
Moreno(2011), as zonal synoptic types are typically asso-
ciated with an increased north-south pressure gradient across
New Zealand and increased westerlies, whereasRojas and
Moreno (2011) suggest that the westerlies were weaker.
However, as stated above, the largest increases within the
zonal regime were for the “H” synoptic type (see Fig.1),
which indicates high pressure centred just to the west of
the North Island but influencing the flow over the whole
of New Zealand. This is likely to reduce the surface west-
erlies over New Zealand and is consistent withRojas and
Moreno(2011). Generally, zonal synoptic regimes are asso-
ciated with high SLP centred to the north of 40◦ S, and dur-
ing JJA the South Pacific Anticyclone (SPAC) is at its most
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Fig. 4. The same as Figure 3 except for MAM.
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Fig. 4. The same as Fig.3 except for MAM.
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Fig. 5. The same as Figure 3 except for JJA
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Fig. 5. The same as Fig.3 except for JJA
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Fig. 6. The same as Figure 3 except for SON
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Fig. 6. The same as Fig.3 except for SON
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equatorward location. Therefore, the slight intensification of
the SPAC seen inRojas and Moreno(2011) (their Fig. 3e),
while centred at its most equatorward in JJA, leads to high
pressure located north of 40◦ S, which is why the synoptic
classification analysis suggests more zonal flow in JJA de-
spite the weak changes in SLP. The seasonality of these cir-
culation patterns is important when considering the outcome
of the synoptic classification analysis.

3.4 SON (spring)

For SON, all of the models have a decrease in the frequency
of troughs and an increase in the frequency of zonal synoptic
types, which are all statistically significant (and large in mag-
nitude), and which agrees withRojas and Moreno(2011).
While ECHO-G and MIROC do not have statistically signifi-
cant changes in the blocking regime, both CSIRO Mk3L (in-
crease) and HadCM3UB (decrease) do. The causes of these
differences can be understood by looking at the changes in
SLP for the MH compared to the PI, and also by identifying
which of the individual synoptic types in Fig.1 have changed
the most. The changes in SLP for SON are given in Fig.6,
and (in all cases) there are increases around New Zealand,
which agrees with the reduction in troughs. While ECHO-G
and HadCM3UB have a reduction in high-latitude SLP (see
Fig. 6b and c), CSIRO Mk3L and MIROC (Fig.6a and d)
indicate an increase.

In all models, the frequencies of H, HNW and W syn-
optic types increase from PI to MH (particularly in H and
HNW), and all synoptic types in the trough regime decrease
for all models except HadCM3UB. In HadCM3UB there
is a strong increase in the frequency of the SW type and
a decrease for all synoptic types in the blocking regime,
which agrees with the pressure anomaly pattern in Fig.6c.
In CSIRO Mk3L, there are strong increases in the HSE and
HE types for blocking, which agrees with the high pressure
anomaly situated to the east of New Zealand in Fig.6a. In
MIROC, however, (which has a similar SLP anomaly pat-
tern to CSIRO Mk3L, Fig.6d) the increases in HSE and
HE events are offset by reductions in NE and R. Finally,
while ECHO-G has a reduction in high-latitude SLP in SON
(Fig. 6b), the SLP anomalies are more zonally symmetric,
which causes a decrease (increase) in trough (zonal) types
with little change to the occurrence of blocking types.

3.5 Summary

Generally, the climatic pattern from the results given above
implies more “disturbed” conditions (i.e. either strength-
ened westerlies or more unsettled “trough” conditions) for
New Zealand during the Mid-Holocene compared to the pre-
industrial simulations. The models indicate an increase in
zonal types in JJASON (which may imply strengthened west-
erlies in SON but not necessarily in JJA see Sect.3.3), and
more trough events in DJFMAM may result in generally

more unsettled conditions in New Zealand. The lack of a
coherent seasonal signal in the blocking regime (except in
MAM where three of the four models have a decrease in
blocking events) also agrees with the more ’disturbed’ pat-
tern near New Zealand during the Mid-Holocene.

4 Implications for New Zealand

4.1 Downscaled changes in temperature and
precipitation

Having identified how the synoptic regimes differed season-
ally in the MH compared to the PI in the GCMs, we can
infer how the seasonal climate may have been different in
New Zealand during the Mid-Holocene. Originally,Kidson
(2000) estimated the anomalies in temperature and precipi-
tation associated with each synoptic regime, regionally for
New Zealand from monthly mean data. Trough events were
associated with generally wetter conditions throughout New
Zealand and cooler conditions in the south. Zonal events are
associated with drier conditions in the north and east of New
Zealand, with warmer conditions in the south. Finally, block-
ing events were associated with generally warmer temper-
atures throughout New Zealand, with reduced precipitation
except in eastern parts of both the North and South Islands
and the north of the North Island. Updated versions of these
anomalies can also be seen in the supplementary material for
this paper (seeRenwick, 2011)

The analysis undertaken byKidson (2000) was repeated
in this study using daily SLP data from the NCEP/NCAR
reanalysis and daily temperature and precipitation data from
the Virtual Climate Station Network (VCSN, seeTait et al.,
2006, for a description of the methodology) in New Zealand
from 1972 to 2009. The daily VCSN fields were averaged by
regime type and season to produce a mean field of tempera-
ture and rainfall anomalies (differences from normal) for the
present day (as can be seen inRenwick, 2011, see Supple-
ment). To derive the changes in surface climate anomalies
associated with modelled Mid-Holocene climate, we calcu-
lated weighted averages of the individual regime mean fields.
The weights were the changes in percentage frequency of oc-
currence of each regime (from Table2 – DT, DZ and DB)
between Mid-Holocene and pre-industrial from each of the
model runs. Ensemble mean anomalies were calculated by
averaging individual results across all the models, as shown
by season in Figs.7 and8, for temperature and precipitation,
respectively.

The higher incidence of trough events in MAM during the
Mid-Holocene causes an increase in surface air temperature
throughout the North Island (particularly in the east) and a
decrease throughout much of the South Island (particularly
in the south and west), as can be seen in Fig.7. The warming
in the North Island appears to be counter-intuitive with the
annual mean results ofKidson (2000). However,Renwick
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(2011) indicates that the surface air temperature anomalies
associated with the trough regime have a strong seasonal de-
pendence that leads to an overall warming in the North Is-
land during the colder seasons (such as JJA or MAM), which
is consistent with the results presented here. Conversely, the
higher incidence of zonal synoptic types in SON during the
Mid-Holocene induces a slight cooling in parts of the North
Island and warming in the South Island (again, particularly
in the south and west). In both cases (MAM and SON),
the warming and cooling are∼0.2◦C in magnitude and even
weaker in DJF and JJA.

The values in Fig.7 only account for the temperature
changes caused by differences in circulation, whereas the
model data includes changes in temperature from a combi-
nation of circulation and insolation differences. While the
low resolution of the models does not allow us to under-
stand the fine structure of the temperature changes, large
scale cooling or warming, primarily driven by changes in in-
solation, may enhance or reduce the temperature variations
seen in Fig.7. The suggestion from the models is that sur-
face air temperatures in the New Zealand region were at least
0.2◦C cooler in DJF through to JJA (not shown) due to cir-
culation changes and reduced insolation (see Fig.2 for in-
solation changes), which suggests that the reduced insola-
tion may have the dominant effect on temperature in DJF to
JJA. In SON, the models suggest a small warming around
New Zealand of∼0.1◦C due to changes in circulation and
increased insolation, which suggests that the insolation in-
creases in SON (see Fig.2) may slightly enhance the South
Island warming seen in Fig.7. These results from the four
GCMs here (cooling in DJF, MAM and JJA and warming in
SON only around New Zealand) are consistent with the re-
sults of analysing the eleven GCMs inRojas and Moreno
(2011), further suggesting that the effects of the imparted
insolation changes (MH relative to PI, see Fig.2) on sur-
face air temperature are stronger than those induced by the
circulation changes.

Despite the overall South Island warming in SON, the in-
fluence of HNW synoptic types relative to W types (noted
in Sect.3.4) suggests an increase in southwesterly flow over
New Zealand during SON relative to westerly and northwest-
erly flow. While the tendency is for a warmer South Is-
land during SON (see Fig.7) in the Mid-Holocene, HNW
types are associated with increased frost occurrence (not
shown) throughout the southern and western South Island in
particular. Therefore, New Zealand may have been prone
to more frequent frost outbreaks during spring in the Mid-
Holocene relative to the present, despite the overall tendency
for warmer conditions in the South Island. The weakest over-
all anomalies occur during DJF, where there are only very
small changes in temperature resulting from the increases in
trough synoptic types.

Overall, it seems likely that the seasonal insolation
changes (see Fig.2) may have had a larger influence on sur-
face air temperature than the changes in the synoptic regimes.

However, the high spatial variability of the changes in tem-
perature given in Fig.7 indicates that the synoptic regimes
may have enhanced or reduced the magnitude of the tem-
perature responses to the changes in insolation. The coarse
resolution of the GCMs does not allow us to investigate these
local changes.

Whereas the differences in temperatures were quite
weak, the precipitation anomalies associated with the Mid-
Holocene climate regimes are more prominent (Fig.8). The
increase in trough occurrence for MAM during the Mid-
Holocene suggests that increased precipitation was more
likely throughout New Zealand compared to present day.
Similarly, there are positive precipitation anomalies through-
out New Zealand in DJF too, which indicates a wetter DJF-
MAM than at present associated with the increase in the
trough regime. However, the increase in the frequency of
zonal events causes a strong drying for many parts of the
North and South Islands in SON, although the drying is re-
duced (or even reversed) in the far south and west of the
South Island. A similar pattern can also be seen in JJA (al-
beit weaker), in agreement with the smaller changes in Ta-
ble 2. Overall, the model output suggests wetter conditions
throughout New Zealand in DJFMAM and drier conditions
during JJASON, which agrees with the suggested reduction
in SH seasonality identified inBraconnot et al.(2007) and
Rojas and Moreno(2011) for the Mid-Holocene.

4.2 Implications from the New Zealand palaeoclimate
record

A suite of proxy reconstructions of environmental change
from across New Zealand were recently summarised byLi
et al.(2008), who suggested national-scale precipitation and
temperature regime changes occurred in the Mid-Holocene.
They demonstrated a key environmental shift occurred in
the Mid-Holocene, and suggested this change was a causal
mechanism for vegetation change at Sponge Swamp in the
western South Island (WSI) regional climate district. At that
site, a significant drop in the pollen representation of the
small treeAscarina lucidabegan at∼6.9 ka, and there was
also a change in peat deposition beginning at∼6.4ka. The
interpretation of theAscarina changefollows multiple stud-
ies (McGlone and Moar, 1977; McGlone et al., 1988; Newn-
ham et al., 1989; Martin and Ogden, 2002, 2005) that demon-
strate this species needs warm and wet conditions (with lim-
ited frost exposure) to survive, and regeneration is depen-
dent on disturbance events. Similarly, the decline or disap-
pearance ofAscarinacan also be used to imply a shift to
cooler or drier times, increased frost incidence or low dis-
turbance. The interpretation provided byLi et al. (2008),
indicative of reduced humid northerly flow and increased
southwesterlies, is similar to that ofMcGlone et al.(1993),
who suggested at some time between the early Holocene and
∼7.5 to ∼3 ka, key environmental shifts occurred in many
northern and western areas of the country, with the onset of
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Fig. 7. The ensemble mean change in surface air temperature (◦C) associated with the changes in the frequen-

cies of occurrence given in Table 2 for the MH relative to the PI during MAM, JJA, SON and DJF.
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Fig. 7. The ensemble mean change in surface air temperature (◦C) associated with the changes in the frequencies of occurrence given in
Table2 for the MH relative to the PI during MAM, JJA, SON and DJF.

wetter winters, a slight cooling in climate, and an increase in
southerly fronts and frosts in New Zealand.

Pollen profiles from interior Canterbury adjacent to the
eastern edge of the WSI climate district (Burrows and Rus-
sell, 1990) and in the Takitimu Mountains in Southland (Van-
dergoes et al., 1997) show elevated pollen fromPrumno-
pitys taxifolia (matai; a tall conifer) in the early Holocene.
P. taxifoliaenvironmental affinities in New Zealand tree dis-
tribution models indicate it reaches maximum abundance
in drought-prone climates at sites with large air saturation
deficits (Leathwick and Whitehead, 2001). The pollen abun-
dance of this species has also been interpreted as past dry
periods (Horrocks and Ogden, 1998), suggesting the WSI
experienced significant dry anomalies prior to 6 ka.P. tax-
ifolia declined in sync with a rise ofNothofagus menziesiiat
many sites in the WSI after∼6 ka (Harris, 1963; McGlone

and Bathgate, 1983; Burrows and Russell, 1990; Vandergoes
et al., 1997).

Lorrey et al. (2008) recently provided an overview of
the wayN. menziesiiandP. taxifolia could be employed as
contrasting climate change indicators.N. menziesii(silver
beech) is a frost tolerant species that can survive sub-zero
temperatures (Neuner et al., 1997; Sun and Sweet, 1996). It
is also a drought-intolerant species, which may lead to its
exclusion from lowland sites in warm, dry areas throughout
New Zealand (Manson, 1974). Mass mortality of this type of
tree has also been attributed to severe drought episodes (Jane
and Green, 1983, 1984). The combination of frost tolerance
and drought intolerance results inN. menziesiibeing the most
abundantNothofagusspecies at high altitude sites with poor
soil drainage (Ogden et al., 1996). While temperature may
play a role in determining the distribution ofN. menziesii,
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Fig. 8. The same as Fig.7 except for the precipitation anomaly (%).

the defining environmental differences ofN. menziesiiand
P. taxifolia, and one reason for their apparent contrast in
pollen diagrams covering the Mid-Holocene, appear to re-
late to their drought tolerances. Both species can be abun-
dant at cold sites or during periods of reduced temperatures,
butN. menziesiiis abundant at sites where soil water deficits
are rare, andP. taxifolia thrives in drought-prone regions or
in drier climatic intervals. The beech expansion andP. tax-
ifolia decrease seen in the Mid-Holocene at approximately
6 ka, along with the other evidence summarised byLi et al.
(2008) andMcGlone et al.(1993), indicate a circulation shift
occurred that supported a change from drier to wetter con-
ditions in the WSI. Decreased tall tree pollen and increased
Coprosma(and other small trees/shrubs) along with obser-
vations of woody debris layers in peat cores from the south-
ern South Island also suggest increased disturbance due to
more frequent westerly wind storms and more precipitation
in WSI during the Mid-Holocene (McGlone and Bathgate,
1983). In addition, Schaefer et al.(2009) have presented
cosmogenic surface exposure age dates for the Tasman and
Mueller glaciers that indicate an ice advance occurred at ap-

proximately 6520± 360 yr ago. This also suggests a cli-
mate regime change that favoured lower temperatures and
increased precipitation in WSI (weighted to summer) would
have occurred in the Mid-Holocene close to∼6 ka.

Overall, the palaeo-vegetation and glacial evidence sug-
gests a circulation regime shift (albeit non-synchronous at
many sites due to differing chronological controls and sam-
ple resolution employed for the palaeoclimate archives) that
favoured more frequent westerly and southwesterly circula-
tion, which are hallmarks of zonal and trough synoptic types.
Increased zonal and trough events would have brought an
increase in precipitation in western and southern regions,
an increase in the occurrence of southerly fronts, cooler
temperatures and increased incidence of frost for WSI at
∼6 ka. This palaeoclimate evidence is consistent with in-
creased zonal and trough activity observed in the palaeocli-
mate model simulations presented in this study. The palaeo-
climate evidence summarised here and the results from the
model synoptic type frequency comparison reconcile a crit-
ical proxy-model discrepancy previously noted byMcGlone
et al. (1993). In that study, CLIMAP SST results suggested
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increased seasonality and decreasing westerly windflow at
∼6000 yr before present in the New Zealand sector, while
land-based palaeovegetation records implied increased sea-
sonality, increased windiness, and increased southerly quar-
ter windflow. Our results are based on the outputs of mod-
els which comprise more complete descriptions of the phys-
ical climate system, have finer spatial resolution, and have
more detailed information about atmospheric circulation pat-
terns relative to the CLIMAP results. The palaeoclimate
model ensemble collectively indicates that an increase in
westerly and southerly quarter flow due to more frequent
trough and zonal circulation was likely at∼6 ka, and the
proposed circulation change agrees with precipitation- and
temperature-sensitive climate proxies for the same time pe-
riod. On a larger spatial scale, the timing of a Mid-Holocene
transition, observed in New Zealand, to increased west-
erly and southerly quarter influences was also seen in Chile
(Lamy et al., 2001).We hypothesise that the similar timing of
changes observed at distal locations across the Pacific Basin
(that include the regionally-distinct, synoptic circulation-
driven shifts in New Zealand at∼6 ka) were nested within
a large-scale hemispheric-scale circulation mode. Future ef-
forts to expand the regional climate regime classification ap-
proach (Lorrey et al., 2007, 2008) across the Southern Hemi-
sphere, and a subsequent comparison of the proxy-based
patterns with large scale palaeoclimate model results, could
help to reveal the timing and refine the character of distinct
hemispheric-circulation modes that occurred in the past.

5 Conclusions

This study has shown that the seasonal circulation charac-
teristics over New Zealand were different during the Mid-
Holocene compared to the pre-industrial era but that the pat-
terns between the four GCMs are mostly coherent. However,
while the changes in the synoptic regimes are consistent be-
tween the models, the individual weather types contributing
the most to those changes (as discussed in Sects.3.1–3.4) are
different. Overall, the strongest changes in the circulation
occurred in MAM and SON, with weaker differences in DJF
and JJA.

There were statistically significant increases in troughs for
all models during MAM and for three of the four models
during DJF. The changes in the regimes resulted in increased
precipitation during DJFMAM and cooler South Island tem-
peratures in MAM. There were also statistically significant
increases in zonal types for all models during SON and for
three out of four models in JJA. The increase in zonal flow
is likely to have caused drying throughout much of New
Zealand in JJASON (except in the western South Island) and
warming of the South Island in SON. However, the combina-
tion of increased trough events in DJFMAM and zonal events
in JJASON may have caused increased rainfall throughout
the year in the extreme south and west of the South Island and

an overall depression in mean annual temperature. Nonethe-
less, the estimated changes in temperature are only based on
changes in circulation and do not account for the changes in
insolation.

Overall, the circulation induced precipitation and temper-
ature anomalies inferred from the synoptic regime analysis
in DJFMAM and JJASON may cancel out over most of New
Zealand when considering the annual mean. This is similar
to the results seen for the modern reanalysis period, which
indicate that the most significant climate regime shifts were
on sub-annual time scales, and that there was no statistically
significant change in synoptic type frequency when compar-
ing annual statistics for opposite IPO phases (Lorrey et al.,
2007). However, the suggestions from the proxy reconstruc-
tions discussed in Sect.4.2are that:

– There was a shift to cooler conditions at some point dur-
ing the Mid-Holocne close to∼6 ka, likely to be driven
by the reduction in insolation from December to May.

– Conditions were likely to have been more “disturbed”.

– Lower temperatures, increased incidence of frost and
increased precipitation in the western South Island re-
sulted from circulation change.

Despite an overall lack of change in the frequency of occur-
rence of each of the weather regimes (as the seasonal differ-
ences cancel somewhat), the inferred climate from the proxy
reconstructions is consistent with the model output. While
there is no evidence that circulation changes alone give rise
to cooler temperatures in the models, there is evidence for
a cooler autumn in the South Island induced by the circula-
tion changes. Another contributing factor may have been the
difference in the Earth’s orbital parameters during the Mid-
Holocene, which caused lower insolation for the SH during
DJFMAM and may have led to further cooling. However,
the synoptic regime analysis cannot account for the effects
of changing the insolation on surface air temperature and
remains a limitation of this method. This is supported by
the work ofRojas and Moreno(2011), who show that there
is an overall annual mean cooling around New Zealand in-
duced by the changes in insolation and circulation for the
Mid-Holocene relative to the pre-industrial. This highlights
the limitation of estimating the changes in surface temper-
ature from the synoptic classification method, which by as-
suming uniformitarian principles, cannot account for the ef-
fects of insolation. Also, despite the suggested warming in
the South Island from the changes in the modelled regimes,
the increase in HNW synoptic types may have increased frost
occurrence in spring (particularly in the western South Is-
land), which also agrees with the proxy data. However, due
to the low resolution of the GCMs used in this study, they
are not able to represent the detailed topographical features
of New Zealand and so we cannot confirm the changes in
regional precipitation and temperature across New Zealand
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directly from the models. Further improvement could be at-
tained with the use of dynamical downscaling (for example
with a regional climate model), which would also include the
different solar forcing of the Mid-Holocene compared to the
present day. However, dynamical downscaling is beyond the
scope of this paper.

There is also evidence in the models for year-round dis-
turbance (in agreement with the proxy data), with increases
in trough regime influence in DJFMAM and zonal regime
predominance in JJASON. There is little consensus between
the models for changes in blocking frequency. Therefore,
despite there being little change annually to the synoptic
regimes (and subsequently temperature and precipitation in-
ferrred from this study), there is evidence for more unset-
tled conditions in DJFMAM and intensified westerly winds
in JJASON.

Despite the low resolution, the classification of synoptic
weather types into climate regimes and associated qualitative
downscaling to regional climate variability (including the re-
gionally contrasting patterns that arise from orographic ef-
fects) is a first step in understanding the possible changes in
New Zealand climate during the Mid-Holocene and identi-
fying underlying causes of the changes. The method used
in this study will also allow us to compare the model output
with proxy time slices that are generated in a similar manner
to Lorrey et al.(2007). Also, the use of GCM simulations
to undertake dynamical downscaling (for example using a
regional climate model) may add further insight into the cli-
mate of New Zealand during the Mid-Holocene.

Supplementary material related to this
article is available online at:
http://www.clim-past.net/7/1189/2011/
cp-7-1189-2011-supplement.pdf.
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