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Reviewer 2 suggested that further analysis of the available PMIP2 fields may yield a
reason why the SAO responds to the Mid-Holocene insolation forcing and may also
shed light on why there is an apparent lack of baroclinicity in the spring. We agree with
the reviewer and have undertaken further analysis and produced the following results.
The document will also be changed to incorporate the relevant figures produced from
this response. However, it does not include them all as the references and the inclusion
of the extra figures in this response should be sufficient to provide extra background
material for readers.
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Response:

The work by Raphael and Holland (2006) and Bracegirdle et al. (2008) have both
already shown that the models used in the AR4 analysis struggle to capture the peak
in 500 hPa DT during spring in the SH. Raphael and Holland (2006) state that their

"Fig. 3 suggests that the weak SAO produced by the models is linked to their inability
to simulate the temperature gradient between 50 and 60S. Given also the lack of a
second peak in the zonally averaged SLP at 50S, we suggest that the reason for this
inability in the models may lie in their simulation of the temperature cycle at 50S."

Further to this, Drost et al. (2007) used HadAM3H to look at the SAO and state that

"The fact that CONTROL (pre-industrial run) does not reconstruct the SAO signal dur-
ing the austral spring is because HadCM3 fails to produce accurately the annual cycle
of SSTs at 40S - 60S [Gordon el al., 2000]."

Also, a review of the models in Randall et al. (2007) indicated that GCMs really struggle
to capture the true SSTs around the Antarctic Circumpolar Current, which adds further
weight to the argument that SSTs are responsible for the issue (with the SAO) in austral
spring.

We have therefore acquired HadSST2 data from the Met. Office (see Rayner et al.,
2005, for a review) and compared the climatology of the seasonal, zonal mean cycle
of SST in HadSST2 with the control run of each available PMIP2 model. IPSL was dis-
counted and ECHAM had no SST data available so the analysis was done on CCSM,
FGOALS, HadCM3_UB and MIROC. Each of the models were re-gridded to the 5 x 5
deg resolution of the HadSST2 data set for comparison and the differences between
each model and HadSST2 are given in Figure 1 for 10S - 70S. As can be seen in
the figure, there are obvious errors in the SST throughout the SH in each of the mod-
els, with cooler temperatures between 10S - 50S in CCSM, HadCM3_UB and MIROC.
FGOALS however had generally positive SST anomalies compared to HadSST2. The
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full discussion of these anomalies lies beyond the scope of this analysis and our fund-
ing and the authors refer the reviewer to Randall et al. (2007) for a more in-depth
discussion of the limitations of representing SSTs in these GCMs.

We next derived the zonal mean seasonal cycle of SST at 47.5S in each model and
HadSST2, which can be seen in Figure 2. There are again many differences between
the models and HadSST2 in Figure 2, but understanding these are again beyond the
scope and resources of this work. The SST in HadSST2 is at a minimum in September
along 47.5S but all of the PMIP2 models have their minima in October. Subsequently,
the gradient of the increase in SST along 47.5S is weaker in HadCM3_UB and MIROC
than HadSST2, which agrees with Figure 1 in the discussion paper as HadCM3_UB
and MIROC have the weakest 500 hPa DT values in spring compared to CCSM and
FGOALS. The increase in SST (gradient) at 47.5S in CCSM and FGOALS after the
October minimum is similar to HadSST2 and subsequently the 500 hPa DT values for
CCSM and FGOALS are closer to the NCEP values given in Figure 1 of the discussion
paper. This agrees with the notion from Raphael and Holland (2006) and Drost et al.
(2007) that the issue with the spring peak in the SAO is associated with the mid-latitude
SST.

Now moving into the Mid-Holocene, the changes in zonal mean insolation at the top-
of-the atmosphere for the Mid-Holocene relative to the pre-industrial simulations (aver-
aged over all models and seasons) can be seen in Figure 3. The suggestion from this
plot is that there was more insolation in the SH in late winter into spring with a reduc-
tion in early summer to early winter. The response of the zonal, seasonal mean SST
to the Mid-Holocene solar forcing, relative to the pre-industrial control, can be seen in
Figure 4. General cooling of the low to low-mid-latitudes can be seen in all models
from January to August with a slight warming in high-latitude regions. This contributes
to the reduced MAM baroclinicity in all models. In the late winter / spring, there is a
strong reversal in the low to mid-latitude SSTs and little change at high-latitudes for
CCSM, FGOALS and HadCM3_UB, which is likely to increase the baroclinicity during
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this season relative to the PI control run and can be seen in Figure 5 of the discussion
paper. The exception to this is MIROC (Figure 4(d)) which has the SSTs cooling at low
to mid-latitudes extending well into the spring with only a short period of weak warm-
ing in late spring / early summer. The weak spring response of the SST explains why
MIROC is the only model to have a different spring SAO response to the Mid-Holocene
orbital forcing. However, the cause of the weak SST response is beyond the scope of
this work, which is identifying changes to atmospheric variability.

From this analysis, the authors will include Figures 3 and 4 in the updated version
of the paper (also based on Reviewer 1’s comments) and the references used in this
response have also been included in section 2.2 to show why the models struggle to
capture the spring peak in the SAO. We will also refer readers to this discussion for a
further look at the causes of the poor spring representation (if possible) and also the
extra figures. As the references do provide a good background to the limitations of the
models (as well as this discussion) and as the problems with the models are not the
main focus of the paper (mainly to add context to the results) we will not include Figure
1 and 2. However, the discussion forum of this journal provides an excellent opportunity
for the analysis done here to be considered as supplementary material and may spark
a more in depth analysis of the ocean - atmosphere coupling of the SAO in the AR4
models.

Proposed changes to the manuscript:

Insert after "spring." in line 15, page 192, section 2.2:

According to Raphael and Holland (2006) the poor representation of the spring peak in
500 hPa DT in the GCMs can be attributed to a poor representation of the SST around
50S, which agrees with Drost et al. (2007) (and references therein). Extensive work
by Randall et al. (2007) (and references therein) has shown that the AR4 ensemble
of GCMs has large errors in and around the Antarctic Circumpolar Current and agrees
with the assessment of Raphael and Holland (2006) and Drost et al. (2007). The
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seasonality of the PMIP2 SSTs around 50S is out of phase with the HadSST2 dataset
(produced by Rayner et al., 2006) by one month in spring (not shown) and is likely to
be the cause of the poor representation of the spring 500 hPa DT (further discussion
can be found in the interactive discussion pages).

Insert as a new paragraph at line 10, page 194, Section 3.1:

The zonal mean response of the model SSTs to the Mid-Holocene insolation changes
in Figure 1 can be seen in Figure 7. SST data were available for four of the PMIP2
models - CCSM, FGOALS, HadCM3_UB and MIROC (IPSL was not included). There
is a general reduction in SST throughout the SH low- to mid-latitudes in all models from
January to June with either a slight warming or no change to high-latitude SST. This
contributes to the reduced MAM 500 hPa DT in all models by reducing the equator to
pole temperature gradient. In late winter / spring however, there is a strong reversal in
the mid-latitude SST anomalies and little change at high-latitudes in CCSM, FGOALS
and HadCM3_UB, which suggests an increase in the equator to pole temperature gra-
dient and thereby increasing 500 hPa DT during the Mid-Holocene. The exception to
this is MIROC (Figure 7(d)), which has cooler SSTs persisting well into the spring and
only a short period of weak warming in late spring / early summer. The warming (cool-
ing) of low- to mid- latitude SSTs in response to the insolation changes are likely to be
driving the strengthening (weakening) of 500 hPa DT during the Mid-Holocene.

Insert into line 10, page 203, section 6 - after "during SON.":

The changes in 500 hPa temperatures agree with the changes in the SH SSTs for the
Mid-Holocene, which are responding to the changes in insolation. The discrepancy
in the MIROC model can also be attributed to its own seasonal SST response in the
SH. As the SAO is a coupled ocean - atmosphere process, it is unsurprising that the
insolation driven changes in SST influence the CPT. The results in this study therefore
suggest that
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FIGURES (full captions):

Figure 1: The difference in SST (K) between the HadSST2 dataset and each of the
available PMIP2 models control (PI) runs - (a) CCSM, (b) FGOALS, (c) HadCM3_UB
and (d) MIROC. Positive (negative) values are indicated by the solid (dashed) lines.

Figure 2: Zonal mean SST (K) at 47.5S from the HadSST2 data set and each of
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the available PMIP2 models’ control (PI) runs (CCSM, FGOALS, HadCM3_UB and
MIROC). The data are monthly means, averaged over all available years.

Figure 3: The difference in zonal mean seasonal insolation for the Mid-Holocene rel-
ative to the control, averaged over all seasons in the run (Wm-2). Positive (negative)
values are indicated by the solid (dashed) lines. The zero line is given as the thick
black line.

Figure 4: The difference in SST (K) between the available PMIP2 Mid-Holocene and
control (PI) runs - (a) CCSM, (b) FGOALS, (c) HadCM3_UB and (d) MIROC. Positive
(negative) values are indicated by the solid (dashed) lines.

Interactive comment on Clim. Past Discuss., 6, 185, 2010.
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Fig. 1. The difference in SST (K) between the HadSST2 dataset and each of the available
PMIP2 models control (PI) runs - (a) CCSM, (b) FGOALS, (c) HadCM3_UB and (d) MIROC.
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Fig. 2. Zonal mean SST (K) at 47.5oS from the HadSST2 data set and each of the available
PMIP2 models’ control (PI) runs (CCSM, FGOALS, HadCM3_UB and MIROC).
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Fig. 3. The difference in zonal mean seasonal insolation for the Mid-Holocene relative to the
control, averaged over all seasons in the run (Wm-2).
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Fig. 4. The difference in SST (K) between the available PMIP2 Mid-Holocene and control (PI)
runs - (a) CCSM, (b) FGOALS, (c) HadCM3_UB and (d) MIROC
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